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Abstract 

Control of Electronic Spin in the Design of Transition Metal-Based Bioresponsive Magnetic 

Resonance Imaging Probes and Metal-Organic Magnets 

Agnes Eva Thorarinsdottir 

Molecules and materials featuring unpaired electrons are fundamental elements of modern 

energy, device, and imaging technologies. The high sensitivity of electronic spins to their 

surroundings renders these compounds further attractive as environmental sensors. In order to 

successfully realize these applications, the electronic spins must be precisely controlled. One 

promising strategy toward generating compounds with improved performances and emerging 

properties involves spin control using the chemical design of coordination compounds. Transition 

metal-based compounds are especially well suited to this end owing to their exceptional synthetic 

tunability, high environmental responsiveness, and ease of manipulating their spin state and 

electronic structure. Nevertheless, the employment of molecule-based transition metal compounds 

in practical settings is scarce and further investigations are necessary to develop design principles 

that allow for the rational synthesis of such compounds that meet society’s expectations. 

In this dissertation, I report efforts to manipulating the electronic structure and spin state of 

series of transition metal complexes to design responsive magnetic resonance imaging (MRI) 

probes and to elucidate design principles for molecule-based magnets with high operating 

temperatures. I have focused on compounds featuring FeII and CoII metal centers due to their 

favorable magnetic and nuclear magnetic resonance (NMR) properties. Chapter 1 describes the 

need for new bioresponsive MRI probes and metal-organic magnets and outlines our synthetic 

strategies to these ends. Chapter 2 details the first example of a spin-crossover FeII complex for 

sensing temperature using 19F NMR chemical shift and illustrates that a temperature-dependent 
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change in electronic spin state can significantly improve the sensitivity of 19F MR thermometers. 

Chapter 3 describes a novel proof-of-principle study for the ratiometric quantitation of pH using 

CoII
2 paramagnetic chemical exchange saturation transfer (PARACEST) probes. Building on the 

strategy developed in Chapter 3, Chapters 4 and 5 are complementary in describing our thorough 

investigation of how ligand modifications can enhance the performance of this family of CoII
2 

PARACEST pH probes. These studies lead to the discovery of a probe that exhibits one of the 

highest pH sensitivity yet reported for a ratiometric MRI probe in the physiological pH range. 

Chapter 6 illustrates that changes in the magnetic anisotropy at CoII can be employed to distinguish 

between Ca2+ and Na+ ions in solution, providing the first example of a ratiometric quantitation of 

Ca2+ concentration using PARACEST. Finally, Chapter 7 examines the effects of bridging ligand 

substituents on magnetic exchange coupling in two series of benzoquinoid-bridged FeII
2 complexes 

and Chapter 8 provides a thorough survey of structurally characterized metal-organic framework 

magnets. Together, these results demonstrate that the high chemical and magnetic tunability of 

transition metals enables the realization of compounds with unprecedented properties.  
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2D      two-dimensional 

3D      three-dimensional 
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AFM     antiferromagnetic 

anal     analytical 
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BET     Brunauer–Emmett–Teller 

C      Celcius 

ca      circa 

CAFM     canted antiferromagnetic 

calcd     calculated 

CEST     chemical exchange saturation transfer 

cm      centimeter(s) 

CT      coefficient of temperature 

d      day(s) 

dc      direct current 

ESI-MS     electrospray ionization mass spectrometry 

FC      field-cooled 

FiM     ferrimagnetic 

FM      ferromagnetic 

FTIR     Fourier-transform infrared spectroscopy 

FWHM    full width at half maximum 
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h      hour(s) 

HPLC     high-performance liquid chromatography  

HS      high-spin 

Hz      hertz 

ICP-OES    inductively coupled plasma optical emission spectroscopy 

IR      infrared 

IUPAC    International Union of Pure and Applied Chemistry 

K      kelvin 

kHz     kilohertz 

LIESST    light-induced excited spin state trapping 

LMCT     ligand-to-metal charge transfer 

LS      low-spin 

M      molar    

max     maximum 

MCD     magnetic circular dichroism 

mer     meridional 

MHz     megahertz 

min     minute(s) 

MLCT     metal-to-ligand charge transfer 

mm     millimeter(s) 

mM     millimolar 

MOF     metal-organic framework 

MR     magnetic resonance 
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MRI     magnetic resonance imaging 

MRS     magnetic resonance spectroscopy 

mV     millivolt(s) 

m/z      mass-to-charge ratio 

NHE      normal hydrogen electrode 

NIR     near infrared 

nm      nanometer(s) 

NMR     nuclear magnetic resonance 

p      para 

PARACEST   paramagnetic chemical exchange saturation transfer 

ppm     parts per million 

PRF     proton resonance frequency 

PXRD     powder X-ray diffraction 

rac      racemate 

ref      reference 

s      second(s) 

SCE     saturated calomel electrode 

SCM     single-chain magnet  

SCXRD    single-crystal X-ray diffraction 

SQUID    superconducting quantum interference device 

UV      ultraviolet 

v/v      volume/volume 

Vis      visible 
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vs      versus 

VT      variable-temperature 

w/v     weight/volume 

w/w     weight/weight 

ZFC     zero-field-cooled 

μM      micromolar 

μT      microtesla 

B1      saturation power 

(BH)max    maximum energy density 

D      axial zero-field splitting parameter 

E1/2      half-wave potential 

ΔEQ      quadrupole splitting 

g      electron spin g-factor 

Hc      coercive field 

ΔH      enthalpy change 

J      coupling constant 

Kd      dissociation constant 

kex      proton exchange rate constant 

Mr      remanent magnetization 

Ms      saturation magnetization 

Mz      on-resonance magnetization 

M0      off-resonance magnetization 

S      electronic spin state 
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ΔS      entropy change 

T1      spin–lattice relaxation time 

T2      spin–spin relaxation time 

T1/2      spin-crossover temperature 

Tb      magnetic bifurcation temperature  

TB      magnetic blocking temperature 

Tc      critical magnetic ordering temperature 

TC      Curie temperature 

Tcomp     magnetic compensation temperature 

TN      Néel temperature 

Ueff      effective energy barrier 

χM      molar dc magnetic susceptibility  

χM′      molar ac in-phase magnetic susceptibility  

χM′′      molar ac out-of-phase magnetic susceptibility  

δ      chemical shift/isomer shift 

Δτ      relaxation barrier 

      molar absorptivity 

Σ      octahedral distortion parameter 

γHS      high-spin molar fraction 

ΓL      line width of the left line of a quadrupole doublet 

ΓR       line width of the right line of a quadrupole doublet 

       wavelength 

τ      relaxation time 
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τ0      pre-exponential factor 

θ      Weiss constant/temperature 

Me      methyl 

Et      ethyl 

Pr      propyl 

iPr      iso-propyl 

Bu      butyl 

tBu      tert-butyl 

Pe      pentyl 

Hx      hexyl 

Hp      heptyl 

Ph      phenyl 

Bz      benzyl 

AcOH     acetic acid 

TFA     trifluoroacetic acid 

DMA     N,N-dimethylacetamide 

DMF     N,N-dimethylformamide 

DEF     N,N-diethylformamide 

DMSO     dimethylsulfoxide 

MeOH     methanol 

EtOH     ethanol 

PrOH     propanol 

CyOH     cyclohexanol 
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MeBuOH    3-methyl-1-butanol 

TFE     trifluoroethanol 

MeCN     acetonitrile 

MeNO2    nitromethane 

Et2O     diethyl ether 

THF     tetrahydrofuran  

PhMe     toluene 

4-ClPhMe    4-chlorotoluene 

PhBr     bromobenzene 

PhCl     chlorobenzene 

PhI      iodobenzene 

PhCN     cyanobenzene 

PhNO2     nitrobenzene 

FBS     fetal bovine serum 

HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

PBS     phosphate-buffered saline 

ox2−     oxalate 

Me2pma2−    N-2,6-dimethylphenyloxamate 

Et2pma2−    N-2,6-diethylphenyloxamate 

opba4−     N,N′-1,2-phenylenebis(oxamate) 

mpba4−     N,N′-1,3-phenylenebis(oxamate) 

Me3mpba4−   2,4,6-trimethyl-N,N′-1,3-phenylenebis(oxamate) 

mdp4−     methylenediphosphonate 
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edp4−     ethylenediphosphonate 

hedp4−     (1-hydroxyethylidene)diphosphonate 

1,4-xdp4−    1,4-xylenediphosphonate 

cmp3−     carboxymethylphosphonate 

cep3−     2-carboxyethylphosphonate 

2-pmb3−    2-(phosphonomethyl)benzoate 

Hpmab2−    4-((phosphonatomethylammonio)methyl)benzoate 

mal2−     malonate 

succ2−     succinate 

2,2-dmsucc2−    2,2-dimethylsuccinate 

meso-2,3-dmsucc2− meso-2,3-dimethylsuccinate 

glu2−     glutarate 

adip2−     adipate 

pim2−     pimelate 

seba2−     sebacate 

O-lac2−     2-oxidopropanoate 

hypa2−     2-hydroxy-2-phenylacetate 

ma2−     malate 

O-ma3−     2-oxidosuccinate 

tart2−     tartrate 

cit3−     citrate 

O-cit4−     2-oxidopropane-1,2,3-tricarboxylate 

asp2−     aspartate 
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thiosal2−    thiosalicylate 

ca2−     camphoric acid dianion 

squ2−     squarate 

cbut4−     1,2,3,4-cyclobutanetetracarboxylate 

trans-1,2-chdc2−  trans-1,2-cyclohexanedicarboxylate 

cis-1,4-chdc2−   cis-1,4-cyclohexanedicarboxylate 

trans-1,4-chdc2−  trans-1,4-cyclohexanedicarboxylate 

cis,cis-1,3,5-chtc3− cis,cis-1,3,5-cyclohexanetricarboxylate 

chhc6−     trans,trans,trans,trans,trans-1,2,3,4,5,6-cyclohexanehexacarboxylate 

1,3-bdc2−    1,3-benzenedicarboxylate 

1,4-bdc2−    1,4-benzenedicarboxylate 

bpdc2−     4,4′-biphenyldicarboxylate 

bpybc     1,1′-bis(4-carboxybenzyl)-4,4′-bipyridinium 

2,5-dobdc4−   2,5-dioxido-1,4-benzenedicarboxylate 

1,3,5-btc3−    1,3,5-benzenetricarboxylate 

1,2,4,5-btec4−   1,2,4,5-benzenetetracarboxylate 

bptc4−     3,3′,5,5′-biphenyltetracarboxylate 

tptc4−     (1,1′:4′,1′′-terphenyl)-2′,3,3′′,5′-tetracarboxylate 

bpc5−     benzenepentacarboxylate 

hfipbb2−    hexafluoroisopropylidenebis(benzoate) 

pyz      pyrazine 

pzdo     pyrazine-1,4-dioxide 

pym     pyrimidine 
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H-pymo−    2-pyrimidinolate 

F-pymo−    5-fluoro-2-pyrimidinolate 

Cl-pymo−    5-chloro-2-pyrimidinolate 

Br-pymo−    5-bromo-2-pyrimidinolate 

I-pymo−    5-iodo-2-pyrimidinolate 

4,4′-bpy    4,4′-bipyridine 

bpp     1,3-bis(4-pyridyl)propane 

1,4-dimb    1,4-di-(1-imidazolylmethyl)benzene 

bpea     1,2-bis(4-pyridyl)ethane 

iqno      isoquinoline-N-oxide 

hypH       hypoxanthine 

trz−       1,2,4-triazolate 

tz−       tetrazolate 

im−      imidazolate 

2-Meim−     2-methylimidazolate 

4-abim−     4-azabenzimidazolate 

bta2−     bis(5-tetrazolyl)amine 

5-ptz−      5-(pyrimidin-2-yl)tetrazolate 

tzmb     N-(tetrazolmethyl)-4,4′-bipyridinium 

3-pyc−      3-pyridinecarboxylate 

4-pyc−      4-pyridinecarboxylate 

2-pyco2−     3-oxido-2-pyridinecarboxylate 

2,4-pydc2−     pyridine-2,4-dicarboxylate 
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3,4-pydc2−     pyridine-3,4-dicarboxylate 

pybz−      4-(4-pyridyl)benzoate 

pymca−     2-pyrimidinecarboxylate 

4-imac−     4-imidazoleacetate 

btca2−      benzotriazolate-5-carboxylate 

trzdc3−      1,2,3-triazolate-4,5-dicarboxylate 

tdac2−      2,1,3-thiadiazole-4,5-dicarboxylate 

5-tzc2−      tetrazolate-5-carboxylate 

TEOA3−     triethanolamine trianion 

gly2−      glycerolate 

en       ethylenediamine 

1,3-dahp     1,3-diamino-2-hydroxypropane 

1,3-dap     1,3-diaminopropane 

1,3-pdiol     1,3-propanediol 

phz      phenazine 

ppz      piperazine 

py       pyridine 

H2bdt      5,5′-(1,4-phenylene)bis(1H-tetrazole) 

dhbq2−/H2An2−   2,5-dioxidobenzoquinone 

Cl2An2−     chloranilate 

Br2An2−     bromanilate 

I2An2−      iodoanilate 

ClCNAn2−    chlorocyanoanilate 
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4-MePyNO+•    2-(4-N-methylpyridinium)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide  

      radical 

4-EtPyNO+•    2-(4-N-ethylpyridinium)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide      

      radical 

4-PrPyNO+•    2-(4-N-propylpyridinium)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide    

      radical 

TOAPB     1,3,5-tris(p-(N-tert-butyl-N-oxyamino)phenyl)benzene triradical 

BAPN     bis(3-tert-butyl-5-(N-oxy-tert-butylamino)phenyl) nitroxide triradical 

BPNN     p-butoxyphenyl nitronyl nitroxide radical  

NITIm−•    2-(2-imidazol-1-ide)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide   

                  radical 

PTMTC3−•    polychlorinated triphenylmethyl tricarboxylate radical 

TCNE     tetracyanoethylene 

TCNQ/TCNQH4   7,7,8,8-tetracyano-p-quinodimethane 

TCNQF2    2,5-fluoro-7,7,8,8-tetracyano-p-quinodimethane 

TCNQCl2    2,5-chloro-7,7,8,8-tetracyano-p-quinodimethane 

TCNQBr2    2,5-bromo-7,7,8,8-tetracyano-p-quinodimethane 

TCNQMe2    2,5-dimethyl-7,7,8,8-tetracyano-p-quinodimethane 

TCNQ(OMe)2   2,5-dimethoxy-7,7,8,8-tetracyano-p-quinodimethane 

TCNQF4    2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane 

BTDA-TCNQ   bis(1,2,5-thiadiazolo)tetracyano-p-quinodimethane 

hfac−     1,1,1,5,5,5-hexafluoroacetylacetonate 

TFA−     trifluoroacetate 

1,2-Fbz−    1,2-difluorobenzoate 

1,3-Fbz−    1,3-difluorobenzoate 
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1,4-Fbz−    1,4-difluorobenzoate 

1,2-Clbz–    1,2-dichlorobenzoate 

2,3,5-Clbz−   2,3,5-trichlorobenzoate 

Cp−     cyclopentadienyl anion 

Cp*−     pentamethylcyclopentadienyl anion 

salen2−     N,N′-ethylenebis(salicylideneiminate) 

TPP2−     meso-tetraphenylporphyrinato  

TFPP2−     meso-tetrakis(4-fluorophenyl)porphyrinato  

TClPP2−    meso-tetrakis(4-chlorophenyl)porphyrinato  

TBrPP2−    meso-tetrakis(4-bromophenyl)porphyrinato  

TIPP2−     meso-tetrakis(4-iodophenyl)porphyrinato  

QCl4     tetrachloro-1,4-benzoquinone 

2,2′-bpy    2,2′-bipyridine 

ppy−     2-phenylpyridine anion 

bppy     2,6-(bispyrazol-3-yl)pyridine 

pyimH     2-(1H-imidazol-2-yl)pyridine 

pmha−     N-(2-pyridylmethylene)-2-oxyaniline 

im2-trien    bis(N-(imidazol-4-yl)methylidene-3-aminoethyl)ethylenediamine 

Me3TPyA    tris(6-methyl-2-pyridylmethyl)amine 

tacn     1,4,7-triazacyclononane 

tren(6-Mepy)3   tris(3-aza-4-(6-methyl-2-pyridyl)but-3-enyl)amine 

tren-im3    tris((2-((1H-imidazol-4-yl)methylidene)amino)ethyl)amine 

H2(acac2-trien)  4,15-dimethyl-5,8,11,14-tetraazaoctadeca-2,4,14,16-tetraene-2,17-diol 
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H2(sal2-trien)   N,N′-disalicylidenetriethylenetetramine  

H2(3-Cl-sal2-trien)  6,6'-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(2-chlorophenol) 

H2(3-Br-sal2-trien) 6,6'-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(2-bromophenol) 

H2(3-OMe-sal2-trien) 6,6'-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(2-methoxyphenol) 

H2(4-OH-sal2-trien) 4,4′-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(benzene-1,3-diol) 

H2(4-Br-sal2-trien) 6,6'-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(3-bromophenol) 

H2(5-Cl-sal2-trien)  2,2′-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(4-chlorophenol) 

H2(5-Br-sal2-trien) 2,2′-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(4-bromophenol) 

H2(5-NO2-sal2-trien) 2,2′-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(4-nitrophenol) 

H2(5-OMe-sal2-trien) 2,2′-(2,5,8,11-tetraazadodeca-1,11-diene-1,12-diyl)bis(4-methoxyphenol) 

H2(sal2-epe)   2,2′-(2,5,9,12-tetraazatrideca-1,12-diene-1,13-diyl)diphenol 

dams+     4-(2-(4-dimethylaminophenyl)ethenyl)-1-methylpyridinium 

PNP+     bis(triphenylphosphine)iminium 

MV2+     methylviologen dication 

tag+     triaminoguanidinium 

BEDT-TTF   bis(ethylenedithio)tetrafulvalene  
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1.1 Electronic Spin Manipulation 

Molecules and materials with unpaired electrons are of tremendous importance in biology as 

well as everyday life. For instance, dioxygen (O2), which constitutes 21% of the air that we breathe, 

features two unpaired electrons, giving rise to a triplet S = 1 electronic ground state. Furthermore, 

metalloproteins of various structures and functions have active sites with transition metal ions or 

clusters that adopt a wide range of oxidation states and spin states.1 In addition to these 

paramagnetic species, compounds that show permanent magnetic behavior owing to strong long-

range interactions between electronic spins are critical to the function of a myriad of electronic 

devices. Furthermore, permanent magnets have revolutionized the field of data storage and 

processing and greatly impacted renewable energy technologies.2  

The high sensitivity of electronic spins to their surroundings and the ability to manipulate 

electronic spin states in a number of ways has been employed extensively in the fields of catalysis,3 

molecule-based magnetism,2c,e,f,4 and quantum information science2b,d,g,5–7 to generate compounds 

with unique properties. Specifically, paramagnetic transition metal complexes have recently been 

demonstrated to be promising candidates for electronic spin-based quantum bits,7a–l,n,p the smallest 

unit of a quantum information system, and as sensors for detecting various analytes and 

environmental factors.8 Here, the exceptional synthetic tunability and well-defined structures of 

transition metal complexes enable careful control of the local chemical environment to furnish 

compounds with targeted structures and properties. Furthermore, because small structural 

variations may lead to drastic changes in chemical and/or physical properties, this class of 

compounds comprise an ideal platform to develop design principles for numerous applications, 

ranging from magnetic resonance imaging contrast agents to quantum sensors. 
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The electronic structure and spin state of transition metal complexes can be modulated through 

a suite of external stimuli such as light, temperature, pH, pressure, electric field, microwave 

radiation, and the presence of different ions and analytes.7a–l,n,p,8–10 Such highly tunable properties 

have engendered novel magnetic materials, some of which show fascinating multifunctional 

behavior.7i,8a,c,f,i,9 My thesis work demonstrates how chemical control of electronic spins in 

transition metal complexes can be employed to generate novel magnetic resonance imaging (MRI) 

probes that are sensitive to changes in temperature, pH, and cation concentrations (Chapters 2–6), 

and may be utilized in developing design principles for strongly coupled molecule-based magnets 

that operate at high temperatures (Chapters 7 and 8). 

1.2 Magnetic Resonance Imaging 

Since its development in the 1970s, magnetic resonance imaging (MRI) has emerged as one of 

the most powerful diagnostic method in clinical medicine.11 This non-invasive imaging technique 

employs non-ionizing radiofrequency radiation with unlimited tissue penetration depth to generate 

images with high spatiotemporal resolution.12 Traditional MRI techniques exploit the properties 

of endogenous H2O molecules to generate contrast. Specifically, changes in the spin–lattice 

relaxation time (T1), spin–spin relaxation time (T2), and proton density are commonly used to 

provide different image intensities for distinct types of tissues.12c Nevertheless, the administration 

of exogenous MRI contrast agents is often needed to enhance signal intensity and thus provide 

more reliable assessments. Most MRI contrast agents used in clinics are based on GdIII chelates,13 

owing largely to the optimal electronic properties of GdIII centers, including a well-isolated S = 7/2 

electronic ground state and a long room-temperature electronic relaxation time (ca. 10−9 s).12a,b,14 
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As such, GdIII complexes are highly efficient in reducing T1 of protons on H2O molecules, 

affording both stronger signals and more rapid acquisitions. 

Variations in the tissue microenvironment are prominent features of a number of pathologies 

including cancer, ischemia, and inflammation.15 Because these changes may be subtle at an early 

stage, the use of highly responsive contrast agents is required to accurately detect physiological 

abnormalities. Despite the success of GdIII-based contrast agents over the past few decades, 

lanthanide-based probes suffer from low environmental responsiveness due to the predominantly 

ionic nature of lanthanide–ligand bonds. Such limitation hampers their employment in imaging 

changes in biomarkers such as temperature, pH, and ion concentrations in vivo. Accordingly, the 

development of transition metal-based MRI probes, which feature more covalent metal–ligand 

bonds and high sensitivity to their local chemical environment, with the ability to quantitate 

physiological biomarkers has garnered significant recent interest.16 Such probes are of high value 

for improving the understanding, early detection, and treatment of many diseases and disorders. 

1.3 Chemical Shift-Based Probes 

One class of bioresponsive MRI contrast agents are those based on nuclear magnetic resonance 

(NMR) chemical shift. 

Here, the chemical 

shift (δ) of NMR-

active nuclei (typically 

1H) on endogenous 

molecules or 

exogenous contrast 

 

Figure 1.1 Schematic illustration of chemical shift-based MRI, using a 

temperature-responsive probe as an example.  
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agents changes as a function of external stimuli and a calibration curve may be generated and 

employed to quantify parameters under unknown conditions (see Figure 1.1). In contrast to NMR 

signal intensity, the NMR chemical shift is independent of the concentration of the probe. Such 

concentration-independent detection of biomarkers is critical, as an unequal biodistribution of the 

probe or the biomarker is not easily accounted for in vivo and may lead to false assessments. 

Indeed, chemical shift-based methods are commonly utilized for mapping temperature in vivo. 

Specifically, in discriminating normal from abnormal tissue and to ensure that thermal treatments 

are localized and do not damage healthy tissue.12c,17 

While methods based on the proton resonance frequency of H2O are most widely used, they 

suffer from a low temperature sensitivity of ca. −0.01 ppm per °C.12c,18 Paramagnetic lanthanide- 

and high-spin transition metal-based probes featuring TmIII, TbIII, DyIII, YbIII and FeII, CoII metal 

centers, respectively, have been developed and shown to exhibit temperature sensitivities up to 1.8 

ppm per °C.19 Despite the 180-fold enhancement in sensitivity over diamagnetic H2O molecules, 

the temperature dependence of the chemical shift for 

these compounds is limited to the inherent Curie 

temperature dependence of chemical shift for 

paramagnetic compounds.14  

An alternative approach that we have envisioned 

may provide highly temperature-responsive 

chemical shift probes centers on employing 

molecules that change its electronic spin state (S) as 

a function of temperature, as both contact and 

dipolar paramagnetic chemical shift scale as 

 

Figure 1.2 Schematic illustration of a 

thermally-induced spin-crossover 

phenomenon in octahedral FeII complexes 

(top), highlighting the concomitant variations 

in NMR chemical shift (bottom). The black 

peaks correspond to a diamagnetic reference 

compound.  
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S(S+1).14 One class of molecules that fulfills this criterion is spin-crossover FeII complexes that 

undergo a thermally-induced electronic spin transition from a low-spin S = 0 ground state to a 

high-spin S = 2 excited states (see Figure 1.2).8a,9 A study that combines this strategy with using 

19F NMR chemical shift for temperature detection is detailed in Chapter 2. 19F MRI probes are 

largely underexplored for temperature sensing applications but provide important benefits over 

conventional 1H MR chemical shift-based probes. Most importantly, the absence of endogenous 

fluorine signal in soft tissue and wide chemical shift window afford simple NMR spectra with non-

overlapping resonances.20 Chapter 2 highlights the promise of spin-crossover FeII complexes for 

monitoring temperature changes in physiological environments through 19F NMR chemical shift. 

However, collective efforts of inorganic chemists and physicists are still required to maximize 

sensitivity and realize practical applications with these and related 19F-based MRI probes.   

1.4 Paramagnetic Chemical Exchange Saturation Transfer Probes 

Another class of MRI contrast agents that are well suited for detecting changes in biomarkers 

are those that function through the paramagnetic chemical exchange saturation transfer 

(PARACEST) effect. Here, exchange of labile protons on a paramagnetic molecule with those of 

bulk H2O molecules is exploited to generate contrast.21 The labile protons deliver saturation to 

H2O through chemical exchange upon presaturation with radiofrequency radiation, resulting in a 

reduction of the H2O signal intensity (see Figure 1.3, top). Accordingly, PARACEST contrast can 

be turned on and off at will, as the exchange interaction is only present upon selective irradiation 

at the resonance frequency of the labile protons on the probe. Importantly, the presaturation 

frequency-selective contrast enables simultaneous detection of multiple non-overlapping CEST 

peaks, which is ideal for the design of bioresponsive probes (see below).  
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By convention, CEST spectra (i.e. Z-spectra) are plotted as the normalized integration of the 

H2O signal against applied presaturation frequency (see Figure 1.3, bottom). Compared to 

traditional 1H NMR spectra, CEST spectra display fewer peaks, as only those corresponding to 

labile protons from the PARACEST probes are observed in addition to the bulk H2O signal, which 

is typically set to 0 ppm.  

The efficiency of PARACEST probes is largely determined by two factors: (1) the intensity of 

the CEST signal (i.e. %CEST effect), and (2) the chemical shift difference between the protons on 

the probe and bulk H2O (i.e. frequency offset). The latter provides an upper limit for the value of 

the proton exchange rate constant (kex). Within this slow-to-intermediate regime, faster exchange 

generally leads to stronger CEST signals, as it allows for a greater number of exchange 

interactions. However, less efficient saturation transfer is observed when kex is very large, resulting 

 

Figure 1.3 Top: Schematic illustration of how MRI contrast is generated through the PARACEST 

technique. Bottom: Depiction of a CEST spectrum with key parameters highlighted. RF denotes 

radiofrequency.  
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in spectral broadening. One advantage of PARACEST probes over their diamagnetic analogues is 

the large chemical shift of their labile protons, thus avoiding interference from exchangeable 

protons from endogenous biomolecules.22 

The first reported PARACEST probe was a EuIII chelate featuring a coordinating H2O molecule 

responsible for the CEST effect.22a Since this seminal work in 2001, the field of PARACEST MRI 

probes has been expanded to other lanthanide and transition metal complexes featuring various 

organic functional groups with labile protons, including amide, amine, and hydroxyl protons, along 

with those on N-heterocyclic ligands.16a–c,e–k,m–p,23 These probes have been reported to detect a 

number of biomarkers, such as redox-environment,16g,o temperature,16j,k Zn2+ ions,24 and 

pH.16h,m,23,25 Of these biomarkers, PARACEST probes are especially well suited for monitoring 

changes in pH, due to the inherent pH sensitivity of the exchange rates of their labile protons.22,23 

Furthermore, thanks to the frequency selectivity of the PARACEST technique, multiple CEST 

peaks can be addressed simultaneously, allowing for the facile design of ratiometric probes. Such 

ratiometric approach should provide a concentration-independent measure of biomarkers and thus 

overcomes the intrinsic concentration dependence of the CEST signal intensity. Indeed a handful 

of probes have been shown to map extracellular pH in biological environments.23c,25c,e–g,26 

Nevertheless, the development of a single probe that features: (1) highly shifted CEST peaks, (2) 

high pH responsiveness in the physiological pH range, and (3) displays good stability in 

physiological environments is challenging. 

Toward this end, we proposed that the utilization of a PARACEST probe featuring two distinct 

CEST-active groups located on distinct ligand scaffolds, whose labile protons show opposing pH-

dependent changes in proton exchange rates, is an attractive strategy. The ratio of the intensities 

for the two distinct CEST peaks for such probe should exhibit pronounced pH sensitivity (see 
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Figure 1.4). Chapter 3 details this novel approach toward sensing pH and demonstrates the 

potential of dinuclear CoII complexes for the ratiometric quantitation of pH in physiological 

environments. Chapters 4 and 5 build on the proof-of-principle study presented in Chapter 3. 

Specifically, Chapter 4 focuses on the effects that ligand modifications may have on the pH-

sensing performance of CoII
2 PARACEST probes. In particular, how electronic effects of remote 

ligand substitution allow for fine-tuning of pH sensitivity and detection range. Similarly, Chapter 

5 details the results of incorporating different CEST-active functional groups onto the ancillary 

bisphosphonate ligand in this family of CoII
2 PARACEST pH probes. Notably, this work provided 

one of the most sensitive ratiometric MRI probe for pH sensing applications reported so far.  

In addition to manipulating the distinct pH dependences of proton exchange rates for different 

CEST-active functional groups, other methods such as changes in local electronic environment at 

the metal center may also be employed for imaging biomarkers through PARACEST.16g,j,m 

Specifically, changes in magnetic anisotropy at the metal center may lead to drastic changes in the 

chemical shift of ligand protons. Chapter 6 details a strategy for designing such probe based on a 

mononuclear CoII complex for detecting the concentration of Ca2+ ions under physiologically 

 

Figure 1.4 Schematic illustration of the CEST properties of an ideal PARACEST probe for the 

ratiometric quantitation of pH. A and B denote CEST peaks originating from two distinct functional 

groups on the PARACEST probe.  
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relevant conditions. By utilizing the ratio of the CEST signal intensities from Ca2+- and Na+-bound 

probes, a concentration-independent measure of the concentration of Ca2+ ions was realized. Such 

studies are of immediate interest, as the concentration of Ca2+ in blood serum is a vital biomarker 

for bone-related diseases.27 

1.5 Summary of MRI Part of Thesis 

To summarize this part of my thesis, although chemical shift and PARACEST MRI probes are 

limited to only a handful of transition metal centers, most commonly high-spin FeII, CoII, and NiII 

centers, that possess a short electronic relaxation time (< 10−11 s) and thus afford sharp NMR 

peaks,14 the extensive library of organic ligands and high chemical tunability of these paramagnetic 

complexes have enabled the creation of highly sensitive bioresponsive MRI probes. The work 

presented in Chapters 2–6 demonstrates the power and endless potential of synthetic inorganic 

chemistry. 

1.6 Molecule-Based Magnets 

Magnetic materials have had a profound impact on energy-related technologies, memory 

storage media, and innumerable electronic devices.2,28 Nevertheless, the ever-increasing demands 

of modern society and call for renewable energy sources necessitates the development of new 

magnetic materials with improved properties and unprecedented functions. Toward this end, 

molecule-based magnets have been the subject of immense interest in the past few decades as 

potential alternatives to traditional solid-state inorganic magnets due to their exceptional chemical 

programmability and tunability.4,29 Specifically, these features enable the rational design of 

molecules-based magnets with targeted structures and properties. Furthermore, the low density of 

these compounds and ease of functionalization renders them attractive candidates as lightweight 
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permanent magnets,2a,e,f,4,29–32 

building blocks in spintronic 

devices,2b–e,h and magnetic 

conductors.30,32,33 

Indeed, a vast number of 

metal-organic materials have 

demonstrated fascinating single-

molecule magnet29f,34 or 1D 

single-chain magnet behaviors.35 However, extending this methodology to the creation of 2D and 

3D metal-organic magnets represents a formidable challenge. To illustrate, strong magnetic 

exchange coupling between spin centers is required to achieve permanent magnetic materials,4,36 

whereas magnetic communications through long multiatom organic bridging ligands are typically 

weak, as the coupling takes place via an indirect superexchange mechanism (see Figure 1.5, left).4a 

This contrasts with the direct superexchange mechanism through single-atom oxo bridges37 and 

direct metal–metal bonding38 found in conventional solid-state inorganic magnets. The latter two 

interactions mediate much stronger interactions between metal centers due to the greater overlap 

between magnetic orbitals over shorter distances.29d,39 As such, the synthesis of metal-organic 

framework magnets that operate at high temperatures is a challenging task (see Chapter 8). 

1.7 The Metal–Radical Approach 

In contrast to the employment of diamagnetic organic bridging ligands, an alternative strategy 

to the generation of metal-organic framework magnets centers on the use of radical-based 

ligands.29f,40 Here, the radical bridging ligand engenders strong direct magnetic exchange coupling 

 

Figure 1.5 Schematic illustration of different magnetic exchange 

coupling mechanisms in metal-organic magnetic materials. Left: 

Weak indirect superexchange mechanism through a diamagnetic 

bridging ligand. Right: Strong direct exchange mechanism through 

a radical bridging ligand. 
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between spin centers owing to the direct overlap of metal- and radical-based magnetic orbitals (see 

Figure 1.5, right). This approach has been successfully implemented for systems featuring 

nitroxide,29f,35a,c,h,40a,41 organonitrile,30,31,33a,42 perchlorotriphenylmethyl,43 triplet carbene,44 and 

pyrazine33b radical ligands. Indeed, this class of compounds provides a handful of structurally-

characterized framework magnets with ordering temperatures exceeding 100 K.30b,d,31b–d The 

current record holders are 2D and 3D MnII frameworks bridged by tetracyanoethylene radical 

ligands.31c,d These compounds exhibit permanent magnetic behavior below 171 K. Notably, 

amorphous compounds of similar compositions have been found to exhibit long-range magnetism 

above room temperature,45 demonstrating the high potential of the metal–radical approach in 

realizing molecule-based magnets suitable for practical applications.  

 Another advantage of using radical bridging ligands in the construction of magnetic networks 

is their inherent redox activity. Such redox-active ligands are amenable to promoting electrical 

conductivity and thus facilitate the formation of multifunctional materials with simultaneous long-

range magnetic order and high electrical conductivity,30,32,34 which is an exceedingly rare but 

highly desired phenomenon among coordination solids.   

1.8 Semiquinoid-Based Bridging Ligands 

Despite the notable success of the radical-bridged systems mentioned in the previous section, 

the low charges and monodentate binding mode of each of the coordinating functional group of 

these ligands limit the strength of metal–radical interactions. Ligands with high negative charges 

and ability to engender the chelate effect should provide much stronger magnetic exchange 

interactions between cationic metal centers and radicals.  



 

76 

 

Toward this end, the family of benzoquinoid ligands offers an ideal platform for the 

construction of radical-bridged molecule-based magnets with strong magnetic coupling.32,33c,35j,46 

Specifically, these ligands possess three readily accessible negative oxidation states – the dianionic 

diamagnetic benzoquinoid state, the trianionic semiquinoid radical state, and the tetraanionic fully 

aromatic hydroquinoid state. All these forms of benzoquinoid ligands bind to metal centers in a 

bis-bidentate fashion. Such multidentate and rigid binding furnishes compounds with well-defined 

structures and high kinetic and thermal stability, even for the semiquinoid radical form.32,33c The 

facile redox chemistry and tight metal binding of benzoquinoid ligands have provided 2D 

frameworks with coexisting high magnetic ordering temperatures (up to 105 K) and high room-

temperature electrical conductivity.32a,b Such high values for both properties are nearly 

unprecedented in a metal-organic material. An attractive switchability of magnetic order and 

conductivity has also been achieved by modulating the ligand oxidation state.33c 

Furthermore, benzoquinoid ligands are prone to a high degree of chemical functionalization,47 

allowing for the rational design of magnets with targeted structures and properties. In particular, 

the donor atoms can be 

varied from oxygen atoms 

to nitrogen, sulfur, and 

phosphorus donors that 

feature more diffuse 

orbitals and thus should 

afford stronger coupling 

between spin centers (see 

Scheme 1.1, E). Indeed, 

 

Scheme 1.1 Redox series of deprotonated benzoquinoid ligands with 

donor atoms E and substituents R. 
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dinuclear semiquinoid radical-bridged complexes featuring nitrogen- and sulfur-based donors 

have been shown to exhibit exceptionally strong magnetic coupling.46c,d,f Introduction of these 

types of benzoquinoid ligands into extended solids is an active area of research among inorganic 

chemists, but the field is currently dominated by compounds featuring more synthetically tractable 

tetraoxolene (all oxygen donors) ligand derivatives.  

In addition to changing the donor atoms, various functional groups with different steric and 

electronic properties can be introduced to the two open positions on the benzoquinoid ring to 

further tune the magnetism in these systems (see Scheme 1.1, R). Nevertheless, there is a dearth 

of studies that probe the effects of bridging ligand substituents on magnetic properties for 

benzoquinoid compounds. To the best of our knowledge, such studies are currently limited to 

systems featuring diamagnetic benzoquinoid bridging ligands.48 Accordingly, there is a significant 

interest in understanding how and to what extent changing the substituents on semiquinoid radical 

ligands influences the exchange coupling in magnetic materials. Such investigations may provide 

important design principles for metal-organic magnets with improved performances. 

1.9 Dinuclear Complexes as Model Systems 

As a first step toward addressing this lack of knowledge, we have turned to dinuclear 

complexes as model systems due to their structural simplicity and well-understood magnetic 

behaviors. Specifically, the magnetic exchange coupling constant J can be readily quantified and 

compared across a series of compounds featuring different bridging ligand derivatives. 

Furthermore, dinuclear complexes with strong coupling between spin centers may exhibit single-

molecule magnet behavior,29f,46c,d and thus provide additional magnetic parameters to explore as a 

function of ligand identity. Chapter 7 details the synthesis, characterization, and magnetic 
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properties of two series of isostructural dinuclear FeII complexes, one featuring diamagnetic 

benzoquinoid bridging ligands and the other bearing semiquinoid radical bridging ligands. The 

radical-bridged derivatives do behave as single-molecule magnets. Within both series of 

compounds, the electronic properties of the bridging ligand substituents are varied to enable a 

systematic investigation of the effects of ring substituents on magnetic interactions in quinoid-

based systems. This chapter highlights that the effects of ligand substitution on magnetic coupling 

strength in benzoquinoid compounds are highly dependent on the redox state of the bridging 

ligand. 
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Chapter 2: Spin-Crossover and High-Spin Iron(II) Complexes as Chemical 

Shift 19F Magnetic Resonance Thermometers 

Reprinted with permission from: 

Thorarinsdottir, A. E.; Gaudette, A. I.; Harris, T. D. Chemical Science 2017, 8, 2448–2456. 

Copyright 2017 The Royal Society of Chemistry. 

This work was performed in collaboration with the co-authors listed above. 
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2.1 Introduction  

The non-invasive measurement of temperature in vivo represents a growing area of research, 

largely due to its utility in medical applications such as low-temperature hyperthermia,1,2 high-

temperature thermal ablation,1,2 and the treatment of heart arrhythmias.3 Here, thermometry may 

be used to discriminate normal from abnormal tissue, and also to ensure that thermal treatments 

are localized to prevent damage to healthy tissue.1,2,4 Magnetic resonance spectroscopy (MRS) and 

imaging (MRI) are particularly well suited toward this end, owing to their use of non-ionizing 

radiation and ability to deeply penetrate tissue.1,5 Indeed, a number of temperature-sensitive MR 

parameters of water, including T1 and T2 relaxation times, proton resonance frequency (PRF), 

diffusion coefficient, and proton density, can be used to monitor tissue temperature.1,4,6 Currently, 

methods based on water PRF shift are the most widely used for imaging temperature in clinical 

studies due to their high-resolution and independence on tissue type.7 However, these techniques 

suffer from a low temperature sensitivity of ca. −0.01 ppm per °C, and their ability to accurately 

determine absolute temperature is limited.1,7,8  

In order to overcome sensitivity limitations, paramagnetic lanthanide9 and transition metal 

complexes10 that function as MRS probes have been developed for thermometry. These complexes 

feature paramagnetically shifted proton resonances, thus minimizing the interference from 

background signal in biological tissue. In particular, proton resonances of Tm3+, Tb3+, Dy3+ and 

Yb3+ complexes have been shown to exhibit temperature sensitivities of up to 1.8 ppm per °C,9q 

and have been employed for temperature mapping in vitro and in vivo.9 Additionally, transition 

metal MRS probes have been shown to exhibit similar sensitivity10 and may alleviate toxicity 

concerns associated with lanthanides.11  
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While paramagnetic MRS probes offer significant improvements in sensitivity over PRF 

thermometry, they are nevertheless limited to the inherent Curie temperature dependence of 

chemical shift in paramagnetic compounds.12 Alternatively, one can employ a strategy of tuning a 

physical parameter that itself depends on temperature and governs chemical shift. Since both 

contact (through-bond) and dipolar (through-space) hyperfine shift scale as S(S + 1), where S 

represents the electronic spin state, variation of S as a function of temperature can result in dramatic 

changes in chemical shift.12 As such, an ideal temperature-responsive chemical shift probe might 

feature a value of S that changes with temperature. Spin-crossover FeII complexes that undergo a 

thermally-induced electronic spin transition from a low-spin, S = 0 ground state to a high-spin, S 

= 2 excited state satisfy just such a criterion. Moreover, the ligand field in spin-crossover 

complexes can be chemically modulated to precisely tune the crossover temperature (T1/2), defined 

as the temperature at which the low-spin and high-spin states are equally populated,13 to near 37 

°C. Indeed, the utility of spin-crossover in MR thermometry has been demonstrated through T2
* 

modulation in FeII-based nanoparticles14 and through paramagnetic chemical exchange saturation 

transfer (PARACEST) in molecular FeII complexes.15  

While the vast majority of MRS thermometry probes exploit changes in the chemical shift of 

1H NMR resonances, the employment of 19F MR offers several key advantages. First, the 19F 

nucleus features a 100% natural abundance, a nuclear spin of I = 1/2, and a gyromagnetic ratio and 

sensitivity close to that of 1H.16 Moreover, the near absence of endogenous fluorine signals in the 

body, the large spectral window of 19F resonances, and the remarkable sensitivity of 19F chemical 

shift to the local environment, give rise to NMR spectra with minimal peak overlap.17 Indeed, it 

has been demonstrated that 19F chemical shifts of transition metal porphyrin complexes are highly 
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sensitive to their solution electronic structure, in particular to oxidation state and spin state.18 In 

addition, lanthanide-based 19F chemical shift probes for monitoring pH have been reported.19 

However, despite the potential of S as a tunable parameter to increase the temperature sensitivity 

of 19F MR chemical shift, to our knowledge no paramagnetic 19F MR thermometers have been 

reported. In fact, diamagnetic perfluorocarbons represent the only examples of 19F MR 

thermometry, but the application of these compounds is limited by the small temperature 

dependence of their 19F chemical shifts that affords a maximum sensitivity of only 0.012 ppm per 

°C.20  

Given the advantages of 19F over 1H MR, in conjunction with the temperature sensitivity of 1H 

MR chemical shifts of our previously reported spin-crossover FeII PARACEST probes15 and the 

high-spin FeII 1H MR shift probes reported by Morrow and coworkers,10 we sought to develop 

fluorine-substituted spin-crossover and high-spin FeII complexes for chemical shift 19F MR 

thermometry. Herein, we report a series of complexes that feature new symmetrically and 

asymmetrically-substituted 1,4,7-triazacyclononane (tacn) derivatives with fluorinated 2-picolyl 

donors. The potential utility of spin-crossover and high-spin FeII complexes as chemical shift 19F 

MR thermometers is demonstrated through detailed analysis of their temperature-dependent 

spectroscopic and magnetic properties. Furthermore, these compounds exhibit excellent stability 

in a physiological environment, as revealed by VT 19F NMR spectra recorded in fetal bovine serum 

(FBS). To our knowledge, this work provides the first examples of paramagnetic chemical shift 

19F MR thermometers. 

2.2 Experimental Section 

General Considerations. Unless otherwise specified, the manipulations described below were 
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carried out at ambient atmosphere and temperature. Air- and water-free manipulations were 

performed under a dinitrogen atmosphere in a Vacuum Atmospheres Nexus II glovebox or using 

a standard Schlenk line. Glassware was oven-dried at 150 °C for at least 4 h and allowed to cool 

in an evacuated antechamber prior to use in the glovebox. Acetonitrile (MeCN), dichloromethane 

(CH2Cl2), diethyl ether (Et2O) and methanol (MeOH) were dried using a commercial solvent 

purification system from Pure Process Technology and stored over 3 or 4 Å molecular sieves prior 

to use. Water was obtained from a purification system from EMD Millipore. Elemental analysis 

was conducted by Midwest Microlab Inc. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories and stored over 3 or 4 Å molecular sieves prior to use. The compounds Ts3-

dient (N,N′,N′′-tri(p-toluenesulfonyl)diethylenetriamine) and Ts2-glycol (1,2-di(p-

toluenesulfonyloxy)ethane) were synthesized following literature procedures.21 All other 

chemicals and solvents were purchased from commercial vendors and used without further 

purification. Experimental details on the syntheses of ligands and organic precursors are provided 

in Section 2.5.1.  

Synthesis of [Fe(L1)](BF4)2∙0.5MeCN (1a∙0.5MeCN). Under an inert atmosphere of dinitrogen, 

a pale pink suspension of Fe(BF4)2·6H2O (44.7 mg, 0.130 mmol) in MeCN (1.5 mL) was added 

dropwise to a stirring orange solution of L1 (62.9 mg, 0.140 mmol) in MeCN (2.5 mL). During the 

addition, a color change to dark orange, then red, and finally to dark olive green was observed. 

The solution was stirred at ambient temperature for 1.5 h and then filtered. Vapor diffusion of Et2O 

into the resulting dark olive green solution afforded dark red block-shaped crystals of 1a∙0.5MeCN 

(0.036 g, 39%) suitable for single-crystal X-ray diffraction analysis. The compound was placed 

under vacuum at ambient temperature for 24 h to give desolvated 1a. Anal. Calcd. for 
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C25H30B2F10FeN6: C, 44.03; H, 4.43; N, 12.32%. Found: C, 43.90; H, 4.60; N, 12.39%. UV-Vis 

absorption spectra (59 μM; H2O, 25 °C): 263 nm ( = 12400 M−1 cm−1), 436 nm ( = 5400 M−1 

cm−1); (55 μM; MeCN, 25 °C): 264 nm ( = 10700 M−1 cm−1), 424 nm ( = 2800 M−1 cm−1). ESI-

MS (m/z): calcd. for C25H30F2FeN6 ([M]2+) 254.09, found: 253.96.   

Synthesis of [Zn(L1)](BF4)2 (1b). Under an inert atmosphere of dinitrogen, a colorless solution 

of Zn(BF4)2·5.3H2O (11.8 mg, 0.035 mmol) in MeCN (1.5 mL) was added dropwise to a stirring 

dark orange solution of L1 (16.7 mg, 0.037 mmol) in MeCN (2.5 mL). No distinct color change 

was observed during the addition of the metal salt, and the light orange solution was stirred at 

ambient temperature for 3 h and then filtered. Removal of the solvent under reduced pressure 

afforded a red-brown oily residue which was dissolved in a MeOH/MeCN 3:1 mixture (0.8 mL). 

Vapor diffusion of Et2O into this dark red solution afforded a mixture of a polycrystalline colorless 

solid and a light orange solid that was washed with Et2O. Colorless plate-shaped crystals of 1b 

(0.011 g, 45%) suitable for single-crystal X-ray diffraction analysis were grown from a 

concentrated dark orange solution of the polycrystalline solid (10 mg/mL) in MeOH/MeCN (2:1). 

Anal. Calcd. for C25H30B2F10N6Zn: C, 43.42; H, 4.37; N, 12.15%. Found: C, 43.67; H, 4.52; N, 

12.13%. UV-Vis absorption spectra (72 μM; H2O, 25 °C): 268 nm ( = 11200 M−1 cm−1); (8.8 × 

10−6 M; MeCN, 25 °C): 268 nm ( = 30500 M−1 cm−1). ESI-MS (m/z): Calcd. for C25H30F2N6Zn 

([M]2+) 258.09, found: 257.98. 

Synthesis of [Fe(L2)](BF4)2 (2a). Under an inert atmosphere of dinitrogen, a pale pink 

suspension of Fe(BF4)2·6H2O (41.3 mg, 0.120 mmol) in MeCN (1.5 mL) was added dropwise to 

a stirring light orange solution of L2 (64.1 mg, 0.130 mmol) in MeCN (3.5 mL). The resulting dark 

orange solution was stirred at ambient temperature for 3 h and then filtered. The dark orange filtrate 
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was concentrated under reduced pressure to give a dark yellow solid. Vapor diffusion of Et2O into 

a concentrated dark orange solution (10 mg/mL) of this solid in MeOH/MeCN (1:1) gave light 

yellow plate-shaped crystals of 2a (0.042 g, 48%) suitable for single-crystal X-ray diffraction 

analysis. Anal. Calcd. for C27H36.2B2F11FeN6O1.6 (2a·1.6H2O): C, 42.84; H, 4.82; N, 11.10%. 

Found: C, 43.00; H, 4.76; N, 11.00%. UV-Vis absorption spectra (69 μM; H2O, 25 °C): 276 nm 

( = 18800 M−1 cm−1), 369 nm ( = 1600 M−1 cm−1); (55 μM; MeCN, 25 °C): 273 nm ( = 11100 

M−1 cm−1), 371 nm ( = 800 M−1 cm−1). ESI-MS (m/z): Calcd. for C27H33F3FeN6 ([M]2+) 277.10, 

found: 276.99. 

Synthesis of [Zn(L2)](BF4)2 (2b). Under an inert atmosphere of dinitrogen, a colorless solution 

of Zn(BF4)2·5.3H2O (20 mg, 0.059 mmol) in MeCN (1.5 mL) was added dropwise to a stirring 

light orange solution of L2 (31 mg, 0.062 mmol) in MeCN (2.5 mL). The resulting light orange 

solution was stirred at ambient temperature for 3 h, then filtered and concentrated under vacuum 

to give a light brown oily solid. Colorless block-shaped crystals of 2b (0.022 g, 51 %) suitable for 

single-crystal X-ray diffraction analysis were grown from a concentrated light orange solution of 

the solid (15 mg/mL) in MeOH/MeCN (1:1). Anal. Calcd. for C27H34.4B2F11N6O0.7Zn 

(2b·0.7H2O): C, 43.22; H, 4.62; N, 11.20%. Found: C, 43.26; H, 4.76; N, 11.20%. UV-Vis 

absorption spectra (30 μM; H2O, 25 °C): 278 nm ( = 13400 M−1 cm−1); (25 μM; MeCN, 25 °C): 

278 nm ( = 35700 M−1 cm−1). ESI-MS (m/z): Calcd. for C27H33F3N6Zn ([M]2+) 281.10, found: 

280.97. 

Synthesis of [Fe(L3)](BF4)2 (3a). Under an inert atmosphere of dinitrogen, a pale pink 

suspension of Fe(BF4)2·6H2O (42.6 mg, 0.126 mmol) in MeCN (1 mL) was added dropwise to a 

stirring yellow-orange solution of L3 (63.4 mg, 0.139 mmol) in MeCN (2 mL) to give a dark red 
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solution. This solution was stirred at ambient temperature for 1.5 h and then filtered. Removal of 

the solvent under reduced pressure yielded a red oily residue. Vapor diffusion of Et2O into a 

concentrated dark red solution (10 mg/mL) of this compound in MeOH/MeCN (1:1) gave dark red 

hexagonal prism-shaped crystals of 3a (0.046 g, 53%) suitable for single-crystal X-ray diffraction 

analysis. Anal. Calcd. for C24H27B2F11FeN6: C, 42.02; H, 3.97; N, 12.25%. Found: C, 41.52; H, 

4.13; N, 12.39%. UV-Vis absorption spectra (51 μM; H2O, 25 °C): 260 nm ( = 13900 M−1 cm−1), 

437 nm ( = 7900 M−1 cm−1); (40 μM; MeCN, 25 °C): 261 nm ( = 17700 M−1 cm−1), 436 nm ( = 

10600 M−1 cm−1). ESI-MS (m/z): Calcd. for C24H27F3FeN6 ([M]2+) 256.08, found: 255.95. 

X-ray Structure Determination. Single crystals of 1a∙0.5MeCN, 1b, 2a, 2b, and 3a were 

directly coated with Paratone-N oil, mounted on a MicroMounts rod and frozen under a stream of 

dinitrogen during data collection. The crystallographic data were collected at 100 K on a Bruker 

Kappa Apex II diffractometer equipped with an APEX-II detector and MoKα sealed tube source. 

Raw data were integrated and corrected for Lorentz and polarization effects with SAINT v8.34A.22 

Absorption corrections were applied using the program SADABS.23 Space group assignments 

were determined by examining systematic absences, E-statistics, and successive refinement of the 

structures. Structures were solved using direct methods in SHELXT and refined by SHELXL24 

operated within the OLEX2 interface.25 All hydrogen atoms were placed at calculated positions 

using suitable riding models and refined using isotropic displacement parameters derived from 

their parent atoms. Thermal parameters for all non-hydrogen atoms were refined anisotropically. 

Crystallographic data for these compounds at 100 K and the details of data collection are listed in 

Tables 2.3–2.5. Significant disorder of (BF4)
− counterions was modelled in the crystal structures 

of 1a∙0.5MeCN and 3a. However, only partial modelling of the disorder was achieved for 
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1a∙0.5MeCN, where the disordered (BF4)
− ions accounted for the highest peaks in the difference 

Fourier map. Disordered lattice solvent molecules were present in the void space in the structures 

of compounds 2a and 2b, these species could not be identified and modelled properly. Therefore, 

they were treated as a diffuse contribution to the overall scattering without specific atom positions 

using the solvent masking procedure implemented in OLEX2. One of the two molecules in the 

asymmetric unit in the crystal structure of 1b was severely disordered and had to be refined using 

restraints on all atoms. Positional disorder on the 2-picolyl groups was modelled with partial 

occupancies, where the sum of the occupancies of fluorine atoms was set equal to two, and the 

sum of methyl substituents was set equal to one. 

1H and 19F NMR Experiments. 1H and 19F NMR spectra of ligands Lx (x = 1–3) and ligand 

precursors were collected at 25 °C on either an Agilent DD2 500 MHz (11.7 T) system, at 500 and 

470 MHz frequencies respectively, or on an automated Agilent DD MR 400 MHz (9.40 T) system 

equipped with Agilent 7600 96-sample autosampler, at 400 and 376 MHz frequencies respectively. 

VT 1H and 19F NMR spectra of compounds 1a, 1b, 2a, 2b and 3a, were collected on an Agilent 

DD2 500 MHz (11.7 T) system at 500 and 470 MHz frequencies respectively. A temperature 

calibration curve for the NMR spectrometer was used to convert the set temperatures on the 

thermostat to the actual temperatures of the measurements. NMR spectra of samples in 2.1 mM 

aqueous solutions of trifluoroethanol (TFE), and in 2.1 mM fetal bovine serum (FBS) solutions of 

NaF, were acquired using gradient autoshimming on the water proton resonance. Chemical shift 

values (δ) are reported in ppm and referenced to residual proton signals from the deuterated 

solvents for all 1H NMR spectra (7.26 ppm for CDCl3, 4.79 ppm for D2O/H2O, and 1.94 ppm for 

MeCN-d3). 
19F NMR chemical shift values for spectra recorded in CDCl3 and MeCN-d3 solvents 
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were referenced to trichlorofluoromethane (CFCl3) at 0 ppm. For spectra of compounds 1a, 1b, 

2a, 2b, and 3a in MeCN-d3, the 19F NMR chemical shift of the (BF4)
− counterions was set to 

−151.44 ppm at all temperatures to make the comparison between compounds consistent. TFE was 

used as an internal standard for VT 19F NMR measurements of compounds 1a, 1b, 2a, 2b, and 3a, 

in aqueous solutions. The temperature dependence of the 19F NMR chemical shift of TFE in a 2.1 

mM water solution was determined relative to CFCl3, and the resulting chemical shift values were 

used as reference points for the 19F NMR chemical shifts of compounds 1a, 1b, 2a, 2b, and 3a, at 

each measured temperature (4–61 °C). VT 19F NMR spectra of compounds 1a and 2a in FBS were 

collected under the same conditions as 19F NMR spectra of these compounds in aqueous TFE 

solutions, except NaF (2.1 mM) was used as an internal standard because of potential reactivity of 

TFE with serum albumin. The 19F NMR chemical shift of NaF at each recorded temperature was 

determined with respect to TFE in a separate experiment, conducted in an aqueous solution 

containing 1.1 mM TFE and 5.2 mM NaF. All coupling constants (J) were measured in hertz (Hz). 

The MestReNova 10.0 NMR data processing software was used to analyze and process all 

recorded NMR spectra.  

Solution Magnetic Measurements. The solution magnetic moments of compounds 1a and 2a 

were determined using the Evans method26 by collecting VT 1H NMR spectra using a Varian Inova 

400 MHz (9.40 T) spectrometer. For aqueous solution measurements, the compounds 1a and 2a 

were dissolved in a 2.1 mM solution of TFE in H2O and dimethyl sulfoxide (DMSO) was added 

as a reference (2% (v/v) of DMSO). The resulting solution was placed in a NMR tube containing 

a sealed capillary with a solution of H2O and DMSO (2% (v/v) of DMSO). For measurements in 

MeCN, compound 1a was dissolved in a mixture of MeCN-d3 and CH2Cl2 (2% (v/v) of CH2Cl2), 
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and the resulting solution was placed in a NMR tube containing a sealed capillary with a solution 

of MeCN-d3 and CH2Cl2 (2% (v/v) of CH2Cl2). The average of three measurements afforded the 

resulting data. All data were corrected for diamagnetic contributions from the core diamagnetism 

of each sample (estimated using Pascal’s constants).27 The molar fraction of spin-crossover 

compound 1a in high-spin state as a function of temperature was estimated by Equation 2.1: 

γHS  = (χMTobs − χMTLS)/(χMTHS − χMTLS) ≈ χMTobs /χMTHS   (2.1) 

χMT for the fully populated S = 0 (low-spin) ground state (χMTLS) was approximated to be equal 

to 0 cm3 K mol−1. An average value of χMT for the high-spin compound 2a (3.63 cm3 K mol−1) in 

an aqueous solution, over the temperature range studied (278–333 K) was used as the fully 

populated S = 2 (high-spin) excited state limit (χMTHS). The thermodynamic parameters, ΔH and 

ΔS, associated with the spin transition in solution, as measured by the Evans method, were obtained 

using the regular solution model:28 

R × ln(γHS /(1 − γHS)) = −ΔH/T + ΔS     (2.2) 

UV-Vis Absorption Spectroscopy. UV-Vis experiments were carried out on an Agilent Cary 

5000 UV-Vis-NIR spectrometer. UV-Vis spectra were collected in the 200–800 nm range in 

MeCN and H2O solvents using 9–75 μM solutions of compounds 1a, 1b, 2a, 2b and 3a. 

Electrospray Ionization Mass Spectrometry (ESI-MS) Measurements. ESI-MS spectra were 

recorded on a LC-MS Bruker Amazon SL quadrupole ion trap instrument, equipped with a 

Compass Software 1.3 SR2. All measurements were carried out in a CH2Cl2/MeOH (4:1) carrier 

solvent using positive ionization mode. 

2.3 Results and Discussion 

2.3.1 Syntheses and Structures  
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With the goal to prepare air- and water-stable complexes, tacn-based ligands bearing three 

pendent pyridyl groups offer an ideal platform, as these hexadentate scaffolds have been shown to 

afford highly-stable FeII complexes.10,29 In addition, the ligand field can be readily tuned to obtain 

spin-crossover complexes within a physiologically relevant temperature range by chemical 

modulation of the electronic and steric properties of the pyridyl donors.29e,30 Toward this end, we 

sought to synthesize related ligands that support FeII complexes in selected spin states through 

controlled introduction of methyl groups into the 6-position of the pyridyl groups, which serves to 

weaken the ligand field by virtue of steric crowding at the FeII center. In addition, in order to enable 

utilization of these compounds in 19F MRS thermometry, we installed fluorine substituents onto 

the 3-positions of the pyridyl groups.  

The preparation of ligands Lx (x = 1–3; see Figure 2.1) was carried out through a five-step 

synthesis involving stepwise addition of 2-picolyl derivatives to the tacn backbone via reductive 

amination of the corresponding 2-pyridinecarboxaldehydes with tacn precursors (see Section 2.5.1 

and Scheme 2.1). Through judicious selection of the aldehyde reagent in each step, this synthetic 

route enabled the preparation of both symmetric and asymmetric tri-functionalized tacn-based 

ligands, appended with one or two types of 2-picolyl donors. Metalation of the ligands with FeII 

and ZnII was effected 

through reaction of 

equimolar amounts of 

Lx and the 

corresponding 

divalent metal ion in 
 

Figure 2.1 Molecular structures of ligands Lx (x = 1–3). 
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MeCN. Subsequent diffusion of Et2O into a concentrated MeCN or MeOH/MeCN solution 

afforded crystalline [Fe(L1)](BF4)2·0.5MeCN (1a·0.5MeCN), [Zn(L1)](BF4)2 (1b), [Fe(L2)](BF4)2 

(2a), [Zn(L2)](BF4)2 (2b), and [Fe(L3)](BF4)2 (3a).  

Single-crystal X-ray diffraction analysis for 1a·0.5MeCN, 1b, 2a, 2b, and 3a, was carried out 

at 100 K (see Tables 2.3–2.5). Compound 1a·0.5MeCN crystallized in the triclinic space group 

P1̅, and features two [Fe(L1)]
2+ cations in the asymmetric unit. Compound 1b crystallized in the 

monoclinic space group Pc, with the asymmetric unit comprised of two [Zn(L1)]
2+ cations. In 

contrast to the metal complexes of asymmetric L1, compounds 2a and 2b are isostructural and 

crystallized in the cubic space group F 4̅3c, with one third of the [M(L2)]
2+ (M = Fe, Zn) cation in 

the asymmetric unit. In these two structures, the MII metal center resides on a site of 

crystallographic three-fold symmetry. Finally, the asymmetric unit of the crystal structure of 3a, 

which crystallized in the trigonal space group P3, features one-third of three unique [Fe(L3)]
2+ 

cations, with the remainder of each complex related through a crystallographic three-fold axis (see 

Figure 2.7). 

In the cationic complex of each compound, the MII center resides in a distorted octahedral 

coordination environment, comprised of three facially bound tertiary amine nitrogen atoms from 

the tacn backbone and three picolyl nitrogen atoms (see Figure 2.2). Examination of bond distances 

associated with the FeII cations reveals the spin state of these complexes in the solid-state at 100 

K (see Table 2.1). The mean Fe–N bond distances for 1a·0.5MeCN and 3a fall in the ranges  

1.974(2)–2.088(2) and 1.969(3)–1.999(3) Å, respectively, indicative of low-spin FeII.15,30,31 In 

1a·0.5MeCN, the Fe–NMe-pyr bond lengths of 2.085(2) and 2.090(2) Å are significantly longer than 
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the Fe–NF-pyr bond distances of 1.970(2)–1.978(2) Å, due to the steric effects imposed by the 

methyl substituent on one of the picolyl groups.30 In contrast, the average Fe–NMeF-pyr and Fe–Ntacn 

bond distances for 2a of 2.224(2) and 2.230(2) Å, respectively, are substantially longer and are 

characteristic of high-spin FeII.30,31a–c,32 Finally, the mean Zn–N bond distances of 2.196(3) and 

2.212(2) Å for 1b and 2b, respectively, are consistent with reported distances for ZnII ions in 

similar coordination environments.33  

The presence of fluoro and methyl substituents on the 2-picolyl pendent groups of ligands  

L1–3 leads to a distortion from octahedral coordination at the metal centers. This deviation from 

perfect octahedral geometry can be quantified through the octahedral distortion parameter Σ, 

defined as the sum of the absolute deviations of the 12 cis-oriented N–M–N angles from 90°.34 

Analysis of the FeII centers in 1a·0.5MeCN, 2a, and 3a gives values of Σ = 72.4(3), 134.8(3), and 

59.9(4)°, respectively. The much larger value for 2a than for 1a·0.5MeCN and 3a reflects the 

significant steric crowding in 2a and further corroborates the high-spin and low-spin assignments 

of these complexes.35 The larger distortion of the [Fe(L1)]
2+ cation in 1a·0.5MeCN relative to 

[Fe(L3)]
2+ in 3a is attributed to presence of one vs zero picolyl methyl substituents, respectively. 

The coordination environment of the FeII complex in 2a and its isostructural ZnII analogue in 2b   

 

Figure 2.2 Left–Right: Crystal structures of [Fe(Lx)]2+ (x = 1, 2), as observed in 1a∙0.5MeCN and 2a, and 

[Zn(Lx)]2+ (x = 1, 2), as observed in 1b and 2b. Turquoise, orange, green, blue, and gray spheres represent 

Zn, Fe, F, N and C atoms, respectively; H atoms are omitted for clarity. 
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are similar, where 2b is slightly less distorted than 2a, evident from a smaller Σ value of 127.7(2)°. 

In contrast, the difference between the structures of 1a·0.5MeCN and 1b is substantial. Upon 

moving from Fe to Zn, the mean Ntacn–M–Ntacn angle decreases by 7.1%, from 85.07(6) to 79.1(2)°, 

and the mean trans Ntacn–M–Npyr angles decrease by 10.7 (NMe-pyr) and 10.2% (NF-pyr), respectively. 

Finally, a more than 2-fold increase in Σ is observed for 1b relative to 1a·0.5MeCN. These 

differences reflect a much greater degree of distortion at the ZnII center in 1b than at the FeII center 

in 1a·0.5MeCN, which likely stems from increased coordination flexibility at the d10 ZnII ion due 

to lack of ligand field stabilization, and the larger six-coordinate ionic radius of ZnII (0.88 Å) 

compared to low-spin FeII (0.75 Å).35a  

Table 2.1 Selected mean interatomic distances (Å) and angles (°) for 1a∙0.5MeCN, 1b, 2a, 2b and  

3a at 100 K. 

 1a∙0.5MeCN       1be       2a       2b      3a 

M─Ntacn 2.009(2) 2.206(3) 2.230(2) 2.217(2) 1.999(3) 

M─NMe-pyr
a 2.088(2) 2.225(4) — — — 

M─NF-pyr
b 1.974(2) 2.167(4) — — 1.969(3) 

M─NMeF-pyr
c — — 2.224(2) 2.207(2) — 

Ntacn─M─Ntacn 85.07(6) 79.1(2) 78.40(8) 79.39(7) 86.3(2) 

cis Ntacn─M─NMe-pyr 90.38(6) 97.4(2) — — — 

cis Ntacn─M─NF-pyr 89.08(6) 93.2(2) — — 90.0(1) 

cis Ntacn─M─NMeF-pyr — — 87.05(8) 87.34(7) — 

NMe-pyr─M─NF-pyr 96.79(7) 97.7(2) — — — 

NF-pyr─M─NF-pyr 94.59(6) 94.9(2) — — 94.07(9) 

NMeF-pyr─M─NMeF-pyr — — 105.27(7) 104.21(6) — 

trans Ntacn─M─NMe-pyr 166.76(7) 148.9(2) — — — 

trans Ntacn─M─NF-pyr 168.02(7) 150.9(2) — — 169.7(1) 

trans Ntacn─M─NMeF-pyr — — 156.40(8) 157.85(7) — 

Σd 72.4(3) 159.7(5) 134.8(3) 127.7(2) 59.9(4) 

M···F 5.102(2) 5.260(3) 5.277(2) 5.258(2) 5.094(2) 

aNMe-pyr corresponds to a N atom on a 6-methyl-2-picolyl group. bNF-pyr corresponds to a N atom on a 3-fluoro-

2-picolyl group. cNMeF-pyr corresponds to a N atom on a 3-fluoro-6-methyl-2-picolyl group. dOctahedral 

distortion parameter () = sum of the absolute deviations from 90° of the 12 cis angles in the [MN6] 

coordination sphere. eData obtained from Zn1 due to severe crystallographic disorder associated with Zn2. 

 

 



 

94 

 

Compounds 1a·0.5MeCN, 1b, 2a, 2b, and 3a feature intramolecular M···F distances in the 

range 5.094(2)–5.277(2) Å. The shortest M···F distances are observed between the 3-fluoro-2- 

picolyl pendent groups and the FeII centers in compounds 1a·0.5MeCN and 3a, with slightly longer 

M···F distances of 5.26–5.28 Å in compounds 1b, 2a, and 2b. The longer Zn···F distance in 1b, 

compared to the corresponding Fe···F distance in 1a·0.5MeCN, can be attributed to the longer 

Zn–N bond distances relative to Fe. In the case of compounds 2a and 2b, the presence of bulky 3-

fluoro-6-methyl-2-picolyl groups increases the M···F distances relative to 1a·0.5MeCN and 3a. 

Importantly, the M···F distances of 1a and 2a are within the optimal range of 4.5–7.5 Å to balance 

the benefits of paramagnetic hyperfine shift with the decrease in sensitivity due to spectral 

broadening,19d,e which demonstrates the potential of these complexes as candidates for 19F 

chemical shift MR probes. 

2.3.2 UV-Vis Spectroscopy 

To probe the solution electronic structures of the cationic complexes in 1a, 1b, 2a, 2b, and 3a, 

UV-Vis absorption spectra were collected for crystalline samples in MeCN solution. The spectrum 

of 1a obtained at 25 °C exhibits an intense band at 264 nm (ε = 10700 M−1 cm−1), in addition to a 

weaker broad band at 424 nm (ε = 2800 M−1 cm−1) with a high-energy shoulder (see Figures 2.3 

and 2.8). Based on literature precedent of FeII complexes in similar ligand environments, we assign 

these absorption bands as ligand-centered π–π* and metal–ligand charge transfer (MLCT) 

transitions, respectively.30,36 The UV-Vis spectrum of 2a at 25 °C is dominated by the intense π–

π* band (max = 273 nm, εmax = 11100 M−1 cm−1), and an additional broad feature of low intensity 

between 320 and 460 nm (max = 375 nm) corresponds to a MLCT transition (see Figures 2.3, 

bottom, and 2.9). The weak intensity and the small temperature dependence between −35 and 65 
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°C for the latter band (εmax = 1000 vs 700 M−1 cm−1, respectively) are characteristic of high-spin 

FeII.36c,37 Compound 3a is also relatively insensitive to temperature changes and at 25 °C displays 

a similar ligand-centered π–π* transition at 261 nm, but with a more intense MLCT band at 436 

nm (εmax = 10600 M−1 cm−1), and as such is indicative of low-spin FeII (see Figures 2.3, bottom, 

and 2.10).30,38 The VT UV-Vis spectra of the ZnII compounds 1b and 2b in MeCN each exhibits a 

single intense band with max = 268 and 278 nm, respectively (see Figures 2.11 and 2.12), 

consistent with ligand-centered π–π* transitions.39  

The absorption spectra of 1a 

demonstrate remarkable temperature 

dependence between −35 and 65 °C (see 

Figure 2.3, top). While the position of the 

π–π* band is relatively invariant to 

temperature, εmax decreases significantly 

from 14800 to 8400 M−1 cm−1 upon 

warming, as has been observed for related 

pyridyl complexes.40 At −35 °C, the MLCT 

band exhibits a max value of 439 nm (εmax 

= 5500 M−1 cm−1) with a shoulder at ca. 385 

nm. Upon warming, the MLCT bands 

broaden and decrease in intensity, resulting 

in a single peak with max = 385 nm (εmax = 

1600 M−1 cm−1) at 65 °C that corresponds 

 

Figure 2.3 Top: UV-Vis spectra of 1a in MeCN at 

selected temperatures (see inset). Arrows denote 

isosbestic points. Bottom: UV-Vis spectra of 1a, 2a, 

and 3a in MeCN at 25 °C. The asterisk denotes an 

instrumental artifact. 
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to ca. 3.5-fold reduction in intensity from the −35 °C spectrum. This temperature dependence of 

the spectra is indicative of a thermally-induced spin state transition.30,41 Indeed, approximating a 

metal complex of Oh symmetry, the intensity of the MLCT band is directly correlated to the number 

of electrons in t2g orbitals.40c,d As such, moving from low-spin FeII (t2g
6) to high-spin FeII (t2g

4eg
2) 

with increasing temperature results in a weaker absorption. Moreover, the presence of three 

isosbestic points at 222, 273, and 302 nm suggests an equilibrium between two spin states for the 

FeII centers in 1a.  

The temperature-dependent spin state of FeII in 1a in MeCN can be further examined by 

comparing the UV-Vis spectra of 1a with the corresponding spectra of the high-spin compound 2a 

and the low-spin compound 3a (see Figure 2.3, bottom). At lower temperature, the spectrum of 1a 

strongly resembles that of 3a (see Figure 2.13), whereas at higher temperature the broad spectrum 

resembles that of 2a (see Figure 2.14). These temperature-dependent spectral changes demonstrate 

the thermally-induced spin-crossover of 1a in MeCN solution from primary population of a low-

spin state at −35 °C to a high-spin state at 65 °C.  

With an eye toward employing these complexes in MR thermometry, UV-Vis spectra were 

collected for aqueous solutions of compounds 1a, 1b, 2a, 2b, and 3a at ambient temperature. All 

compounds show similar characteristics in H2O as in MeCN, giving comparable values of max and 

εmax (see Figures 2.15–2.19). Nevertheless, the spectrum of 1a in H2O reveals some key differences 

from the spectrum obtained in MeCN at 25 °C. The absorption maximum of the MLCT band is 

shifted to a longer wavelength in H2O (max = 436 nm), and the intensity of this band compared to 

the intensity of the analogous band for 3a in the same solvent is considerably greater in H2O than 

in MeCN (H2O: εmax,3a/εmax,1a = 1.5; MeCN: εmax,3a/εmax,1a = 3.8). These observations indicate that 
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moving from MeCN to H2O serves to stabilize the low-spin state of [Fe(L1)]
2+, leading to a higher 

T1/2. Similar trends have been reported for other spin-crossover FeII complexes and stem from the 

donor strength of the two solvents.42 Importantly, 1a exhibits remarkable water and air stability, as 

the absorption spectra of this compound in deoxygenated water and after four weeks in oxygenated 

water are identical (see Figure 2.15). 

2.3.3 Magnetic Properties 

To probe the magnetic properties of compounds 1a and 2a, VT magnetic susceptibility data 

were collected in the temperature range 5–60 °C for aqueous solutions in a 9.4 T NMR 

spectrometer using the Evans method (see Figure 2.4).26 For 2a, χMT is constant over this 

temperature range, with an average value of χMT = 3.63 cm3 K mol−1 that corresponds to a high-

spin, S = 2 FeII ion with g = 2.20. In stark contrast, for 1a, χMT increases nearly linearly with 

increasing temperature, from a minimum value of 0.93 cm3 K mol−1 at 5 °C to a maximum value 

of 1.99 cm3 K mol−1 at 60 °C, indicative of 

thermally-induced spin-crossover. Note that 

the high-spin excited state contributes 

considerably to the overall magnetic moment 

of 1a at 5 °C, as the observed value of χMT = 

0.93 cm3 K mol−1 is significantly higher than 

the theoretical value of 0 cm3 K mol−1 for a 

solely populated S = 0 ground state. 

Analogously, a mixture of low-spin and high-

spin FeII centers is present at 60 °C, as 

 

Figure 2.4 VT dc magnetic susceptibility data for 

aqueous solutions of 1a (purple) and 2a (red), obtained 

in a 9.4 T NMR spectrometer using the Evans method. 

Error bars represent standard deviations of the 

measurements. 
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evident from the significant deviation of χMT = 1.99 cm3 K mol−1 from the average value of the 

high-spin analogue 2a. Considering a value of χMT = 0 cm3 K mol−1 for a solely populated S = 0 

low-spin state and χMT = 3.63 cm3 K mol−1 for a solely populated S = 2 high-spin state with g = 

2.20, the high-spin molar fraction of FeII centers in 1a was calculated as a function of temperature 

(see Figure 2.20). A linear fit to the data gives T1/2 = 325(1) K or 52(1) °C. Moreover, the data were 

simulated using the regular solution model28,43 to estimate thermodynamic parameters of ΔH = 

18.0(3) kJ mol−1 and ΔS = 55.5(9) J K−1 mol−1, which are similar in magnitude to related 

mononuclear spin-crossover FeII complexes (see Figure 2.21).15,28,36c,44  

To test our hypothesis that the low-spin state of [Fe(L1)]
2+ in 1a is stabilized in H2O relative to 

MeCN, VT dc magnetic susceptibility data were collected for a MeCN solution of 1a, using the 

same procedure as described above (see Figure 2.22). As observed in aqueous solution, χMT 

increases nearly linearly with increasing temperature, from 0.62 cm3 K mol−1 at −42 °C to 2.71 

cm3 K mol−1 at 60 °C. Furthermore, a linear fit to the data affords T1/2 = 17(1) °C, which is 35 °C 

lower than observed in H2O, and demonstrates the different donor strengths of H2O and MeCN 

(see Figure 2.23). 

2.3.4 VT NMR Spectroscopy 

To further investigate the solution properties of compounds 1a, 1b, 2a, 2b, and 3a, VT 1H 

NMR spectra were collected in MeCN-d3 at selected temperatures. The 1H NMR spectra of 

compounds 1b, 2b, and 3a resemble those of their respective ligands and show minimal changes 

in the temperature range 25–56 °C, confirming diamagnetic electronic structures (see Figures 

2.24–2.26). In contrast, the 1H NMR spectra of 2a display nine paramagnetically shifted 

resonances, consistent with time-averaged C3 symmetry in MeCN solution (see Figure 2.27). At 
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−1 °C, these resonances span −18 to 225 ppm, typical for high-spin FeII complexes.10,12,29b,d,e,g,h,36c 

As the temperature is increased to 56 °C, the peaks shift linearly toward the diamagnetic region. 

This Curie behavior (δ  T −1) is characteristic of high-spin complexes and confirms that 2a 

remains S = 2 over the entire temperature range. In contrast, the 1H NMR resonances of 1a show 

anti-Curie behavior, shifting away from the diamagnetic region with increasing temperature (see 

Figure 2.28). Specifically, at −38 °C, the proton resonances are dispersed between −2 and 13 ppm, 

barely beyond the diamagnetic region, suggesting primary population of an S = 0 ground state. 

Increasing the temperature to 56 °C results in an expansion of the chemical shift range to −25–150 

ppm, indicative of thermal population of the high-spin excited state. An analogous trend is 

observed in the VT 1H NMR spectra of 1a in D2O, though the resonances are broader and less 

shifted than in MeCN-d3 at analogous temperatures, giving a chemical shift range from −17 to 107 

ppm at 56 °C (see Figure 2.29). These observations are consistent with the higher T1/2 in H2O 

relative to MeCN, as evident from solution magnetic measurements and UV-Vis data.  

In order to determine the effect of spin state on 19F resonances, and to assess these compounds 

as candidates for 19F MRS thermometry, we collected VT 19F NMR spectra for aqueous solutions 

of 1a and 2a from 4 to 61 °C, using trifluoroethanol (TFE) as an internal standard (see Section 2.2, 

Figure 2.30, and Table 2.6). To better understand how the temperature dependence of 19F NMR 

chemical shifts is affected by the electronic spin state, and to quantify the hyperfine shifts of the 

paramagnetic FeII compounds 1a and 2a, their corresponding ZnII analogues, 1b and 2b, were 

employed as diamagnetic references (see Table 2.2).18c Importantly, the chemical shifts of the 

fluorine resonances of ZnII compounds 1b and 2b are effectively invariant to temperature changes 

(see Figures 2.5, 2.31, and 2.32).  



 

100 

 

At 4 °C, the 19F NMR spectrum of the high-spin compound 2a displays a single resonance at 

−59.4 ppm vs CFCl3 that is shifted +67.3 ppm from its diamagnetic ZnII analogue 2b. As the 

temperature is raised to 61 °C, the chemical shift of the paramagnetic signal shifts upfield to −71.4 

ppm, closer to the 19F resonance of its diamagnetic analogue, as expected for Curie behavior (see 

Figures 2.33 and 2.34, and Tables 2.7 and 2.8). The observation of a single signal for 2a further 

supports the C3 symmetry of the [Fe(L2)]
2+ cation in solution, as suggested by 1H NMR 

spectroscopy. Analysis of the temperature dependence of the 19F NMR chemical shift reveals a 

linear temperature dependence over 4–61 °C following the equation δppm = −0.21 × T − 58.8, 

affording a temperature coefficient45 of CT = −0.21(1) ppm per °C (see Figure 2.5 and Table 2.2). 

Since linewidth has a significant effect on the precision of MRS probes, the value |CT|/FWHM 

(FWHM = full width at half maximum) is also a useful measure of probe sensitivity. At 40 °C, the 

fluorine resonance of 2a exhibits a FWHM of 868 Hz, giving a |CT|/FWHM = 0.11 per °C.  

The 19F NMR spectrum of 1a obtained at 

4 °C exhibits two resonances of equal 

intensity at −99.3 and −102.1 ppm vs CFCl3 

(see Figure 2.35 and Table 2.7), suggesting 

that the two 3-fluoro-2-picolyl arms of L1 

are inequivalent on the NMR timescale. 

These peaks are shifted +23.1 and +20.3 

ppm from the diamagnetic ZnII analogue 1b 

(see Figure 2.36 and Table 2.8), which 

exhibits two overlapping resonances 

 

Figure 2.5 Plot of the temperature dependence of the 
19F NMR chemical shift for 1a (purple), 1b (cyan), 2a 

(red), and 2b (green) in H2O. Chemical shift values are 

corrected with TFE internal standard and referenced to 

CFCl3. Solid black lines represent linear fits to the data. 
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centered at −122.3 ppm (see Figure 2.31). Increasing the temperature to 61 °C results in a 

downfield shift of the resonances of 1a to +51.3 and +44.8 ppm from 1b, consistent with the anti-

Curie behavior observed in the corresponding 1H NMR spectra. The 19F chemical shift of both 

resonances for 1a vary linearly between 4 and 61 °C following the equations δppm = 0.52 × T − 

101.7 and δppm = 0.45 × T − 104.2, providing temperature sensitivities of CT = +0.52(1) and 

+0.45(1) ppm per °C, respectively (see Figure 2.5 and Table 2.2). Fluorine resonances with the 

narrowest linewidths are obtained at 20 °C, but the peaks broaden significantly above 55 °C 

(FWHM > 500 Hz). At 40 °C, the fluorine resonances each shows a value of |CT|/FWHM = 0.87 

per °C.  

The two 19F NMR resonances of 1a exhibit 2.5- and 2.1-fold higher CT values than that of the 

high-spin 2a. Furthermore, the narrower linewidths of the resonances of 1a afford an 8-fold higher 

|CT|/FWHM value than 2a at 40 °C. Remarkably, the two 19F resonances of 1a represent 43- and 

38-fold enhancement of temperature sensitivity compared to diamagnetic perfluorocarbons that 

have been employed for in vivo thermometry.20 Despite the much narrower peak widths of the 

Table 2.2 Summary of 19F NMR properties for compounds 1a and 2a in MeCN-d3, H2O, and FBS 

solutions. 

 MeCN-d3 H2O FBS 

 1a 2a 1a 2a 1a 2a 

δ (ppm)a 59.4 / 52.6 55.9 41.6 / 36.3 59.2 40.7 / 35.5 59.0 

Δδ (ppm) 
+40.9b /  

+36.2b −13.6b +28.3c /  

+24.6c −12.0c +28.8c / 

+25.1c −11.7c 

CT (ppm °C−1) +0.67(2)b / 

+0.59(2)b −0.24(2)b +0.52(1)c / 

+0.45(1)c 
−0.21(1)c 

+0.52(1)c / 

+0.45(1)c −0.21(1)c 

FWHM (Hz)d 287 / 270 105 282 / 243 868 251 / 241 872 

|CT|/FWHM (°C−1) 1.10 / 1.03 1.07 0.87 / 0.87 0.11 0.97 / 0.88 0.11 

aReferenced to corresponding ZnII analogues at 40 °C. bObtained from the temperature range −22–40 °C. 
cObtained from the temperature range 4–61 °C. dObtained from data at 40 °C. 
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diamagnetic fluorine resonances relative to those of 1a, the |CT|/FWHM value of 1a at 40 °C is 

2.9-fold higher owing to the strong temperature dependence of the chemical shift of its two 

resonances. These observations demonstrate that the use of spin-crossover complexes may provide 

an excellent strategy for improving the sensitivity of 19F MR thermometers.  

Furthermore, the separation between the two fluorine resonances of 1a varies strongly with 

temperature, from 2.81 ppm at 4 °C to 6.52 ppm at 61 °C, following the linear relationship Δδppm 

= 0.069 × T + 2.47 (see Figure 2.37). This peak separation provides an internal method of 

correcting errors in the 19F chemical shift that arise from complicating physiological effects, such 

as motion, magnetic susceptibility changes, and varying oxygen tension.20 Overall, three 

temperature-dependent parameters of compound 1a can be followed for MR thermometry, namely 

the 19F NMR chemical shifts of two inequivalent fluorine substituents, and the chemical shift 

difference between these signals.  

To evaluate the efficacy of 1a and 2a in a physiological environment, 19F NMR spectra were 

collected from 4 to 61 °C on 13.4 and 15.0 mM solutions of 1a and 2a, respectively, in fetal bovine 

serum (FBS), using NaF as an internal standard (see Figure 2.38). The 19F NMR spectra in FBS 

are essentially identical to those recorded in H2O and provide the same CT values (see Figures 

2.39 and 2.40, and Tables 2.9 and 2.10). Plots of the temperature dependence of fluorine chemical 

shifts of compounds 1a and 2a in FBS are depicted in Figure 2.6, where the chemical shifts of the 

FeII complexes have been referenced to the corresponding shifts of ZnII analogues 1b and 2b in 

H2O (see Table 2.10). The linewidths for the resonance of 2a are similar in FBS and H2O, while 

1a exhibits slightly narrower peaks in the high-temperature region (>30 °C) in FBS compared to 

those in H2O, resulting in higher |CT|/FWHM values in FBS. Furthermore, both complexes remain 
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intact while incubated with FBS for over 24 h, as evidenced by identical 19F NMR spectra recorded 

at 25 °C initially and after 24 h (see Figures 2.41 and 2.42). Taken together, these results 

demonstrate the stability of compounds 1a and 2a in a physiological environment and indicate that 

temperature measurements with +0.52(1) and −0.21(1) ppm per °C sensitivity, respectively, can 

be achieved with these probes through chemical shift 19F MR thermometry. Moreover, the 

excellent stability and favorable 19F MR 

properties of 1a under physiological 

conditions suggest that this compound is a 

viable candidate for in vivo studies.  

A comparison of the 19F NMR properties 

of compounds 1a and 2a in MeCN-d3 (see 

Figures 2.43–2.47), H2O and FBS is 

summarized in Table 2.2. The hyperfine shift 

of the spin-crossover compound 1a is 

significantly affected by the solvent, in 

contrast to high-spin 2a (see Tables 2.7 and 

2.11). Along these lines, the resonances of 1a 

display a 1.3-fold higher temperature 

sensitivity in MeCN-d3 than in H2O, which is 

consistent with a lower T1/2 in MeCN-d3. 

These observations reflect the pronounced 

effects of spin state on 19F NMR chemical 

 

Figure 2.6 VT 19F NMR spectra of 1a (top) and 2a 

(bottom) in FBS, using a NaF internal standard. The 

chemical shifts of the FeII compounds 1a and 2a are 

referenced to their corresponding ZnII analogues 1b 

and 2b, set to 0 ppm. Black numbers correspond to 

temperature in °C. 
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shift, as has been previously reported for transition metal porphyrin complexes.18 Nevertheless, 

the results presented here provide a rare examination of spin state effects on 19F NMR spectra 

across a series of metal complexes. 

2.4 Conclusions 

The foregoing results demonstrate the potential utility of paramagnetic FeII complexes as 

chemical shift 19F MR thermometers. Most importantly, we show that the sensitivity of 19F MR 

thermometers can be improved by employing a temperature-dependent change in spin state, as 

illustrated in a series of FeII complexes. To our knowledge, these complexes represent the first 

examples of paramagnetic 19F MR chemical shift agents proposed for thermometry applications. 

Future efforts will focus on in vitro and in vivo MRS thermometry experiments on these 

compounds and the synthesis of spin-crossover complexes with higher sensitivity by exploiting 

the chemical tunability of the tacn-based ligand scaffold. 

2.5 Supporting Information 

2.5.1 Supplementary Experimental Details 

Synthesis of N,N′,N′′-tritosyl-1,4,7-triazacyclononane (Ts3-tacn). This compound was 

synthesized following a modified literature procedure.46 Ts3-dient (14.2 g, 25.2 mmol) and cesium 

carbonate (17.2 g, 52.8 mmol) were stirred vigorously in N,N-dimethylformamide (DMF; 135 mL) 

at 25 °C for 1 h. To this white suspension, a solution of Ts2-glycol (9.30 g, 25.2 mmol) in DMF 

(60 mL) was added dropwise. The resulting pale yellow mixture was stirred at ambient temperature 

for 12 h. After that time the color of the reaction mixture had turned orange. The mixture was 

filtered and the red-orange filtrate added slowly to deionized water (800 mL) to give the product 
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as a white precipitate. The solid was collected by vacuum filtration and suspended in DMF/H2O 

1:1 mixture (90 mL) and stirred for 3 h to wash. The resulting white solid was collected by vacuum 

filtration, washed thoroughly with deionized water and dried under vacuum for 6 h. The crude 

product was recrystallized from CH2Cl2/ethanol to give the title compound as colorless needles 

(12.9 g, 87 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.70 (d, J = 6.6 Hz, 6H), 7.33 (d, J = 6.8 

Hz, 6H), 3.42 (s, 12 H), 2.43 (s, 9 H). 

Synthesis of N-monotosyl-1,4,7-triazacyclononane (H2Ts-tacn). This compound was 

synthesized following a modified literature procedure.46 Ts3-tacn (3.51 g, 5.91 mmol) and phenol 

(4.56 g, 47.3 mmol) were introduced into a 250 mL round bottom flask connected to a reflux 

condenser. To this, a solution of 33 % HBr in acetic acid (36 mL) was slowly added. The orange-

colored reaction mixture was carefully heated to 90 °C under a dinitrogen atmosphere and stirred 

for 16 h. During that time a white precipitate of H2Ts-tacn∙2HBr was formed. The orange 

suspension was cooled to ambient temperature and then filtered through a fritted glass funnel. The 

white precipitate was washed with glacial acetic acid (10 mL), dissolved in deionized water (50 

mL) and basified with 1 M aqueous NaOH solution (50 mL) to give a clear solution. This solution 

was extracted with CHCl3 (3 × 50 mL) and the colorless extracts were combined, dried over 

MgSO4(s) and filtered. The product was collected as a white powder after evaporating the 

chloroform solvent to dryness (1.11 g, 66 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.63 (d, J = 

7.9 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 3.13 (br s, 4 H), 3.02 (br s, 4 H), 2.83 (s, 4H), 2.36 (s, 3 H), 

1.91 (s, 2H). 

Synthesis of 3-fluoro-2-formyl-6-methylpyridine. This compound was synthesized following a 

modified literature procedure.47 Under a dinitrogen atmosphere, 2-bromo-3-fluoro-6-
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methylpyridine (3.73 g, 19.6 mmol) was dissolved in dry toluene (30 mL) and that colorless 

solution was added dropwise to a stirred solution of n-butyllithium (1.6 M in hexanes, 12.3 mL, 

19.6 mmol) in dry toluene (30 mL) at −78 °C. The resulting red-orange solution was stirred at −78 

°C for 1 h and then anhydrous DMF (4.30 g, 58.9 mmol) was slowly added to give a bright red 

solution. That solution was stirred at −78 °C for additional 2 h, then warmed to ambient 

temperature and quenched with water (50 mL). The bright yellow aqueous layer was extracted 

with ethylacetate (EtOAc; 2 × 200 mL), the combined organic layer was washed with saturated 

aqueous NaCl solution (100 mL), dried over MgSO4(s) and filtered. Removing the solvent under 

reduced pressure afforded a red oil which was dissolved in a minimum amount of EtOAc (15 mL) 

and eluted through a plug of diatomaceous earth. The red-colored solution was concentrated in 

vacuo and further dried under vacuum for 12 h to afford the product as a red crystalline solid (2.23 

g, 80 %). 1H NMR (400 MHz, CDCl3, 25 °C): δ 10.21 (s, 1H), 7.48 (dd, J = 7.5, 7.2 Hz, 1H), 7.41 

(dd, J = 6.9, 3.0 Hz, 1H), 2.66 (s, 3H). 19F NMR (376 MHz, CDCl3, 25 °C): δ −129.75 (dd, J = 9.7, 

3.9 Hz). 

General procedure for the synthesis of N,N′-di(2-picolyl)-N′′-monotosyl-1,4,7-

triazacyclononane. A 50 mL Schlenk flask was charged with 1.0 equivalent of H2Ts-tacn and a 

magnetic stir bar. To this, dry CH2Cl2 (20 mL) was added to solubilize the ligand precursor 

completely to give a light yellow solution. Under a dinitrogen atmosphere, 2.5 equivalents of a 2-

pyridinecarboxaldehyde derivative was added as a solid in a single portion. After stirring the 

mixture at ambient temperature for 1 h, 5.0 equivalents of sodium triacetoxyborohydride was 

added and the resulting suspension was heated to 40 °C and refluxed under a dinitrogen atmosphere 

for 1–3 h. The reaction was monitored by ESI-MS in CH2Cl2 solvent. When no remaining starting 
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material was observed, the reaction mixture was cooled to ambient temperature and evaporated to 

dryness under reduced pressure. The crude residue was partitioned between 2 M aqueous NaOH 

solution (20 mL) and CHCl3 (40 mL), and the organic phase was collected, dried over MgSO4(s), 

filtered and concentrated in vacuo. The obtained oil was washed with 6 M aqueous NaOH solution 

(15 mL) by stirring for 1–2 h at ambient temperature, and then extracted into CHCl3 (25 mL). The 

organic phase was dried over MgSO4(s) and filtered, and the CHCl3 solvent was removed under 

reduced pressure to afford the product as an oil or an oily solid which was used in a subsequent 

step after drying under vacuum for 6 h.  

Synthesis of N,N′-di(3-fluoro-2-picolyl)-N′′-monotosyl-1,4,7-triazacyclononane. According to 

the general procedure, N,N′-di(3-fluoro-2-picolyl)-N′′-monotosyl-1,4,7-triazacyclononane was 

prepared as a pale yellow oil in near quantitative yield from H2Ts-tacn (0.361 g, 1.28 mmol), 3-

fluoro-2-formylpyridine (0.399 g, 3.19 mmol) and sodium triacetoxyborohydride (1.36 g, 6.40 

mmol). ESI-MS (m/z): Calcd. for C25H30F2N5O2S (M+H)+ 502.21, found 502.18. 1H NMR (400 

MHz, CDCl3, 25 °C): δ 8.33 (dd, J = 3.7, 1.1 Hz, 2H), 7.63 (d, J = 6.6 Hz, 2H), 7.33 (ddd, J = 7.2, 

7.2, 1.1 Hz, 2H), 7.26 (d, J = 6.2 Hz, 2H), 7.24–7.27 (m, 2 H), 7.17–7.20 (m, 2H), 3.88 (d, J = 1.8 

Hz, 4H), 3.21–3.24 (m, 4H), 3.07–3.10 (m, 4H), 2.76 (s, 4H), 2.40 (s, 3H). 19F NMR (376 MHz, 

CDCl3, 25 °C): δ −123.83 (m). 

Synthesis of N,N′-di(3-fluoro-6-methyl-2-picolyl)-N′′-monotosyl-1,4,7-triazacyclononane. 

According to the general procedure, N,N′-di(3-fluoro-6-methyl-2-picolyl)-N′′-monotosyl-1,4,7-

triazacyclononane was prepared as a red-brown oil in near quantitative yield from H2Ts-tacn 

(0.459 g, 1.64 mmol), 3-fluoro-2-formyl-6-methylpyridine (0.570 g, 4.10 mmol) and sodium 

triacetoxyborohydride (1.74 g, 8.20 mmol). ESI-MS (m/z): Calcd. for C27H34F2N5O2S (M+H)+ 
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530.24, found 530.21. 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.64 (d, J = 8.2 Hz, 2H), 7.26 (dd, J 

= 7.8 Hz, 2H), 7.20 (dd, J = 8.4, 8.4 Hz, 2H), 7.00 (dd, J = 8.4, 3.7 Hz, 2H), 3.82 (d, J = 2.2 Hz, 

4H), 3.23–3.27 (m, 4H), 3.05–3.08 (m, 4H), 2.72 (s, 4H), 2.48 (s, 6H), 2.40 (s, 3H). 19F NMR (376 

MHz, CDCl3, 25 °C): δ −129.85 (d, J = 9.4 Hz). 

General procedure for the synthesis of N,N′-di(2-picolyl)-1,4,7-triazacyclononane. The 

monotosylated ligand precursor and a magnetic stir bar were introduced into a 25 mL round bottom 

flask. To this, concentrated sulfuric acid solution (10 mL) was slowly added and the resulting 

orange mixture was purged under vacuum for 1 h. Afterwards, the reaction flask was connected to 

a reflux condenser and the homogeneous light orange solution was heated to 120 °C under a 

dinitrogen atmosphere and left stirring at that temperature for 16 h. The resulting black reaction 

mixture was allowed to reach ambient temperature and then added to stirring cold ethanol (60 mL). 

Addition of Et2O (300 mL) resulted in the formation of a white suspension, which was filtered to 

give a gray oily solid. This compound was dissolved in 2 M aqueous NaOH solution (50 mL), 

yielding a faint brown-colored solution. The aqueous layer was extracted with CHCl3 (3 × 100 

mL) and the pale-yellow extracts were combined, dried over MgSO4(s), filtered and concentrated 

under reduced pressure to afford the product as an oil. The collected oil was dried under vacuum 

for 6 h before proceeding to the next step. 

Synthesis of N,N′-di(3-fluoro-2-picolyl)-1,4,7-triazacyclononane. According to the general 

procedure, N,N′-di(3-fluoro-2-picolyl)-1,4,7-triazacyclononane was prepared as a yellow-orange 

oil (0.328 g) from N,N′-di(3-fluoro-2-picolyl)-N′′-monotosyl-1,4,7-triazacyclononane. ESI-MS 

(m/z): Calcd. for C18H24F2N5 (M+H)+ 348.20, found 348.18. 1H NMR (400 MHz, CDCl3, 25 °C): 

δ 8.35 (ddd, J = 5.0, 1.1 Hz, 2H), 7.36 (dd, J = 7.4, 7.4 Hz, 2H), 7.19–7.24 (m, 2 H), 3.91 (d, J = 
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1.6 Hz, 4H), 2.76–2.80 (m, 4H), 2.76 (s, 4H), 2.57–2.61 (m, 4H). 19F NMR (376 MHz, CDCl3, 25 

°C): δ −123.93. 

Synthesis of N,N′-di(3-fluoro-6-methyl-2-picolyl)-1,4,7-triazacyclononane. According to the 

general procedure, N,N′-di(3-fluoro-6-methyl-2-picolyl)-1,4,7-triazacyclononane was prepared as 

a red-brown oil (0.318 g, 59 %) from N,N′-di(3-fluoro-6-methyl-2-picolyl)-N′′-monotosyl-1,4,7-

triazacyclononane (0.762 g, 1.44 mmol). ESI-MS (m/z): Calcd. for C20H28F2N5 (M+H)+ 376.23, 

found 376.22. 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.20 (dd, J = 8.9, 8.9 Hz, 2H), 7.00 (dd, J = 

8.2, 3.5 Hz, 2 H), 3.84 (d, J = 2.0 Hz, 4H), 2.73–2.77 (m, 4H), 2.62 (s, 4H), 2.56–2.61 (m, 4H), 

2.50 (s, 6H). 19F NMR (376 MHz, CDCl3, 25 °C): δ −129.93 (d, J = 9.0 Hz). 

General procedure for the synthesis of N,N′,N′′-tri(2-picolyl)-1,4,7-triazacyclononane. To a 

solution of 1.0 equivalent of a N,N′-di(2-picolyl)-1,4,7-triazacyclononane derivative in dry CH2Cl2 

(15 mL), 1.2 equivalents of a 2-pyridinecarboxaldehyde derivative was added as a solid and the 

resulting mixture was stirred at ambient temperature under an atmosphere of dinitrogen for 1 h. 

After that time, 3.0 equivalents of sodium triacetoxyborohydride were added and the resulting 

suspension was heated to 40 °C and refluxed under dinitrogen atmosphere for 1–3 h. When the 

reaction was complete, as judged by ESI-MS analysis in CH2Cl2 solvent, the reaction mixture was 

allowed to reach ambient temperature and evaporated to dryness under vacuum. The crude residue 

was partitioned between 2 M aqueous NaOH solution (20 mL) and CHCl3 (40 mL), and the organic 

phase was collected, dried over MgSO4(s) and filtered. Removal of the CHCl3 solvent under 

reduced pressure afforded the product as an oil, which was stirred in 8 M aqueous NaOH solution 

(15 mL) for 1–2 h at ambient temperature to wash. The aqueous emulsion was then extracted with 

CHCl3 (25 mL) and the organic phase was collected, dried over MgSO4(s), filtered and 
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concentrated. Drying under vacuum for 6 h afforded the ligands as oils or oily solids that were 

used in the metalation steps without further purification. 

Synthesis of N,N′-di(3-fluoro-2-picolyl)-N′′-mono(6-methyl-2-picolyl)-1,4,7-triazacyclo-

nonane (L1). According to the general procedure, N,N′-di(3-fluoro-2-picolyl)-N′′-mono(6-methyl-

2-picolyl)-1,4,7-triazacyclononane was prepared as an yellow-orange oil (0.232 g, 63 %) from 

N,N′-di(3-fluoro-2-picolyl)-1,4,7-triazacyclononane (0.192 g, 0.820 mmol), 2-formyl-6-methyl-

pyridine (0.257 g, 2.05 mmol) and sodium triacetoxyborohydride (0.869 g, 4.10 mmol). ESI-MS 

(m/z): Calcd. for C25H31F2N6 (M+H)+ 453.26, found 453.25. 1H NMR (400 MHz, CDCl3, 25 °C): 

δ 8.34 (dd, J = 3.8, 1.1 Hz, 2H), 7.50 (dd, J = 6.1, 6.1 Hz, 1H), 7.33 (ddd, J = 7.1, 7.1, 1.1 Hz, 2H), 

7.28 (d, J = 6.2 Hz, 1 H), 7.16–7.20 (m, 2H), 6.96 (d, J = 6.1 Hz, 1 H), 3.84 (d, J = 1.7 Hz, 4H), 

3.73 (s, 2H), 2.91 (s, 4H), 2.86–2.89 (m, 4H), 2.72–2.76 (m, 4H), 2.50 (s, 3H). 19F NMR (470 

MHz, CDCl3, 25 °C): δ −123.64 (d, J = 10.1 Hz). 19F NMR (470 MHz, MeCN-d3, 25 °C): δ 

−125.49 (s). 

Synthesis of N,N′,N′′-tri(3-fluoro-6-methyl-2-picolyl)-1,4,7-triazacyclononane (L2). According 

to the general procedure, N,N′,N′′-tri(3-fluoro-6-methyl-2-picolyl)-1,4,7-triazacyclononane was 

prepared as a red-brown oily solid (0.247 g, 58 %) from N,N′-di(3-fluoro-6-methyl-2-picolyl)-

1,4,7-triazacyclononane (0.318 g, 0.850 mmol), 3-fluoro-2-formyl-6-methyl-pyridine (0.142 g, 

1.02 mmol) and sodium triacetoxyborohydride (0.540 g, 2.55 mmol). ESI-MS (m/z): Calcd. for 

C27H34F3N6 (M+H)+ 499.28, found 499.25. 1H NMR (500 MHz, CDCl3, 25 °C): δ 7.20 (dd, J = 

8.9, 8.9 Hz, 3H), 6.99 (dd, J = 8.4, 3.6 Hz, 3H), 3.76 (d, J = 2.1 Hz, 6H), 2.82 (s, 12H), 2.49 (s, 

9H). 19F NMR (470 MHz, CDCl3, 25 °C): δ −129.59 (d, J = 9.4 Hz). 19F NMR (470 MHz, MeCN-

d3, 25 °C): δ −131.53 (d, J = 9.2 Hz). 
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Synthesis of N,N′,N′′-tri(3-fluoro-2-picolyl)-1,4,7-triazacyclononane (L3). According to the 

general procedure, N,N′,N′′-tri(3-fluoro-2-picolyl)-1,4,7-triazacyclononane was prepared as an 

orange oil (0.204 g, 47 %) from N,N′-di(3-fluoro-2-picolyl)-1,4,7-triazacyclononane (0.328 g, 

0.944 mmol), 3-fluoro-2-formylpyridine (0.142 g, 1.13 mmol) and sodium triacetoxyborohydride 

(0.600 g, 2.83 mmol). ESI-MS (m/z): Calcd. for C24H28F3N6 (M+H)+ 457.23, found 457.18. 1H 

NMR (400 MHz, CDCl3, 25 °C): δ 8.34 (dd, J = 3.8, 1.1 Hz, 3H), 7.35 (ddd, J = 7.2, 7.2, 1.1 Hz, 

3H), 7.17–7.23 (m, 3H), 3.82 (d, J = 1.7 Hz, 6H), 2.86 (s, 12H). 19F NMR (376 MHz, CDCl3, 25 

°C): δ −123.70 (dd, J = 9.2, 3.4 Hz). 19F NMR (470 MHz, MeCN-d3, 25 °C): δ −125.56 (dd, J = 

10.6, 1.4 Hz). 
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2.5.2 Supplementary Scheme  

  

 

 

Scheme 2.1 Synthesis of ligands Lx (x = 1–3). Reagents and solvents: (a) Cs2CO3, DMF; (b) HBr/HOAc; 

(c) Na(OAc)3BH, CH2Cl2; (d) conc. H2SO4. 
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2.5.3 Supplementary Figures 

  

 

 

 

 

 

 

 

Figure 2.7 Crystal structure of [Fe(L3)]2+, as observed in 3a. Orange, green, blue, and gray spheres 

represent Fe, F, N, and C atoms, respectively; H atoms are omitted for clarity.   



 

114 

 

  

 

 

 

 

 

Figure 2.8 VT UV-Vis spectra of a 55 μM solution of 1a in dry MeCN. Spectra were measured in the 

temperature range −35–65 °C with 5 °C increments. The temperature of each recorded spectrum is given 

with the color assignment in the legend. 
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Figure 2.9 VT UV-Vis spectra of a 55 μM solution of 2a in dry MeCN. Spectra were measured in the 

temperature range −35–65 °C with either 10 or 15 °C increments. The temperature of each recorded 

spectrum is given with the color assignment in the legend. The asterisk denotes an instrument-derived 

artifact. 
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Figure 2.10 VT UV-Vis spectra of a 40 μM solution of 3a in dry MeCN. Spectra were measured in the 

temperature range −35–65 °C with either 10 or 15 °C increments. The temperature of each recorded 

spectrum is given with the color assignment in the legend. The asterisk denotes an instrument-derived 

artifact. 
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Figure 2.11 VT UV-Vis spectra of an 8.8 μM solution of 1b in dry MeCN. Spectra were measured in the 

temperature range −35–65 °C with either 10 or 15 °C increments. The temperature of each recorded 

spectrum is given with the color assignment in the legend. 
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Figure 2.12 VT UV-Vis spectra of a 25 μM solution of 2b in dry MeCN. Spectra were measured in the 

temperature range −35–65 °C with either 10 or 15 °C increments. The temperature of each recorded 

spectrum is given with the color assignment in the legend. The asterisk denotes an instrument-derived 

artifact. 
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Figure 2.13 Comparison of UV-Vis spectra of compounds 1a, 2a and 3a in dry MeCN at −35 °C. Note 

that the molar absorptivity (), instead of absorbance, is plotted as a function of wavelength to correct for 

the different concentrations of samples of 1a, 2a and 3a. The asterisk denotes an instrument-derived 

artifact. 
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Figure 2.14 Comparison of UV-Vis spectra of compounds 1a, 2a and 3a in dry MeCN at 65 °C. Note that 

the molar absorptivity (), instead of absorbance, is plotted as a function of wavelength to correct for the 

different concentrations of samples of 1a, 2a and 3a. The asterisk denotes an instrument-derived artifact. 
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Figure 2.15 UV-Vis spectra of a 59 μM solution of 1a in deoxygenated H2O and under aerobic conditions, 

respectively, at ambient temperature. The color assignment in the legend indicates the time that the sample 

solution was open to air prior to the measurement was performed.  
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Figure 2.16 UV-Vis spectra of a 69 μM solution of 2a in deoxygenated H2O and under aerobic conditions, 

respectively, at ambient temperature. The color assignment in the legend indicates the time that the sample 

solution was open to air prior to the measurement was performed. The asterisk denotes an instrument-

derived artifact. 
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Figure 2.17 UV-Vis spectra of a 51 μM solution of 3a in deoxygenated H2O (black curve) and under 

aerobic conditions (red curve) at ambient temperature. The color assignment in the legend indicates the 

time that the sample solution was open to air prior to the measurement was performed. 
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Figure 2.18 UV-Vis spectra of a 72 μM solution of 1b in deoxygenated H2O and under aerobic conditions, 

respectively, at ambient temperature. The color assignment in the legend indicates the time that the sample 

solution was open to air prior to the measurement was performed. Note that the slight decrease in intensity 

observed with time in air is attributed to a dilution of the sample solution that took place when the sample 

was moved back and forth between the cuvette and a sample container. 
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Figure 2.19 UV-Vis spectra of a 30 μM solution of 2b in deoxygenated H2O and under aerobic conditions, 

respectively, at ambient temperature. The color assignment in the legend indicates the time that the sample 

solution was open to air prior to the measurement was performed. 
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Figure 2.20 Plot of the molar fraction of 1a in high-spin state as a function of temperature, obtained for 

aqueous solutions using Equation 2.1. A linear fit to the data gives a spin-crossover temperature (T1/2) of 

325(1) K. 
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Figure 2.21 Thermodynamic data for the spin transition of 1a in H2O, as measured by the Evans method, 

obtained using the regular solution model (see Equation 2.2). The solid black line indicates a linear fit to 

the data (R2 = 0.998), giving the following thermodynamic parameters: ΔH = 18.0(3) kJ mol−1 and ΔS = 

55.5(9) J K−1 mol−1.  
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Figure 2.22 VT solution dc magnetic susceptibility data for 1a in H2O (purple) and MeCN (green), 

obtained using the Evans method. Error bars represent standard deviations of the measurements. 
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Figure 2.23 Comparison of the molar fraction of 1a in high-spin state as a function of temperature in H2O 

(purple) and MeCN (green), obtained using Equation 2.1. Linear fits to the data give spin-crossover 

temperatures (T1/2) of 52(1) and 17(1) °C in H2O and MeCN, respectively. 
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Figure 2.24 VT 1H NMR spectra of 1b in MeCN-d3 at 25 to 56 °C. The asterisks denote residual solvent 

peaks. 
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Figure 2.25 VT 1H NMR spectra of 2b in MeCN-d3 at 25 to 56 °C. The asterisk denotes residual solvent 

peaks. 
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Figure 2.26 VT 1H NMR spectra of 3a in MeCN-d3 at 25 to 56 °C. The asterisk denotes residual solvent 

peaks. 
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Figure 2.27 VT 1H NMR spectra of 2a in MeCN-d3 at −1 to 56 °C.  
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Figure 2.28 VT 1H NMR spectra of 1a in MeCN-d3 at −38 to 56 °C.  
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Figure 2.29 VT 1H NMR spectra of 1a in D2O at 4 to 56 °C.  
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Figure 2.30 Plot of the temperature dependence of the 19F NMR chemical shift for TFE in a 2.1 mM H2O 

solution. The chemical shift values are referenced to CFCl3. TFE was used as an internal standard for 19F 

NMR measurements of compounds 1a, 1b, 2a, 2b, and 3a in H2O, where the chemical shift of TFE at each 

measured temperature was set to the values shown in the graph above and Table 2.6. The black solid line 

corresponds to a linear fit to the data with the following equation: δ = 0.0099 × T − 77.010; R2 = 0.998. 
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Figure 2.31 Left: VT 19F NMR spectra of 1b (7.0 mM) in a H2O solution containing 2.1 mM TFE at 4 to 

61 °C. Right: Expansion showing the 19F NMR resonances of 1b, demonstrating the two overlapping 

resonances observed at 4 °C and the coalescence of the two peaks upon warming. 
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Figure 2.32 VT 19F NMR spectra of 2b (10.9 mM) in a H2O solution containing 2.1 mM TFE at 4 to 61 

°C. 
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Figure 2.33 VT 19F NMR spectra of 2a (12.9 mM) in a H2O solution containing 2.1 mM TFE at 4 to 61 

°C. 
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Figure 2.34 VT 19F NMR spectra of 2a (12.9 mM) in a H2O solution containing 2.1 mM TFE at 4 to 61 

°C referenced to its diamagnetic ZnII analogue 2b at 0 ppm. 
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Figure 2.35 VT 19F NMR spectra of 1a (14.4 mM) in a H2O solution containing 2.1 mM TFE at 4 to 61 

°C. 
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Figure 2.36 VT 19F NMR spectra of 1a (14.4 mM) in a H2O solution containing 2.1 mM TFE at 4 to 61 

°C referenced to its diamagnetic ZnII analogue 1b at 0 ppm. 
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Figure 2.37 Plot of the 19F NMR chemical shift separation between the two 19F peaks of 1a in a H2O 

solution containing 2.1 mM TFE as a function of temperature. The black line corresponds to a linear fit to 

the data with the following equation: Δδ = 0.0687 × T + 2.471; R2 = 0.999. 
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Figure 2.38 VT 19F NMR spectra of a H2O solution containing 1.1 mM TFE and 5.2 mM NaF at 4 to  

61 °C. The chemical shift values are referenced to CFCl3 after being adjusted to the chemical shift of TFE 

at each measured temperature, as illustrated in Figure 2.30 and Table 2.6. 
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Figure 2.39 VT 19F NMR spectra of 1a (13.4 mM) in a FBS solution containing 2.1 mM NaF at 4 to 61 

°C. The chemical shift of NaF was adjusted to the chemical shift of TFE at each measured temperature, as 

illustrated in Figure 2.30 and Table 2.6. 
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Figure 2.40 VT 19F NMR spectra of 2a (15.0 mM) in a FBS solution containing 2.1 mM NaF at 4 to 61 

°C. The chemical shift of NaF was adjusted to the chemical shift of TFE at each measured temperature, as 

illustrated in Figure 2.30 and Table 2.6. 
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Figure 2.41 Comparison of 19F NMR spectra of 1a (13.4 mM) in a FBS solution containing 2.1 mM NaF 

recorded at 25 °C. The bottom spectrum corresponds to a 19F NMR spectrum of a freshly prepared sample, 

and the top spectrum corresponds to a 19F NMR spectrum of the same sample after standing open to air for 

24 h at ambient temperature. 
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Figure 2.42 Comparison of 19F NMR spectra of 2a (15.0 mM) in a FBS solution containing 2.1 mM NaF 

recorded at 25 °C. The bottom spectrum corresponds to a 19F NMR spectrum of a freshly prepared sample, 

and the top spectrum corresponds to a 19F NMR spectrum of the same sample after standing open to air for 

24 h at ambient temperature. 
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Figure 2.43 VT 19F NMR spectra of 1a in MeCN-d3 at −38 to 40 °C. 
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Figure 2.44 VT 19F NMR spectra of 2a in MeCN-d3 at −1 to 56 °C. 
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Figure 2.45 Left: VT 19F NMR spectra of 1b in MeCN-d3 at −1 to 56 °C. Right: Expansion showing the 
19F NMR resonances of 1b, demonstrating the two overlapping resonances observed at −1 °C and the 

coalescence of the two peaks upon warming. 
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Figure 2.46 VT 19F NMR spectra of 2b in MeCN-d3 at −1 to 56 °C. 
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Figure 2.47 Plot of the 19F NMR chemical shift separation between the two 19F peaks of 1a in MeCN-d3 

as a function of temperature. The black solid line corresponds to a linear fit to the data with the following 

equation: Δδ = 0.0756 × T + 3.788; R2 = 0.999. 
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Table 2.3 Crystallographic data for 1a·0.5MeCN and 1b at 100 K. 

 1a∙0.5MeCN 1b 

Empirical formula  C26H31.5B2F10FeN6.5 C25H30B2F10N6Zn 

Formula weight, g mol−1  702.55 691.54 

Crystal system  Triclinic Monoclinic 

Space group  P1̅  Pc 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100 100 

a, Å  11.4603(7) 13.6092(4) 

b, Å  14.9231(8) 14.5112(4) 

c, Å  18.6992(11) 14.1222(4) 

, ° 110.254(3) 90 

β, ° 106.434(3) 90.875(1) 

γ, ° 91.133(3) 90 

V, Å3 2853.0(3) 2788.61(14) 

Z 4 4 

ρcalcd, g cm−3 1.636 1.647 

μ, mm−1  0.626 0.977 

Reflections coll./unique  126647/16997 80246/16461 

R(int)  0.0360 0.0355 

R1 (I >2σ(I))a 0.0448 0.0429 

wR2 (all)b 0.1153 0.1088 

GoF  1.059 1.025 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 2.4 Crystallographic data for 2a and 2b at 100 K. 

 2a 2b 

Empirical formula  C27H33B2F11FeN6 C27H33B2F11N6Zn 

Formula weight, g mol−1  728.06 737.58 

Crystal system  Cubic Cubic 

Space group  F4̅3c F4̅3c 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100 100 

a, Å  29.3374(7) 29.2820(8) 

b, Å  29.3374(7) 29.2820(8) 

c, Å  29.3374(7) 29.2820(8) 

, ° 90 90 

β, ° 90 90 

γ, ° 90 90 

V, Å3 25250.2(18) 25107(2) 

Z 32 32 

ρcalcd, g cm−3 1.532 1.561 

μ, mm−1  0.573 0.878 

Reflections coll./unique  448528/5143 274422/4026 

R(int)  0.0574 0.0396 

R1 (I >2σ(I))a 0.0486 0.0355 

wR2 (all)b 0.1548 0.1030 

GoF  1.049 1.073 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 



 

156 

 

  

Table 2.5 Crystallographic data for 3a at 100 K. 

 
3a 

Empirical formula  C24H27B2F11FeN6 

Formula weight, g mol−1  685.98 

Crystal system  Trigonal 

Space group  P3 

Wavelength, Å  0.71073 

Temperature, K 100 

a, Å  16.8376(5) 

b, Å  16.8376(5) 

c, Å  7.8829(3) 

, ° 90 

β, ° 90 

γ, ° 120 

V, Å3 1935.43(14) 

Z 3 

ρcalcd, g cm−3 1.766 

μ, mm−1  0.694 

Reflections coll./unique  115769/12595 

R(int)  0.0390 

R1 (I >2σ(I))a 0.0365 

wR2 (all)b 0.0958 

GoF  1.026 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 2.6 Chemical shifts of 19F NMR resonances for the internal standards used in this study, 

TFE and NaF, in H2O.a 

T (°C) 

19F NMR chemical shift (ppm) 

TFE NaF 

4 −76.98 −118.85 

10 −76.92 −118.98 

15 −76.86 −119.11 

20 −76.81 −119.25 

25 −76.76 −119.41 

30 −76.70 −119.55 

35 −76.65 −119.71 

40 −76.60 −119.87 

45 −76.56 −120.03 

51 −76.51 −120.19 

56 −76.46 −120.35 

61 −76.42 −120.52 

aChemical shift values are referenced to CFCl3. 
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Table 2.7 Chemical shifts and peak widths of 19F NMR resonances for compounds 1a, 1b, 2a and 2b, 

in H2O solutions containing 2.1 mM TFE as a function of temperature. 

T (°C) 
1a 2a 1b 2b 

19F NMR chemical shift (ppm) 

4 −99.25 −102.06 −59.44 −122.33a −126.77 

10 −96.86 −99.97 −60.71 −122.32a −126.76 

15 −94.31 −97.76 −61.94 −122.32a −126.76 

20 −91.68 −95.48 −63.08 −122.32 −126.76 

25 −88.91 −93.08 −64.39 −122.30 −126.77 

30 −86.17 −90.70 −65.37 −122.28 −126.76 

35 −83.39 −88.30 −66.49 −122.26 −126.77 

40 −80.65 −85.92 −67.57 −122.25 −126.77 

45 −77.97 −83.62 −68.61 −122.25 −126.77 

51 −75.45 −81.43 −69.56 −122.23 −126.76 

56 −73.02 −79.36 −70.47 −122.21 −126.75 

61 −70.92 −77.44 −71.40 −122.20 −126.74 

 

Δδ (ppm) 

28.33 24.62 −11.96 0.13 0.03 

Temperature coefficient (CT) (ppm °C−1)b 

0.52(1) 0.45(1) −0.21(1) 0.002(1) 0.0002(1) 

T (°C) Peak width in FWHM (Hz) 

4 371 266 561 56 25 

10 311 235 635 63 28 

15 272 210 745 74 32 

20 235 189 854 71 36 

25 244 192 955 56 41 

30 243 196 990 46 42 

35 264 214 960 39 42 

40 282 243 868 33 38 

45 332 298 761 30 30 

51 444 365 614 28 27 

56 553 501 510 25 28 

61 655 634 421 25 26 

T (°C) |CT|/FWHM (°C−1)c 

40 0.87 0.87 0.11 0.03 0.002 

aValue based on the center of the two overlapping peaks. bCT values are given by the slopes of the linear fits to the 

data of δ vs T plots. cCalculated for FWHM (ppm) measured at 40 °C.   
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Table 2.8 Chemical shifts of 19F NMR resonances for FeII compounds 1a and 2a in H2O solutions 

containing 2.1 mM TFE as a function of temperature, referenced to their corresponding ZnII 

analogues 1b and 2b. 

T (°C) 

1a 2a 

19F NMR hyperfine shift (ppm) 

4 23.08 20.27 67.33 

10 25.46 22.35 66.05 

15 28.01 24.56 64.82 

20 30.64 26.84 63.68 

25 33.39 29.22 62.38 

30 36.11 31.58 61.39 

35 38.87 33.96 60.28 

40 41.60 36.33 59.20 

45 44.28 38.63 58.16 

51 46.78 40.80 57.20 

56 49.19 42.85 56.28 

61 51.28 44.76 55.34 
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Table 2.9 Chemical shifts and peak widths of 19F NMR resonances of FeII compounds 1a 

and 2a, in FBS solutions containing 2.1 mM NaF as a function of temperature. 

T (°C) 
1a 2a 

19F NMR chemical shift (ppm) 

4 −100.03 −102.82 −59.72 

10 −97.70 −100.77 −60.82 

15 −95.16 −98.57 −62.20 

20 −92.55 −96.30 −63.43 

25 −89.84 −93.94 −64.43 

30 −87.08 −91.56 −65.72 

35 −84.35 −89.18 −66.63 

40 −81.59 −86.80 −67.79 

45 −78.85 −84.45 −68.74 

51 −76.17 −82.10 −69.79 

56 −73.56 −79.81 −70.56 

61 −71.23 −77.74 −71.40 

 

Δδ (ppm) 

28.80 25.08 −11.68 

Temperature coefficient (CT) (ppm °C−1)b 

0.52(1) 0.45(1) −0.21(1) 

T (°C) Peak width in FWHM (Hz) 

4 362 281 582 

10 314 241 675 

15 275 200 767 

20 261 185 869 

25 234 182 972 

30 228 188 957 

35 244 207 1055 

40 251 241 872 

45 272 254 760 

51 342 311 691 

56 394 379 588 

61 515 467 510 

T (°C) |CT|/FWHM (°C−1)c 

40 0.97 0.88 0.11 

aCT values are given by the slopes of the linear fits to the data of δ vs T plots. bCalculated for FWHM 

(ppm) measured at 40 °C. 
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Table 2.10 Chemical shifts of 19F NMR resonances for FeII compounds 1a and 2a in FBS 

solutions containing NaF as a function of temperature, referenced to their corresponding ZnII 

analogues 1b and 2b. 

T (°C) 

1a 2a 

19F NMR hyperfine shift (ppm) 

4 22.30 19.51 67.05 

10 24.62 21.55 65.94 

15 27.16 23.75 64.56 

20 29.77 26.02 63.33 

25 32.46 28.36 62.34 

30 35.20 30.72 61.04 

35 37.91 33.08 60.14 

40 40.66 35.45 58.98 

45 43.40 37.80 58.03 

51 46.06 40.13 56.97 

56 48.65 42.40 56.19 

61 50.97 44.46 55.34 



 

162 

 

 
Table 2.11 Chemical shifts and peak widths of 19F NMR resonances for compounds 1a, 1b, 2a and 2b, 

in MeCN-d3 as a function of temperature. 

T (°C) 
1a 2a 1b 2b 

19F NMR chemical shift (ppm) 

−38 −112.3a — — — 

−33 −110.1a — — — 

−22 −103.80 −105.90 — — −103.80 

−12  −97.09 −100.03 — — −97.09 

−1  −89.78 −93.46 −60.06 −123.01b −89.78 

10  −81.93 −86.40 — — −81.93 

25  −71.28 −77.02 −67.02 −122.55 −71.28 

40  −62.87 −69.68 −70.48 −122.29 −62.87 

56  — — −73.63 −122.04 — 

 

Δδ (ppm) 

40.93c 36.22c −13.57d 0.97d 0.86d 

Temperature coefficient (CT) (ppm °C−1)b 

0.67(2)c 0.59(2)c −0.24(2)d 0.017(1)d 0.015(1)d 

T (°C) Peak width in FWHM (Hz) 

−1  624 504 293 38 10 

10  381 296 N/A N/A N/A 

25  302 246 116 32 17 

40  287 270 105 21 20 

56  N/A N/A 150 18 15 

T (°C) |CT|/FWHM (°C−1)c 

40 1.10 1.03 1.07 0.38 0.35 

aEstimated 19F chemical shift because of broad and overlapping resonances, based on the center of the peak. bValue 

based on the center of the two overlapping peaks. cThe temperature range from −22 °C to 40 °C was used for 

calculations. dThe temperature range from −1 °C to 56 °C was used for calculations. eCT values are given by the 

slopes of the linear fits to the data of δ vs T plots. f Calculated for FWHM (ppm) measured at 40 °C. 
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Chapter 3: Ratiometric pH Imaging with a Co
II

2 MRI Probe via CEST Effects 

of Opposing pH Dependences 
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3.1 Introduction  

Acidic extracellular pH features prominently in a number of pathological conditions, including 

cancer,1 ischemia,1f,2 inflammation,1h,2c and infection.1h As such, the ability to measure and 

spatially map tissue pH would provide valuable information regarding the role of acidosis in both 

the initiation and the progression of diseases.1–3 Toward this end, magnetic resonance imaging 

(MRI) represents an ideal non-invasive modality for probing pH, owing to its ability to deeply 

penetrate tissue and generate images with high spatiotemporal resolution.4 Indeed, a number of 

MR techniques have been developed to measure pH in vivo, and these methods commonly rely on 

the presence of pH-sensitive exogenous molecular probes. Among these probes, complexes that 

exhibit the paramagnetic chemical exchange saturation transfer (PARACEST) effect, where 

exchange of protons on a paramagnetic molecule with those of bulk H2O upon selective irradiation 

is exploited to generate contrast,5 are particularly well suited, due to large hyperfine shifts of their 

labile protons and the inherent pH sensitivity of their exchange rates.6  

The intrinsic concentration dependence of the CEST effect intensity requires that the 

concentration of a PARACEST probe in the imaged region must be known. A number of strategies 

have been reported to overcome this limitation, including the development of probes with pH-

dependent changes in the frequency7 or linewidth8 of the CEST peak or in the ratio of CEST 

intensities from two presaturation frequencies.7a,c,9 Moreover, the ability of these probes to map 

extracellular pH in biological environments has been demonstrated.7c,8,9c,e,g,h  

Despite these promising advances, the development of a single probe that features CEST peaks 

shifted outside the tissue magnetization transfer window,10 is highly responsive in the physiological 

pH range, and displays good stability under physiological conditions remains elusive. Toward this 
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end, transition metal-based PARACEST probes7d,9f,11 offer potential advantages over their more 

common lanthanide counterparts. Specifically, the chemical shifts of transition metal complexes 

are primarily governed by through-bond interactions rather than the dominant through-space 

interactions of lanthanide complexes, which renders exchangeable protons extremely sensitive to 

the metal coordination environment and thus amenable to the design of responsive probes.12 

In conjunction with the employment of transition metal ions, one can envision incorporation 

of two distinct ligand scaffolds on a single complex, where the two ligands exhibit CEST effects 

with opposing pH dependences. For such a system, the ratio of the two CEST peak intensities 

should change dramatically as a function of pH. Along these lines, we recently reported Fe2, Cu2, 

and CuGa complexes supported by a modular dinucleating tetra(carboxamide) ligand and 

bisphosphonate ancillary ligands.11l,m Among these ancillary ligands, etidronate notably features a 

pendent hydroxyl group that can potentially give rise to CEST. Indeed, the presence of both base-

catalyzed exchange of carboxamide protons and acid-catalyzed proton exchange of etidronate 

highlights the potential of these dinuclear complexes to exhibit pronounced pH sensitivity. 

Accordingly, we herein report a CoII
2 complex that displays CEST spectra featuring highly pH-

sensitive and shifted peaks, by virtue of CEST-active carboxamide and hydroxyl groups with 

opposing pH dependences. The complex exhibits excellent chemical stability and retains its CEST 

activity in fetal bovine serum, which underscores the potential suitability of this and related 

complexes for pH quantitation in living systems. 

3.2 Experimental Section 

General Considerations. Unless otherwise specified, the manipulations described below were 

carried out at ambient atmosphere and temperature. Air- and water-free manipulations were 
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performed under a dinitrogen atmosphere in a Vacuum Atmospheres Nexus II glovebox or using 

standard Schlenk line techniques. Glassware was oven-dried at 150 °C for at least 4 h and allowed 

to cool in an evacuated antechamber prior to use in the glovebox. Acetonitrile (MeCN), diethyl 

ether (Et2O), N,N-diisopropylethylamine (DIPEA), and methanol (MeOH) were dried using a 

commercial solvent purification system from Pure Process Technology and stored over 3 or 4 Å 

molecular sieves prior to use. The solvent H2O was obtained from a purification system from EMD 

Millipore. Deuterated solvents were purchased from Cambridge Isotope Laboratories and Sigma 

Aldrich. The synthesis of 2,2′-iminobis(acetamide) was carried out according to a previously 

reported procedure.11l Anhydrous hydrogen chloride gas was generated by adding concentrated 

hydrochloric acid to a stirring solution of concentrated sulfuric acid. The gas was passed through 

a bubbler filled with concentrated sulfuric acid. All other reagents and solvents were purchased 

from commercial vendors and used without further purification. Experimental details on the 

synthesis of ligands and organic precursors are provided in Section 3.5.1.  

Synthesis of Na[LCo2(etidronate)]∙0.2NaNO3∙2.7H2O (1). A pink solution of Co(NO3)2·6H2O 

(71 mg, 0.24 mmol) in MeOH (2 mL) was added dropwise to a stirring yellow suspension of HL 

(52 mg, 0.12 mmol) in MeOH (3 mL) to give a dark orange solution. To this solution, a colorless 

solution of etidronic acid monohydrate (27 mg, 0.12 mmol) in MeOH (2 mL) was added dropwise 

to give a light orange solution. Subsequent addition of sodium methoxide (33 mg, 0.61 mmol) in 

MeOH (2 mL) resulted in the formation of a light orange slurry. After stirring at 25 °C for 3 h, the 

orange solid was collected by vacuum filtration, washed with MeOH (5 mL) and Et2O (15 mL), 

and dried under reduced pressure for 16 h to give 1 (44 mg, 44%) as an orange solid. Anal. Calcd. 
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for C18H31.4Co2N7.2Na1.2O17.3P2: C, 25.96; H, 3.80; N, 12.11%. Found: C, 25.96; H, 3.83; N, 

12.16%. ICP-OES: Co:P = 1.02:1.00. UV-Vis absorption spectrum (64 μM; 50 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered at pH 7.4, 25 °C): 375 nm ( = 

13800 M−1 cm−1). ESI-MS (m/z): Calcd. for C18H26Co2N7O14P2 ([LCo2(etidronate)]−): 743.97, 

found: 743.95; calcd. for C18H28Co2N7O14P2 ([LCo2(etidronate)+2H]+): 745.98, found 745.92. FT-

IR (ATR, cm−1): 3341 (m, broad); 3178 (m, broad); 2930 (w); 1665 (s); 1595 (m); 1499 (w); 1446 

(m); 1307 (s); 1097 (s); 1060 (s); 911 (m); 826 (w); 799 (m); 751 (w); 706 (m); 539 (s); 470 (s).  

Slow diffusion of MeCN vapor into a concentrated solution of 1 in H2O afforded dark orange plate-

shaped crystals of Na[LCo2(etidronate)]∙6.8H2O (1′) suitable for single-crystal X-ray diffraction 

analysis. 

 

Figure 3.1 Reaction of L−, Co2+, and etidronate (left) or CMDP4− (center) to form [LCo2(etidronate)]− or 

[LCo2(CMDP)]−, as observed in 1 and 2, respectively. Reaction of L′−, Co2+, and etidronate to form 

[L′Co2(etidronate)]−, as observed in 3 (right). 
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Synthesis of Na[LCo2(CMDP)]∙4.5H2O∙MeOH (2). A pink solution of Co(NO3)2·6H2O (67 

mg, 0.23 mmol) in MeOH (2 mL) was added dropwise to a stirring yellow suspension of HL (49 

mg, 0.11 mmol) in MeOH (3 mL) to give a dark orange solution. A colorless solution of 

chloromethanediphosphonic acid (H4CMDP) (27 mg, 0.13 mmol) in MeOH (2 mL) was then 

slowly added, resulting in a light orange solution. Subsequently, a colorless solution of Na(OMe) 

(31 mg, 0.58 mmol) in MeOH (2 mL) was added dropwise to give a light orange suspension. The 

reaction mixture was stirred at 25 °C for 2.5 h, and then the orange solid was collected by vacuum 

filtration, washed with MeOH (10 mL) and Et2O (15 mL), and dried under reduced pressure for 

19 h to give 2 (46 mg, 45%) as an orange solid. Anal. Calcd. for C18H36ClCo2N7NaO18.5P2: C, 

24.43; H, 4.10; N, 11.08%. Found: C, 24.49; H, 3.65; N, 10.74%. ICP-OES: Co:P = 1.02:1.00. 

UV-Vis absorption spectrum (80 μM; 50 mM HEPES buffered at pH 7.4, 25 °C): 375 nm ( = 

14100 M−1 cm−1). ESI-MS (m/z): Calcd. for C17H23ClCo2N7O13P2 ([LCo2(CMDP)]−): 747.92, 

found 747.93; calcd. for C17H25ClCo2N7O13P2 ([LCo2(CMDP)+2H]+): 749.93, found 749.89. FT-

IR (ATR, cm−1): 3339 (w, broad); 3173 (w, broad); 1663 (s); 1596 (m); 1500 (w); 1447 (m); 1311 

(s); 1133 (s); 1097 (s); 911 (m); 878 (w); 799 (w); 752 (m); 688 (m); 662 (m); 529 (s); 475 (s). 

Slow diffusion of MeCN vapor into a concentrated solution of 2 in H2O gave dark orange block-

shaped crystals of Na[LCo2(CMDP)]∙8.2H2O (2′) suitable for single-crystal X-ray diffraction 

analysis. 

Synthesis of Na[L′Co2(etidronate)]∙1.2NaNO3∙1.9H2O (3). A pink solution of Co(NO3)2·6H2O 

(54 mg, 0.19 mmol) in MeOH (2 mL) was added dropwise to a stirring yellow solution of HL′ (50 

mg, 0.093 mmol) in MeOH (2 mL) to give an orange solution. After stirring at 25 °C for 5 min, a 

colorless solution of etidronic acid monohydrate (21 mg, 0.093 mmol) in MeOH (2 mL) was added 
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dropwise, followed by addition of sodium methoxide (25 mg, 0.46 mmol) in MeOH (2 mL). The 

resulting orange solution was stirred at 25 °C for 2 h, collected by vacuum filtration, and dried 

under reduced pressure. The resulting red-orange residue was stirred in MeCN (10 mL) for 15 min 

and a small amount of white solid was removed by vacuum filtration. The filtrate was dried under 

reduced pressure, and the ensuing solid was further dried for 16 h to give 3 (92 mg, 97%) as a red-

orange solid. Anal. Calcd. for C26H45.8Co2N8.2Na2.2O19.5P2: C, 30.74; H, 4.55; N, 11.31%. Found: 

C, 30.88; H, 4.40; N, 11.52%. ICP-OES: Co:P = 1.01:1.00. UV-Vis absorption spectrum (87 μM; 

50 mM HEPES buffered at pH 7.4, 25 °C): 379 nm ( = 12300 M−1 cm−1). ESI-MS (m/z): Calcd. 

for C26H44Co2N7O14P2 ([L′Co2(etidronate)+2H]+): 858.11, found 858.11. FT-IR (ATR, cm−1): 

3300 (w, broad); 2930 (w); 1612 (s); 1502 (w); 1408 (w); 1297 (s); 1169 (m); 1124 (m); 1061 (s); 

896 (m); 809 (w); 751 (w); 688 (w); 645 (w); 542 (s); 462 (s). 

X-ray Structure Determination. Single crystals of Na[LCo2(etidronate)]∙6.8H2O (1′) and 

Na[LCo2(CMDP)]∙8.2H2O (2′) were directly coated with Paratone-N oil, mounted on a 

MicroMounts rod, and frozen under a stream of dinitrogen during data collection. The 

crystallographic data were collected at 100 K on a Bruker Kappa Apex II diffractometer equipped 

with an APEX-II detector and MoKα sealed tube source. Raw data were integrated and corrected 

for Lorentz and polarization effects with Bruker APEX2 version 2014.11-0.13 Absorption 

corrections were applied using the program SADABS.14 Space group assignments were 

determined by examining systematic absences, E-statistics, and successive refinement of the 

structures. Structures were solved using direct methods in SHELXT and refined by SHELXL15 

operated within the OLEX2 interface.16 All hydrogen atoms were placed at calculated positions 

using suitable riding models and refined using isotropic displacement parameters derived from 
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their parent atoms. In the crystal structure of 2′, the Cl atom on the CMDP4− ligand is positionally 

disordered over two positions. The occupancy of the Cl was freely refined over the two positions. 

Partially-occupied solvent H2O molecules not directly bonded to the sodium ions were modeled 

isotropically. Thermal parameters for all other non-hydrogen atoms were refined anisotropically. 

Crystallographic data for these compounds at 100 K and the details of data collection are listed in 

Table 3.2.  

NMR Spectroscopy. 1H and 31P{1H} NMR spectra of ligands and organic precursors were 

collected at 25 °C at 500 and 202 MHz frequencies, respectively, on Agilent DD2 500 MHz (11.7 

T) or Varian Inova 500 MHz (11.7 T) spectrometers, or on an automated Agilent DD MR 400 

MHz (9.4 T) spectrometer at 400 and 162 MHz frequencies, respectively. 13C{1H} NMR spectra 

of ligands were obtained at 25 °C on a Bruker Avance III 500 MHz (11.7 T) system at 126 MHz 

frequency. Variable-temperature 1H NMR spectra of compounds 1–3 were collected on Agilent 

DD2 500 MHz (11.7 T) and Agilent DD2 400 MHz (9.4 T) spectrometers. 1H NMR spectra of 

samples in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at various 

pH values were acquired using D2O in an inner capillary to lock the sample. Variable-pH 1H NMR 

spectra of samples in fetal bovine serum (FBS) were recorded similarly. The pH of commercially 

available FBS (Fisher Scientific, catalog no. MT35010CV) was adjusted to the desired values by 

addition of minimal amounts of dilute aqueous nitric acid and sodium hydroxide solutions. 

Chemical shift values (δ) are reported in ppm and referenced to residual signals from the deuterated 

solvents (1H NMR spectra: 7.26 ppm for CDCl3, 4.79 ppm for D2O, and 3.31 ppm for MeOH-d4; 

13C{1H} NMR spectra: 77.16 ppm for CDCl3, and 49.00 ppm for MeOH-d4). 
13C NMR 

measurements in D2O were carried out with 5% (v/v) MeOH added as a reference (δ = 49.50 ppm). 



 

171 

 
31P{1H} NMR spectra are referenced to an external standard of 85% phosphoric acid solution in 

D2O (δ = 0 ppm). For measurements of 1–3 in D2O or H2O, the chemical shift of the solvent signal 

was set to 0 ppm to simplify comparison between 1H NMR spectra and the corresponding CEST 

spectra (Z-spectra). All coupling constants (J) are reported in hertz (Hz). The MestReNova 10.0 

NMR data processing software was used to analyze and process all recorded NMR spectra. T1 

relaxation times of H2O were measured after detuning the Agilent DD2 400 MHz instrument to 

392 MHz to account for radiation damping, and obtained by fitting H2O signal intensities from 

experiments with an array of relaxation times implemented in the program vnmr.  

Estimation of pKa by 1H NMR Analysis. The pH-dependent 1H NMR chemical shifts of the 

CH3 resonance from etidronate for compounds 1 and 3, and the CH resonance from CMDP4− for 

2 were used to estimate the pKa values of compounds 1–3. The change in 1H NMR chemical shift 

for these resonances as a function of pH was fitted to a Boltzmann sigmoidal function17 to model 

a single ionization event according to the following equation: 

δ = A2 + (A1 − A2)/(1 + exp((pH – pKa)/dx))            (3.1) 

In this equation, δ is the obtained chemical shift, A2 is the theoretical chemical shift of the fully 

deprotonated species, A1 is the theoretical chemical shift of the fully protonated species, pKa is the 

inflection point of the graph, and dx is a parameter describing the steepness of the curve. 

CEST Experiments. Variable-temperature CEST experiments were carried out on an Agilent 

DD2 400 MHz (9.4 T) spectrometer. In a typical CEST experiment, 6–15 mM samples of 1–3 in 

either an aqueous buffer solution containing 50 mM HEPES and 100 mM NaCl or FBS at desired 

pH values (measured with a pH electrode immediately before 1H NMR and CEST data collection) 

were measured. Z-spectra (CEST spectra) were obtained according to the following protocol: 1H 
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NMR spectra were acquired from −50 to 130 ppm with a step increase of 1 ppm using a 

presaturation pulse applied for 6 s at a power level (B1) of 24 μT. D2O was placed in an inner 

capillary within the NMR sample tube to lock the sample. The normalized integrations of the H2O 

signal from the obtained spectra were plotted against frequency offset to generate a Z-spectrum. 

Generally, direct saturation of the H2O signal was set to 0 ppm, but ±1 ppm shift was observed for 

several samples.  

Exchange rate constants (kex) were calculated following a previously reported method,18 where 

the x-intercept (−1/kex
2) was obtained from a plot of Mz/(M0 − Mz) (Mz and M0 are the magnetization 

of the on- and off-resonance, respectively) against 1/ω1
2 (ω1 in rad s−1). 1H NMR spectra were 

acquired at various presaturation power levels ranging from 10 to 24 μT applied for 6 s at 37 °C. 

The B1 values were calculated based on the calibrated 90° pulse on a linear amplifier. To correct 

for baseline variations, a linear baseline was drawn directly between the first data point (129–131 

ppm) and the data point at 45 ppm frequency offset. Note that due to poor baseline for the pH 6.62 

sample for 2, a linear baseline correction was applied for each CEST peak by using the data points 

at 129 and 85 ppm, and at 85 and 45 ppm, respectively. Reported values of %CEST ((1 − Mz/M0) 

× 100%) are the differences in %H2O signal reduction between applied on-resonance 

presaturations (raw data) and the values obtained by inserting the corresponding frequencies into 

the linear baseline equations. To calculate kex, the CEST intensities at the frequency offsets 

corresponding to maximum H2O signal reductions at 24 μT power level were monitored for each 

pH value. The pH calibration curves were generated by taking the base 10 logarithm of the ratios 

of two CEST signal intensities (reported as M0/Mz − 1)9c–e,19,20 after a baseline correction was 

applied. 
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Solution Magnetic Measurements. The solution magnetic moments of compounds 1–3 were 

determined using the Evans method,21 by collecting variable-pH 1H NMR spectra at 37 °C (310 

K) on an Agilent DD2 500 MHz (11.7 T) spectrometer. In a typical experiment, the compound (3–

7 mM) was dissolved in a mixture of 2% (v/v) tert-butanol in an aqueous solution containing 50 

mM HEPES and 100 mM NaCl buffered at a specific pH value. The resulting solution was placed 

in an NMR tube containing a sealed capillary with the same solvent mixture but without the to-be-

characterized paramagnetic compound as a reference solution. Diamagnetic corrections were 

carried out based on the empirical formula of each compound (as determined by elemental 

analysis) using Pascal’s constants.22 The paramagnetic molar susceptibility χM
para (cm3 mol−1) was 

calculated using the following equation:21 

χM
para  = (3ΔMw)/(4π0m) − χM

dia            (3.2) 

In this equation, Δ is the frequency difference (Hz) between the tert-butyl resonance of tert-

butanol in the sample and reference solutions, Mw is the molecular mass of the paramagnetic 

compound (g mol−1),  is the operating frequency of the NMR spectrometer (Hz), m is the 

concentration of the paramagnetic compound (g cm−3), and χM
dia is the diamagnetic contribution 

to the molar susceptibility (cm3 mol−1). 

UV-Vis Absorption Spectroscopy. Solution and solid-state UV-Vis spectra were collected in 

the 200–800 nm range on an Agilent Cary 5000 UV-Vis-NIR spectrometer equipped with an 

integrating sphere for diffuse reflectance measurements. Solution spectra were collected on 64–87 

μM samples of compounds 1–3 in aqueous buffer solutions containing 50 mM HEPES and 100 

mM NaCl in the pH range used for CEST experiments. Diffuse reflectance spectra were collected 

on crystalline samples of 1′ and 2′. Samples were prepared by grinding single crystals of the 
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compounds, followed by mixing with BaSO4 powder for a 2-fold dilution. 

Electrochemical Measurements. Cyclic voltammetry measurements were carried out in a 

standard one-compartment cell under dinitrogen using CH Instruments 760c potentiostat. The cell 

consisted of a glassy carbon electrode as a working electrode, a platinum wire as a counter 

electrode, and a saturated calomel electrode (SCE) as a reference electrode. Analytes were 

measured in aqueous solutions with 100 mM NaCl and 50 mM HEPES buffered at pH 7.4. All 

potentials were converted and referenced to the normal hydrogen electrode (NHE), using a 

literature conversion factor.23 

Other Physical Measurements. Preparative reverse-phase HPLC was performed on a Waters 

19 × 250 mm2 XBridge C18 column, using a Varian Prostar 500 system equipped with a Varian 

363 fluorescence detector and a Varian 335 UV-Vis detector. During HPLC experiments, H2O was 

used as solvent A and MeCN as solvent B. The absorbances at 220 and 285 nm were monitored. 

The electrode-based pH measurements were carried out using a Thermo Scientific Orion 

9110DJWP double junction pH electrode connected to a VWR sympHony B10P pH meter. The 

pH meter was calibrated using standardized pH buffer solutions at 4.01, 7.00, and 10.00 purchased 

from LaMotte Company. Elemental analysis was conducted by Midwest Microlab Inc. Infrared 

spectra were recorded for solid samples of 1–3 on a Bruker Alpha FTIR spectrometer equipped 

with an attenuated total reflectance (ATR) accessory. These data are provided in Figure 3.7. 

Electrospray ionization mass spectrometry (ESI-MS) measurements were performed on a LC-MS 

Bruker AmaZon X quadrupole ion trap instrument, equipped with a Compass software version 1.4. 

All measurements were carried out in MeOH carrier solvent using positive and/or negative 

ionization mode. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 
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performed on a Thermo iCAP 7600 dual view ICP-OES instrument equipped with a CETAC 

ASX520 240-position autosampler. Samples were dissolved in a 3% aqueous nitric acid solution 

and the emissions for Co and P compared to standard solutions.  

Cell Viability Measurement. Melanoma B16F10 cells were purchased from American Type 

Culture Collection and cultured in Dulbecco’s Modified Eagle’s Media (Life Technologies) with 

10% (v/v) FBS (Fisher Scientific), 1 mM sodium pyruvate (Sigma Aldrich), 0.1 mM non-essential 

amino acids (Sigma Aldrich), and 4 mM of L-glutamate. Cells were grown in a humidified 

incubator operating at 37 °C and 5.0% CO2, and harvested by incubation with 0.25% TrypLE for 

5 min at 37 °C in a 5.0% CO2 incubator. Cells for the experiment were sub-cultivated twice after 

thawing the cell stocks. B16F10 cells were seeded at a density of 25,000 cells per well in a 24-

well plate and allowed to grow for 24 h before incubation. Cells were incubated with media 

containing concentrations of 1 ranging from 0.2–11.3 mM (300 μL, 7 concentrations) for 24 h 

before viability measurements were carried out. The stock solution of 1 was filtered with a 0.2 μm 

sterile filter prior to incubation with the cells. Cell viability was measured using a Guava easyCyte 

HT flow cytometer equipped with a 96-well plate/10 tube autosampler (EMD Millipore). Each 

sample subjected for analysis contained 50 μL of a well-mixed cell suspension in phosphate 

buffered saline (PBS) and 150 μL of Guava ViaCount reagent. Samples were transferred to a 96-

well plate and immediately counted using the Guava ViaCount software module. Viability was 

measured using the EasyFit Analysis feature. Attempts to use cells not treated with 1 as a control 

to estimate normal cell death remained unsuccessful. For that reason, cell viability (in %) is 

reported without taking normal cell death into account. Therefore, the reported viability 

corresponds to the lower limit of cell survival at each concentration of 1. Note, however, that we 
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observed a considerable number of dead cells in the control solution not treated with 1, even though 

this number could not be accurately quantified.  

MRI Phantom Experiments. Samples for phantom experiments contained 17 mM of 1 in 

aqueous solutions with 50 mM of HEPES and 100 mM of NaCl buffered at selected pH values 

ranging from 6.40 to 7.88. All samples were filtered through a 0.22 μm nylon membrane, 

transferred to borosilicate glass capillaries (0.2 mm thickness, 1.5–1.8 mm outer diameter), and 

flame sealed. A bundle of 10 capillaries, each containing a solution of 1 buffered at a specific pH, 

was placed within an NMR tube (18 mm outer diameter) filled with an aqueous solution containing 

1 mM gadodiamide (Omniscan) for T1 matching. CEST experiments were carried out on an 89 

mm vertical bore Bruker Avance III HD 750 MHz (17.6 T) MRI scanner running ParaVision 6.0.1 

(Bruker Biospin, Billerica, MA, USA). Temperature was maintained at 37 °C using heated water 

flowing through the gradient coils. The probe and samples were allowed to equilibrate at this 

temperature for 1 h before acquisition. CEST images were acquired using a standard spin echo 

imaging sequence with presaturation pulses (74.3 μT, 570 ms total duration) consisting of a train 

of 1250 Gaussian pulses, each of 0.44 ms (6.2 kHz bandwidth), applied at 64 and 104 ppm 

frequency offsets (Mz), respectively. Other imaging acquisition parameters were as follows: field 

of view (FOV) = 15 × 15 mm2; matrix = 256 × 256; repetition time (TR) = 2000 ms; echo time 

(TE) = 3.75 ms; flip angle = 210°; slice thickness = 2 mm; averages = 3. Reference unsaturated 

images were acquired at 0 ppm frequency offset (M0) using identical parameters except the pulse 

amplitude was set to 0 μT. Due to a slight difference in observed chemical shift (ca. 1 ppm) 

between the H2O signals in the capillaries and the surrounding solution, 0 ppm was defined as the 

H2O signal in the capillary tubes. To reduce chemical shift artifacts in the images, 1.2 kHz 
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bandwidth excitation and refocusing pulses were used in the spin echo sequence. A sine smoothing 

filter was applied to the raw k-space data to remove Gibbs ringing artifacts in the images.  

All images were produced in MATLAB R2016b version 9.1.0 (The MathWorks Inc., Natick, 

MA, USA). Custom scripts were written in MATLAB to calculate the CEST images, CEST104 

ppm/CEST64 ppm ratios, and to apply the pH calibration to produce pH maps of the samples. Gating 

images were produced to remove noise from the remainder of the images, as well as signals from 

the surrounding doped H2O. These were generated from binary gating images acquired with no 

saturation pulses, and dedicated images suppressing signals from only the capillaries. The 

difference between these produces binary gating images of just the capillary tubes. An image 

erosion routine was used to shrink these images to the central region of the capillary tubes (75.4% 

of the total cross-sectional area), to remove unwanted partial volume and susceptibility effects. 

These central regions were used for CEST data analysis and are shown in Figure 3.6. Values of 

%CEST are reported as %CEST = (1 − Mz/M0) × 100%. Averaged intensities of the regions shown 

in Figure 3.6, top, were employed to calculate the CEST104 ppm/CEST64 ppm ratios and the 

corresponding log10(CEST104 ppm/CEST64 ppm) values used to generate the pH calibration curve 

between pH 6.58 and 7.54. Note that for both the CEST intensity ratios and the pH calibration 

curve, the CEST signal intensities are reported as M0/Mz – 1,9c–e,19,20 in analogy to the data obtained 

from NMR measurements. 

3.3 Results and Discussion 

3.3.1 Syntheses and Structures 

The nitro-substituted tetra(carboxamide) chelating ligand HL was selected as a CEST-active 

ligand, and its permethylated analogue HL′ was selected as a CEST-inactive counterpart. These 
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ligands were synthesized through SN2 reactions between 2,2′-iminobis(acetamide) derivatives and 

2,6-bis-(bromomethyl)-4-nitrophenol (see Section 3.5.1 and Schemes 3.1 and 3.2). Reaction of the 

ligands with two equivalents of Co(NO3)2·6H2O and one equivalent of etidronic or 

chloromethanediphosphonic acid (H4CMDP) in MeOH, in the presence of five equivalents of 

Na(OMe), afforded compounds Na[LCo2(etidronate)]∙0.2NaNO3∙2.7H2O (1), 

Na[LCo2(CMDP)]∙4.5H2O∙MeOH (2), and Na[L′Co2(etidronate)]∙1.2NaNO3∙1.9H2O (3) as 

orange solids (see Section 3.2 and Figure 3.1). The ancillary ligand etidronate was selected based 

on the potential for the hydroxyl group to exhibit the CEST effect. The related ligand CMDP4− 

was prepared to serve as an analogous ancillary ligand with no exchangeable protons, as the two 

bisphosphonates feature similar steric and electronic properties. 

Slow diffusion of MeCN vapor into a concentrated solution of 1 and 2 in H2O afforded plate- 

and block-shaped crystals of Na[LCo2(etidronate)]∙6.8H2O (1′) and Na[LCo2(CMDP)]∙8.2H2O 

(2′), respectively. Single-crystal X-ray diffraction analysis at 100 K revealed that 1′ and 2′ are 

 

Figure 3.2 Crystal structures of the anionic complexes [LCo2(etidronate)]− (left) and [LCo2(CMDP)]− 

(right), as observed in 1′ and 2′, respectively. Purple, green, magenta, red, blue, and gray spheres represent 

Co, Cl, P, O, N, and C atoms, respectively; H atoms are omitted for clarity. 
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isostructural and crystallize in the 

monoclinic space group P21/n, with one 

anionic Co2 complex and one Na+ ion 

constituting the asymmetric unit (see 

Table 3.2). In each complex, the two 

nearly identical Co centers reside in 

distorted octahedral coordination 

environments, each comprised of a μ-

phenoxo oxygen atom, a tertiary amine 

nitrogen atom, and two carboxamide 

oxygen atoms from L−. The remaining 

two coordination sites are occupied by 

oxygen atoms from the bridging bisphosphonate, which coordinates the metal ions in a μ2–κ4 

binding mode (see Figure 3.2). The hexagonal plane of the aromatic ring of L− and the trigonal 

plane defined by the two Co centers and the μ-phenoxo oxygen atom are twisted relative to another, 

with dihedral angles of 49.120(4) and 49.260(4)° for 1′ and 2′, respectively (see Table 3.1).  

The mean Co–O bond distances range from 2.0618(1) to 2.1127(1) Å in 1′, and from 2.0684(1) 

to 2.1044(1) Å in 2′. In comparison, the slightly longer mean Co–N bond lengths of 2.1558(2) and 

2.1578(2) Å for 1′ and 2′, respectively, reflect weaker coordination of the tertiary amines to the 

metal centers due to steric conflicts. These mean bond distances, in conjunction with the average 

deviations from 90° observed in the bond angles for the 12 cis angles in the [CoNO5] coordination 

sphere of 5.19(1) and 5.24(1)° for 1′ and 2′, respectively, are consistent with a high-spin CoII 

Table 3.1 Selected mean interatomic distances (Å) and 

angles (°) for 1′ and 2′ at 100 K. 

 1′ 2′ 

   Co–Ophenoxo  2.0920(2) 2.0913(2) 

   Co–Oamide
 2.1127(1) 2.1044(1) 

   Co–Ophosphonate
 2.0618(1) 2.0684(1) 

   Co–N 2.1558(2) 2.1578(2) 

   Co···Co 3.6740(3) 3.6780(3) 

   Co–Ophenoxo–Co 122.837(4) 123.136(5) 

   O–P–O 113.882(3) 113.993(4) 

   P–C–P 111.486(6) 112.901(6) 

   trans O–Co–Ea 170.324(1) 170.451(1) 

   Σ sum
b 62.27(2) 62.83(2) 

   Σmean 5.19(1) 5.24(1) 

   ωc 49.120(4) 49.260(4) 

aE denotes either a N or an O atom from the [CoNO5] 

coordination sphere. bOctahedral distortion parameter 

(Σ) = absolute deviation from 90° of each 12 cis angle in 

[CoNO5]. cDihedral angle between the Co–Ophenoxo–Co 

plane and the plane of the phenolate ring of L−. 
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electronic configuration.24,25 Furthermore, the intramolecular Co···Co distance and Co–Ophenoxo–

Co angle of 3.6740(3) Å and 122.837(4)° for 1′ and 3.6780(3) Å and 123.136(5)° for 2′ are 

consistent with related phenoxo-bridged CoII
2 complexes.24,25 Finally, the similar O–P–O and P–

C–P bond angles for the etidronate and CMDP4− ligands in 1′ and 2′, respectively, verify the 

insignificant structural changes associated with altering the ancillary bisphosphonate. Taken 

together, these comparable structural metrics for 1′ and 2′ provide validation for the use of 

CMDP4− as a CEST-inactive analogue of etidronate. 

3.3.2 UV-Vis Spectroscopy 

To probe the electronic structure of compounds 1–3 in solution, UV-Vis absorption spectra 

were collected for samples in aqueous buffer solutions containing 50 mM HEPES and 100 mM 

NaCl. The spectrum for a sample of 1 buffered at pH 7.4 features a strong absorption at 375 nm (ε 

= 13800 M−1 cm−1) (see Figure 3.8). Similarly, a solution of 2 shows a nearly identical absorption 

band at this wavelength (ε = 14100 M−1 cm−1) under the same conditions (see Figure 3.9). Based 

on these observations and literature precedent for similar phenoxo-bridged Co2 complexes,24c,25a 

we assign these absorptions to ligand–metal charge transfer (LMCT) transitions from the phenolate 

to CoII. The close similarity of the spectrum for 3 in pH 7.4 buffer, which exhibits a single intense 

band at 379 nm (ε = 12300 M−1 cm−1), further supports the assignments of these spectral features 

(see Figures 3.10 and 3.11). Notably, both the positions and intensities of the absorption bands are 

relatively unaffected by pH between 5.8 and 8.3 (see Figures 3.8–3.10). Furthermore, the diffuse 

reflectance spectra collected for crystalline solid-state samples of 1′ and 2′ feature peaks with 

maxima at 379 and 376 nm, respectively (see Figures 3.12 and 3.13). These data indicate that the 

structures of [LCo2(etidronate)]− and [LCo2(CMDP)]− determined from X-ray diffraction analysis  
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are preserved in aqueous HEPES solutions in the physiological pH range.  

3.3.3 Solution Magnetic Properties 

To assess the magnetic behavior of the three Co2 complexes, dc magnetic susceptibility data 

were obtained at 37 °C for aqueous buffer solutions in the pH range 5.8–8.4 using the Evans 

method21 (see Section 3.2). The resulting plots of χMT vs pH are shown in Figures 3.14–3.16. For 

all compounds, χMT varies insignificantly with pH, affording average values of χMT = 6.3(3), 

6.0(2), and 6.1(2) cm3 K mol−1 for 1, 2, and 3, respectively (see Table 3.3). The mean magnetic 

moments per CoII site correspond to g values ranging from 2.5(1) to 2.6(1), indicative of a 

significant contribution from orbital angular momentum to the magnetic moments of 1–3. These 

data are in accord with the high magnetic anisotropy of octahedral, S = 3/2 CoII centers,12a and agree 

with values reported for structurally similar high-spin CoII
2 complexes.24 In sum, the magnetic 

properties of 1–3 are nearly identical in aqueous solution within the physiologically relevant pH 

range at 37 °C. 

3.3.4 NMR Spectroscopy 

To further examine and compare the solution properties of the Co2 complexes, 1H NMR spectra 

were collected for aqueous solutions of 1–3 buffered at selected pH values. All compounds gave 

sharp, well-resolved NMR spectra, consistent with high-spin CoII ions in pseudo-octahedral 

geometry.12 The spectrum for 1 at pH 7.18 features 22 paramagnetically shifted resonances that 

range in chemical shift from −110 to 185 ppm vs H2O (see Figure 3.17, top). The resonances at 

9.5, 13, 64, 68, 102, 104, and 105 ppm are assigned to exchangeable protons on the carboxamide 

groups and the etidronate hydroxyl group, as evidenced by their disappearance in the analogous 

spectrum recorded in neutral D2O (see Figure 3.17, bottom). The anticipated two additional amide 
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resonances are most likely concealed by the broad H2O signal. The appearance of the 22 NMR 

signals as 10 pairs of closely spaced peaks is consistent with the pseudo-C2 symmetry of 

[LCo2(etidronate)]− in 1, where a slight lowering from C2 results from the asymmetry of the 

etidronate ligand. The two remaining peaks correspond to the hydroxyl and methyl substituents on 

etidronate. Upon raising the pH from 6.18 to 8.14, the exchangeable proton resonances become 

significantly broader, indicative of faster proton exchange (see Figure 3.18). 

In comparison, the spectrum for 2 at pH 7.18 exhibits 23 paramagnetically shifted peaks in the 

range −105–180 ppm vs H2O, with exchangeable carboxamide signals at 4.7, 6.8, 9.5, 11, 68, 70, 

102, and 104 ppm, verified by comparison of the spectra recorded in H2O and D2O (see Figure 

3.19). Notably, the presence of four highly-shifted amide resonances that are well separated from 

the four remaining amide peaks confirms the inequivalency of the two amide NH protons due to 

restricted C–N bond rotation.26 This inequivalence is a common observation for amide-appended 

transition metal complexes.9f,11a–f,h,j,26a,c The close similarity between the spectra for 1 and 2 (see 

Figure 3.20) suggests that these compounds are structurally similar in solution, as observed in the 

solid-state. The replacement of the intense peak at 66 ppm in the spectrum for 1 with a peak at 138 

ppm in the spectrum for 2 indicates that these signals correspond to the CH3 and CH resonances 

from the etidronate and CMDP4− ancillary ligands, respectively. Moreover, the linewidths of the 

carboxamide peaks for 2 show similar pH dependence between pH 6.62 and 8.34, as observed for 

1 (see Figure 3.21). 

In analogy to the 1H NMR features of the Co2 complexes of L−, the resonances in the spectrum 

for 3 at pH 7.47 span from −110 to 190 ppm vs H2O and display a similar spectral profile (see 

Figure 3.22). The intense peaks at −9.8, −7.5, −3.7, 1.6, 2.0, 22, and 26 ppm are assigned to methyl 
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groups on L′−, and the CH3 resonance from etidronate is observed at 62 ppm. Furthermore, 

comparison of the spectra recorded in pH 8.08 buffer and slightly basic D2O reveals the 

disappearance of the peak at 103 ppm (see Figure 3.23). This observation indicates that the 

etidronate hydroxyl group provides a well-resolved NMR signal under basic conditions, and 

further corroborates the presence of three exchangeable proton resonances for 1 in the 102–105 

ppm range. Upon lowering the pH to 5.80, the hydroxyl peak for 3 undergoes significant line 

broadening, suggesting an increase in the proton exchange rate (see Figure 3.24). Importantly, 

inspection of the NMR linewidths of the carboxamide peaks for 1 and 2 and the hydroxyl resonance 

for 3 implies opposing pH dependences of the proton exchange rates for these two functional 

groups, and therefore highlights the potential utility of 1 for ratiometric pH imaging.  

3.3.5 CEST Properties 

In order to investigate the feasibility of employing 1 as a pH-responsive PARACEST probe, 

CEST spectra were collected for aqueous 

solutions containing 12.8 mM of 1 with 50 

mM HEPES and 100 mM NaCl buffered at 

pH values ranging from 6.50 to 8.14 (see 

Figure 3.3).  The spectrum at pH 6.50 

exhibits two peaks, centered at 66 and 102 

ppm, with 2.0 and 14% H2O signal 

reduction, respectively. Note that CEST 

signals from the labile protons below 13 ppm 

are masked by direct saturation of the H2O 

 

Figure 3.3 CEST spectra collected at 37 °C for 12.8 

mM aqueous solutions of 1 with 50 mM HEPES and 

100 mM NaCl buffered at pH 6.50–8.14 (red to blue). 

The legend gives the pH and corresponding color of 

each sample. Inset: Expanded view of the CEST peaks 

of interest. 
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solvent. As the pH is raised to 8.14, the CEST peak at 66 ppm shifts to 64–65 ppm, and the intensity 

increases monotonically to 27%. This increase in CEST intensity with pH is consistent with base-

catalyzed proton exchange that is typical for carboxamides.9a,f,11a,d–f,h,20  

In stark contrast, the CEST effect of the downfield-shifted peak shows a very different pH 

profile. First, the frequency corresponding to maximum CEST intensity is markedly affected by 

pH variations and shifts from 102 to 106 ppm in the pH range 6.50–8.14. Surprisingly, the CEST 

intensity remains relatively constant between pH 6.50 and 7.60, but then undergoes a significant 

increase when the pH is raised further. The dramatically different pH dependences of the two 

CEST features for 1 are evident from a plot of the CEST intensities at 64 and 104 ppm vs pH (see 

Figure 3.25). We hypothesize that the unusual CEST behavior at 104 ppm stems from 

contributions of overlapping carboxamide and hydroxyl resonances to the observed CEST effect, 

as suggested by 1H NMR analysis. 

To better understand the causes for the unusual CEST properties of 1, analogous variable-pH 

CEST spectra were collected for aqueous solutions containing 12 mM of 2 or 13 mM of 3. The 

spectra for 2 in the pH range 6.62–8.34 show two peaks at 68 and 102 ppm with CEST intensities 

that increase significantly when the pH is raised (see Figure 3.26), similar to that observed for the 

peak at ca. 64 ppm for 1. Importantly, the nearly identical pH dependences of the two CEST effects 

for 2 (see Figure 3.27) supports the hypothesis that the unique CEST behavior of 1 can be attributed 

to the etidronate hydroxyl group. Indeed, CEST spectra for 3 obtained between pH 5.80 and 8.08 

confirm the PARACEST activity of the ancillary etidronate, as a single peak that shifts from 94 to 

103 ppm is observed (see Figure 3.28). The nature of this pH-induced shift in CEST frequency is 

discussed below. In conjunction with this frequency shift, the hydroxyl CEST signal undergoes a 
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significant decrease in intensity with increasing pH, after reaching a maximum intensity of 20% 

at pH 6.11 (see Figure 3.29). The observation of optimal CEST under slightly acidic conditions is 

consistent with PARACEST agents bearing alcohol donors.11f,27 Interestingly, all previously 

reported PARACEST agents with CEST-active hydroxyl protons feature OH groups directly 

bonded to the metal center.9b,g,11f,27,28 This further demonstrates the remarkably high CEST peak 

shift and intensity of the ancillary hydroxyl group in 1 and 3.  

The proton exchange rates at 37 °C were estimated by employing the Omega plot method.18 

The rate constants (kex) for the amide protons in 2 increase from 2.7(2) × 102 (68–69 ppm) and 

3.5(3) × 102 (102 ppm) s−1 at pH 6.62 to 1.0(1) × 103 (68–69 ppm) and 8.0(3) × 102 (102 ppm) s−1 

at pH 8.34 (see Figures 3.30–3.32 and Table 3.4). These values are consistent with rates reported 

for mono-9f,11a,d–f,h,j and dinuclear11l,m transition metal PARACEST agents bearing pendent 

carboxamides. In contrast, the hydroxyl proton exchange in 3 is fastest at pH 5.80 (kex = 1.5(1) × 

103 s−1), and then decreases sharply as the pH is raised to 7.47 (kex = 2.5(2) × 102 s−1) (see Figures 

3.33 and 3.34, and Table 3.5). The opposite pH trends for exchange rates in 2 and 3 are in accord 

with 1H NMR and CEST data, and reflect the base- and acid-catalyzed exchange of the NH and 

OH protons, respectively, in these Co2 complexes. To compare, the rate constants for the two 

CEST features of 1 are similar to those for 2 and 3, with values of 2.1(3)–7.3(3) × 102 (64–66 ppm) 

and 2.8(2)–7.6(3) × 102 (101–106 ppm) s−1 in the pH range 6.18–8.14 (see Figures 3.35–3.37 and 

Table 3.6). Note that the pH-dependent changes of the rate constants for 1 are less obvious than 

those observed for 2 and 3. Most likely, this difference results from asymmetric CEST peaks for 

1 and the contribution of both NH and OH protons to the CEST effect at 101–106 ppm. Therefore, 

more elaborate methods are needed to accurately determine the exchange rate for each CEST effect 
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of 1. 

3.3.6 Ratiometric CEST Analysis 

To assess the potential of compound 1 to 

enable ratiometric pH quantitation, the pH 

dependence of the ratio of CEST intensities 

at 104 and 64 ppm (CEST104 ppm/CEST64 ppm) 

was investigated. Remarkably, the data 

reveal a substantial decrease in the intensity 

ratio from a value of 8.35 to 0.82 in the pH 

range 6.50–7.60, while no significant change 

is observed at higher pH (see Figure 3.4). 

Moreover, the logarithm (log)29 of this ratio was found to vary linearly with pH in this range (see 

Figure 3.4, inset), according to the following equation: 

                       log(CEST104 ppm/CEST64 ppm) = −0.99 × pH + 7.4            (3.3) 

Conversely, the analogous ratio of CEST intensities at 102 and 68 ppm (CEST102 ppm/CEST68 

ppm) for 2 is relatively unaffected by pH changes, with values of 0.57–0.98 between pH 6.62 and 

8.34 (see Figure 3.4). This comparison highlights the essential role of the etidronate hydroxyl 

group to enable ratiometric quantitation of pH in the physiological range with 1, using Equation 

3.3 as a calibration curve. The slope of a linear calibration curve provides a useful measure of 

probe sensitivity. Notably, the absolute value of 0.99(7) pH unit−1 obtained for 1 is ca. 2–4-fold 

greater than those reported for related ratiometric PARACEST pH probes at 37 °C, even when 

compared to instances where the CEST intensity ratios are employed directly.7a,c,9c–f 

 

Figure 3.4 Ratios of CEST intensities (CESTA 

ppm/CESTB ppm) from presaturation at 104 (A) and 64 

(B) ppm for 12.8 mM aqueous buffer solutions of 1 

(blue), and at 102 (A) and 68 (B) ppm for 12 mM 

solutions of 2 (red) vs pH. Inset: Semilog form of the 

plot for 1. Circles denote experimental data, and the 

black line corresponds to a linear fit to the data. 
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To further evaluate the efficacy of 1 as a ratiometric pH probe, we first sought to determine 

whether this pH calibration curve is affected by the concentration of the probe, since a 

concentration-independent measure is critical for physiological applications. Toward this end, 

CEST spectra for aqueous buffer solutions containing 6.4 and 8.5 mM of 1 were recorded 

analogously to the 12.8 mM sample (see Figures 3.38 and 3.39). The CEST effects at 64 and 104 

ppm did not vary significantly with different probe concentrations (see Figures 3.40–3.43). This 

observation suggests that the spin-lattice relaxation rate of H2O is close to the proton exchange 

rates within this concentration range,6e,f,9d,h,30 consistent with T1 analysis (see Table 3.7). Most 

importantly, these experiments show that plots of CEST104 ppm/CEST64 ppm vs pH are nearly 

identical for the three concentrations in the pH range 6.50–8.15 (see Figures 3.44–3.46). Indeed, 

linear fits of the corresponding log(CEST104 ppm/CEST64 ppm) values as a function of pH afforded 

the following equations (see Figures 3.44 and 3.45, insets): 

                 6.4 mM: log(CEST104 ppm/CEST64 ppm) = −1.05 × pH + 7.9       (3.4) 

                 8.5 mM: log(CEST104 ppm/CEST64 ppm) = −1.03 × pH + 7.7       (3.5) 

The pH calibration curves obtained for various concentrations of 1 (Equations 3.3–3.5) are 

summarized in Figure 3.47. For a given log(CEST104 ppm/CEST64 ppm) value, the deviation in pH 

was found to be ca. 0.02–0.09 pH units over the pH range 6.50–7.60. This observation 

demonstrates the ability of 1 to quantitate solution pH in a concentration-independent manner 

within the error of 0.1 pH unit. 

3.3.7 Temperature Effects 

An important challenge facing pH-responsive MR probes is the ability to deconvolute pH 

responses from temperature effects of the CEST peak frequency and intensity, owing to the 
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temperature dependences of hyperfine shifts12 and proton exchange rates.9 To examine how 

temperature variation affects the pH calibration curve, variable-pH 1H NMR and CEST spectra 

were collected at the additional temperatures 35 and 39 °C on 12.8 mM solutions of 1 buffered at 

pH 6.50–8.14. The data show very similar pH-dependent behavior as observed at 37 °C (see 

Figures 3.48–3.51), albeit with nearly all resonances shifted by ca. 1 ppm away and toward the 

H2O signal at 35 and 39 °C, respectively (see Figure 3.52), consistent with Curie behavior of high-

spin CoII.12 Upon increasing the temperature from 35 to 39 °C, a moderate increase in CEST 

intensities at 64 and 104 ppm was observed (see Figures 3.53–3.56). Importantly, temperature 

changes do not affect the CEST104 ppm/CEST64 ppm values above pH 7.0. In contrast, temperature 

changes cause significant deviations in the pH profile of CEST104 ppm/CEST64 ppm below pH 7.0 

(see Figures 3.57–3.59). Here, fits of the log(CEST104 ppm/CEST64 ppm) vs pH plots using data from 

the pH range 6.50–7.60 gave the following linear equations (see Figures 3.57 and 3.58, insets): 

                   35 °C: log(CEST104 ppm/CEST64 ppm) = −1.19 × pH + 8.9     (3.6) 

                   39 °C: log(CEST104 ppm/CEST64 ppm) = −0.79 × pH + 5.9     (3.7) 

The significant effect of temperature variations on the pH calibration curve is primarily due to 

the temperature-induced shifts in CEST frequencies (see Figure 3.60). Indeed, fits of the 

log(CEST105 ppm/CEST65 ppm) and log(CEST103 ppm/CEST63 ppm) vs pH plots for the data obtained 

from pH 6.50–7.60 at 35 and 39 °C, respectively, provided excellent linear correlations following 

the equations:  

                   35 °C: log(CEST105 ppm/CEST65 ppm) = −1.06 × pH + 7.8     (3.8) 

                   39 °C: log(CEST103 ppm/CEST63 ppm) = −0.95 × pH + 7.1     (3.9) 

The calibration curves represented by Equations 3.8 and 3.9 closely resemble that obtained at 
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37 °C (see Figure 3.61), demonstrating that the %CEST at 105 and 65 ppm, and at 103 and 63 

ppm, should be employed for pH measurements at 35 and 39 °C, respectively. One potential route 

to address temperature heterogeneity in physiological environments with this Co2 probe could 

involve constructing multiple pH calibration curves, one at each temperature, and then determine 

the surrounding temperature independently by exploiting the 1H NMR chemical shift of a 

resonance that shifts insignificantly with pH. Such simultaneous quantitation of pH and 

temperature using PARACEST probes has been reported.8,9b,g,h 

3.3.8 Complex Stability and Biocompatibility Studies 

The cyclic voltammogram collected for an aqueous solution of 1 in HEPES buffer at pH 7.4 

exhibits an irreversible oxidation process at ca. 560 mV vs NHE (see Figure 3.62). We assign this 

event to the CoII
2/CoIICoIII oxidation, which verifies that 1 is inert towards reaction with oxygen 

in solution.31  

In order to further assess the stability of 1 under physiological conditions, 10 mM aqueous 

solutions of the Co2 complex buffered at pH 7.3 were incubated with 10 mM solutions of the ions 

H2PO4
−/HPO4

2−, CO3
2−, SO4

2−, CH3COO−, and Ca2+ for 16 h at 25 °C. The 1H NMR spectra of 

these solutions collected at 37 °C appear identical to the spectrum obtained previously at the same 

pH, albeit showing the additional ions (see Figures 3.63 and 3.64). Furthermore, compound 1 

exhibits analogous NMR and CEST properties in fetal bovine serum (FBS) as in HEPES buffer in 

the pH range 6.6–7.6 (see Figures 3.65–3.68). The observation of a slightly broader H2O resonance 

in FBS compared to buffer is presumably due to contributions from labile protons of proteins in 

the serum. Importantly, the highly-shifted CEST peaks for 1 are unaffected by this broadness near 

the diamagnetic region, and the pH calibration curves obtained in FBS and buffer are essentially 
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identical (see Figure 3.69). It is important to note that the additional feature at ca. 88 ppm in the 

CEST spectra does not impact the CEST analysis of 1. The exact nature of this feature is currently 

unknown but likely stems from a miniscule amount of an OH-containing impurity, as it is most 

prominent at acidic pH and no signals are observed in this regime in the corresponding 1H NMR 

spectra. Taken together, these results demonstrate the high stability of 1 in physiological 

environments and suggest its potential for in vivo studies.  

To further investigate the biocompatibility of 1, preliminary cell viability experiments were 

carried out using melanoma B16F10 cells as a model. The study revealed that >50% of the cells 

are viable after incubation with millimolar concentrations of 1 for 24 h (see Figure 3.70). Note that 

the %viability values are reported without taking normal cell death into account, which can be 

appreciable, and thus only correspond to the lower limits of cell survivals at given probe 

concentrations (see Section 3.2).  

3.3.9 NMR Studies of pH-Induced Structural Changes 

In addition to changes in CEST peak intensities with pH, variations in the frequency of CEST 

peaks may also be employed for ratiometric pH sensing.7a,c Such CEST frequency changes are 

typically caused by a pH-dependent interconversion between species of different protonation 

states.7 Indeed, the CEST peaks for 1–3 show slight shifts with pH, which suggests modest 

structural changes in solution. To gain further insight into potential pH-induced structural changes 

in the Co2 complexes, 1H NMR spectra were collected for samples of 1–3 in aqueous buffer 

solutions over a broad pH range. The carboxamide peaks for 1 show moderate changes in chemical 

shifts between pH 2.69 and 8.87 (see Figure 3.71), while the CH3 resonance from etidronate shifts 

dramatically, by 19.55 ppm, following a sigmoidal pH profile.  
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A fit of the CH3 chemical shift vs pH data 

to Equation 3.1 gave a pKa value of 5.01(3) 

(see Figure 3.5). Similarly, the etidronate 

CH3 resonance for 3 shifts from 44.00 to 

62.68 ppm in the pH range 1.56–8.82, and a 

corresponding sigmoidal fit to the data 

afforded a value of pKa = 5.28(5) (see Figure 

3.72). In addition, the changes in resonance 

frequencies of the carboxamides for 2 

resemble those for 1, albeit less pronounced 

(see Figure 3.73). Comparably, a fit of the 

chemical shift vs pH data for the CH resonance from CMDP4− to Equation 3.1 yielded a pKa of 

4.40(2) (see Figure 3.74). These dramatic pH-dependent chemical shift changes of the CH3 and 

CH resonances from the bisphosphonates strongly suggest that the ancillary ligands become 

protonated at low pH. The similar trends observed for all complexes and the excellent agreement 

of the data to a model for a single ionization event, together with the pKa values of the free 

bisphosphonic acids,32 are most consistent with protonation/deprotonation of one of the cobalt-

coordinated P–O oxygen atoms as the source of peak shifts in this pH range (see Figure 3.5, inset). 

Indeed, protonated phosphonate oxygen donors have been observed in the solid-state in transition 

metal bisphosphonate complexes.33   

The observation of a considerably lower pKa for 2 than 1 is in accord with the insignificant 

variation in CEST frequencies of the amide peaks for 2, as CMDP4− is nearly completely 

 

Figure 3.5 1H NMR chemical shift (frequency offset) 

of the CH3 resonance from etidronate vs pH for 

aqueous buffer solutions of 1. Red circles denote 

experimental data, and the black line corresponds to a 

sigmoidal fit to the data (Equation 3.1). Inset: 

Schematics of the anion from 1, highlighting the 

protonation state of etidronate. 
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deprotonated above pH 6.5. Furthermore, the value of pKa = 5.28(5) for 3 is in line with the 

observed pH dependence of the hydroxyl CEST frequency. This behavior stems from transitioning 

from a state with considerable contributions from both protonation states of etidronate at pH 5.8, 

to a state with near exclusively the fully deprotonated ligand above pH 7.1. Finally, these NMR 

studies establish the integrity of 1–3 in aqueous solutions over a wide pH range. 

3.3.10 MR Phantom Imaging 

To further examine the practicality of 1 for ratiometric pH imaging through PARACEST, CEST 

images of phantoms containing a series of 17 mM aqueous solutions of 1 buffered at selected pH 

values from 6.40 to 7.88 were collected on a 17.6 T MRI scanner. For each pH value, two images 

were acquired at 37 °C after irradiation at 64 and 104 ppm vs H2O, respectively, using 74.3 μT 

presaturation pulses. Corresponding control images were collected at 0 ppm frequency offset with 

0 μT power. Note that the high presaturation power was required to saturate the labile protons of 

1 owing to the larger Zeeman splitting on the 17.6 T MRI scanner. The %CEST at 64 ppm increased 

from 1.1 to 24% upon moving from pH 6.40 to 7.88, while presaturation at 104 ppm afforded 

values of 5.4 to 15% within this range (see Figures 3.75 and 3.6, top). These pH-dependent trends 

in CEST intensity are consistent with those observed in the NMR study. Moreover, the ratio of 

CEST intensities at 104 and 64 ppm (CEST104 ppm/CEST64 ppm) decreased substantially from pH 

6.58 to 7.54 (see Figures 3.76 and 3.6, bottom left), and a plot of log of the ratios between averaged 

phantom intensities at these frequencies (log(CEST104 ppm/CEST64 ppm)) vs pH gave an excellent 

linear fit in analogy to Equations 3.3–3.9 (see Figure 3.76, inset). Using this calibration curve and 

the CEST104 ppm/CEST64 ppm values per pixel, a pH map was generated (see Figure 3.6, bottom 

right). This result highlights that the pH-dependent changes in CEST intensity ratios can be clearly 
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visualized by MRI. Furthermore, the pH values calculated from the calibration curve are in good 

agreement with those independently measured by a pH electrode (see Table 3.8). In sum, phantom 

imaging experiments further demonstrate the ability of 1 to ratiometrically quantitate solution pH 

in the physiological pH range 6.5–7.6. Future efforts will be geared toward improving the 

homogeneity and overall quality of CEST images through pulse sequence optimization, as well as 

to investigate the feasibility of pH imaging with 1 on lower field MRI scanners. Eventually, the 

actual potential of the CoII
2 probe for ratiometric mapping of pH will be evaluated in small animal 

 

Figure 3.6 CEST images of phantoms containing 17 mM aqueous buffer solutions of 1 in the pH range 

6.40–7.88, collected at 37 °C on a 17.6 T MRI scanner. Top: Images constructed from CEST effects upon 

presaturation at 64 ppm (left) and 104 ppm (right), respectively. Bottom: Ratiometric CEST104 ppm/CEST64 

ppm map obtained by taking the pixel-wise ratios of CEST signal intensities at 104 and 64 ppm (left), and a 

pixel-wise pH map calculated from the corresponding log(CEST104 ppm/CEST64 ppm) values by using the 

calibration curve displayed in Figure 3.76, obtained from averaged phantom intensities at 64 and 104 ppm 

between pH 6.58 and 7.54 (right). White numbers next to each phantom sample denote the pH of the 

corresponding solution measured by a pH electrode.   
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imaging studies. 

3.4 Conclusions 

The foregoing results demonstrate the ability of Co2 complexes to provide a concentration-

independent measure of solution pH over a range relevant for detecting physiological 

abnormalities through ratiometric PARACEST imaging. In particular, the systematic study of 1–

3 illustrates the opposing pH-dependent CEST properties of carboxamide NH and etidronate OH 

protons. The potential of CoII
2 complexes as ratiometric pH probes is further highlighted by the 

stability of 1 in physiological environments and good agreement between pH from phantom 

images of 1 and those measured by an electrode. Considering the excellent tunability of the 

phenoxo-bridged dinuclear platform, ongoing work is focused on investigating the CEST behavior 

of related ancillary bisphosphonate ligands, and on incorporating other CEST-active functional 

groups on the dinucleating ligand scaffold, in efforts to optimize the pH-dependent CEST 

properties of this family of molecules for imaging pH in vivo. We anticipate that this broadly 

generalizable platform will aid in developing pH-responsive probes with higher sensitivity and 

stability, in particular those suitable for in vivo applications.  

3.5 Supporting Information 

3.5.1 Supplementary Experimental Details 

Synthesis of 8-acetoxymethyl-6-nitro-1,3-benzodioxene. This compound was synthesized 

following a modified literature procedure.34 Nitrophenol (35.0 g, 0.252 mol) was added to a stirring 

colorless solution of paraformaldehyde (31.8 g, 1.01 mol), glacial acetic acid (250 mL) and 

concentrated sulfuric acid (60 mL) at 80 °C. The resulting suspension was heated at 80 °C under 
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a dinitrogen atmosphere for 16 h. Deionized H2O (1000 mL) was then added to the off-white 

suspension at 25 °C, and the mixture was neutralized by slow addition of solid potassium carbonate 

(150 g, 1.09 mol). The resulting yellow precipitate was collected by vacuum filtration, washed 

with cold deionized H2O (600 mL) and dried with suction on the filter for 3 h. The crude product 

was recrystallized from ethanol to give the title compound as a light yellow solid (31.7 g, 50%). 

1H NMR (500 MHz, CDCl3, 25 °C): δ 8.14 (d, 4JHH = 2.7 Hz, 1H), 7.90 (d, 4JHH = 2.6 Hz, 1H), 

5.37 (s, 2H), 5.15 (s, 2H), 4.96 (s, 2H), 2.16 (s, 3H). 

Synthesis of 2,6-bis(bromomethyl)-4-nitrophenol. This compound was synthesized following 

a modified literature procedure.34a A mixture of 8-acetoxymethyl-6-nitro-1,3-benzodioxene (7.00 

g, 27.6 mmol) and 48% (w/w) hydrobromic acid solution in H2O (200 mL) was stirred at reflux 

for 12 h. The reaction flask was connected to a potassium hydroxide base trap to neutralize the 

hydrogen bromide gas that evolved in the reaction. The resulting gray precipitate was collected by 

vacuum filtration at 25 °C, washed with deionized H2O (600 mL) and dried with suction on the 

filter for 3 h. Recrystallization from CHCl3 afforded the title compound as an off-white powder 

(3.95 g, 44%). 1H NMR (500 MHz, CDCl3, 25 °C): δ 8.22 (s, 2H), 6.39 (s, 1H), 4.57 (s, 4H). 

Synthesis of 2,2′-(benzylazanediyl)bis(N,N′-dimethylacetamide). This compound was 

synthesized following a modified literature procedure.35 Benzylamine (1.19 g, 11.1 mmol) and 2-

chloro-N,N′-dimethylacetamide (2.70 g, 22.2 mmol) were stirred in dry MeCN (200 mL). 

Subsequently, potassium carbonate (6.14 g, 44.4 mmol) and potassium iodide (2.21 g, 13.3 mmol) 

were added. The resulting off-white suspension was stirred at reflux under a dinitrogen atmosphere 

for 18 h. The reaction mixture was then cooled to 25 °C and filtered to give a light yellow filtrate, 

which was concentrated under reduced pressure to give a pale yellow solid. This solid was 
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dissolved in CHCl3 (100 mL), filtered, and the solvent removed under reduced pressure to afford 

the product as a light yellow oil (2.23 g, 73%). 1H NMR (500 MHz, CDCl3, 25 °C): δ 7.37 (d, 3JHH 

= 7.6 Hz, 2H), 7.29 (dd, 3JHH = 7.4, 7.5 Hz, 2H), 7.23 (t, 3JHH = 7.3 Hz, 1H), 3.82 (s, 2H), 3.47 (s, 

4H), 2.94 (s, 6H), 2.90 (s, 6H). 

Synthesis of 2,2′-(azanediyl)bis(N,N′-dimethylacetamide). This compound was synthesized 

following a modified literature procedure.35 Pd/C (10 wt%, 100 mg, 0.09 mmol Pd) was carefully 

added to a pale yellow solution of 2,2′-(benzylazanediyl)bis(N,N′-dimethylacetamide) (2.23 g, 

8.10 mmol) in dry MeOH (75 mL). The resulting dark suspension was stirred at 25 °C under 35 

psi pressure of dihydrogen for 24 h. The reaction flask was then vented, and a second fraction of 

Pd/C (10 wt%, 100 mg, 0.09 mmol Pd) was added. The reaction was re-pressurized with 35 psi of 

dihydrogen and stirred for additional 16 h at 25 °C. This process was then repeated, and after 

stirring for additional 30 h, ESI-MS indicated that the reaction was complete. The black suspension 

was filtered through diatomaceous earth, and the colorless solution was concentrated under 

reduced pressure to give the title compound as a white solid (1.15 g, 76%). 1H NMR (500 MHz, 

CDCl3, 25 °C): δ 3.55 (s, 4H), 2.95 (broad s, 12 H). 

Synthesis of N,N′-[(2-hydroxy-5-nitro-1,3-phenylene)bis(methylene)]bis[N-(carboxymethyl)-

glycinamide] (HL). This compound was synthesized following a modified literature procedure11l 

Under an atmosphere of dinitrogen, 2,2′-iminobis(acetamide) (2.12 g, 16.2 mmol) and N,N-

diisopropylethylamine (2.09 g, 16.2 mmol) were suspended in MeCN (200 mL). The light brown 

suspension was heated to reflux, and to it was added dropwise with stirring a light yellow solution 

of 2,6-bis(bromomethyl)-4-nitrophenol (1.50 g, 4.62 mmol) in MeCN (20 mL) over the course of 

1.5 h. The resulting yellow reaction mixture was stirred at reflux for 24 h and then was evaporated 
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to dryness. The resulting yellow-brown residue was dissolved in a 10% (v/v) aqueous MeOH 

solution (30 mL) and subsequently purified by C18 reverse-phase HPLC using H2O and MeCN as 

eluents. The title compound came off the column at 36% MeCN composition. The collected 

solution was evaporated to dryness to give HL as a light yellow powder (0.207 g, 11%). ESI-MS 

(m/z): Calcd. for C16H24N7O7 (M+H)+: 426.17, found 426.18. 1H NMR (500 MHz, MeOH-d4, 25 

°C): δ 8.13 (s, 2H), 3.90 (s, 4H), 3.35 (s, 8H). 13C{1H} NMR (126 MHz, MeOH-d4, 25 °C): δ 

176.11 (C=O), 163.57 (Ar–OH), 140.79 (Ar–NO2), 127.67 (Ar–H), 125.70 (Ar–CH2), 57.90 (N–

CH2–CO), 55.95 (Ar–CH2–N). UV-Vis absorption spectra (16 μM; MeOH, 25 °C): 404 nm ( = 

38900 M−1 cm−1); (13 μM; 10 mM HEPES buffered at pH 7.3, 25 °C): 414 nm ( = 13100 M−1 

cm−1). FT-IR (ATR, cm−1): 3304 (w, broad); 3190 (w, broad); 1657 (s); 1594 (m); 1511 (m); 1448 

(w); 1413 (w); 1326 (s); 1280 (m); 1262 (m); 1132 (w); 1099 (m); 984 (w); 745 (w); 580 (m).  

Synthesis of N,N′-[(2-hydroxy-5-nitro-1,3-phenylene)bis(methylene)]bis[N-(carboxymethyl)-

(N,N′-dimethylglycinamide)] (HL′). This compound was synthesized following a modified 

literature procedure.11l Under an atmosphere of dinitrogen, 2,2′-(azanediyl)bis(N,N′-

dimethylacetamide) (1.14 g, 6.09 mmol) was dissolved in MeCN (200 mL) to give a pale yellow 

solution, and N,N-diisopropylethylamine (0.826 g, 6.39 mmol) was subsequently added. This 

solution was heated to reflux and while stirring, a light yellow solution of 2,6-bis(bromomethyl)-

4-nitrophenol (0.988 g, 3.04 mmol) in MeCN (20 mL) was added dropwise over the course of 1 h. 

The resulting orange solution was stirred at reflux for 20 h, and the solvent was subsequently 

removed under reduced pressure to give a brown residue. The crude solid was stirred in THF (100 

mL) for 12 h at 25 °C, then filtered and the orange filtrate was evaporated to dryness to give an 

orange oil. Purification by column chromatography (aluminum oxide basic, 10:90, 
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MeOH:CH2Cl2) yielded HL′ as a light orange solid (0.817 g, 50%). ESI-MS (m/z): Calcd. for 

C24H40N7O7 (M+H)+: 538.30, found 538.21. 1H NMR (500 MHz, CDCl3, 25 °C): δ 8.06 (s, 2H), 

3.89 (s, 4H), 3.52 (s, 8H), 2.91 (broad s, 24H). 13C{1H}  NMR (126 MHz, CDCl3, 25 °C): δ 170.48 

(C=O), 162.49 (Ar–OH), 139.43 (Ar–NO2), 125.78 (Ar–H), 125.06 (Ar–CH2), 55.36 (N–CH2–

CO), 54.06 (Ar–CH2–N), 36.71 (CH3), 35.69 (CH3). UV-Vis absorption spectrum (56 μM; MeOH, 

25 °C): 325 nm ( = 9500 M−1 cm−1). FT-IR (ATR, cm−1): 3449 (w, broad); 2927 (w, broad); 1632 

(s); 1590 (m); 1505 (m); 1445 (w); 1398 (m); 1324 (s); 1282 (s); 1260 (s); 1121 (m); 1094 (m); 

992 (w); 812 (w); 750 (w); 640 (w).    

Synthesis of tetraisopropyl dichloromethanediphosphonate. This compound was synthesized 

following a modified literature procedure.36 To a vigorously stirred aqueous solution of 5% (w/v) 

sodium hypochlorite (173 g, 116 mmol) at 0 °C, tetraisopropyl methanediphosphonate (5.00 g, 

14.5 mmol) was added dropwise. The colorless solution became cloudy, and then it was warmed 

to 25 °C and stirred for an additional 1 h. The resulting white suspension was extracted with 

hexanes (4 × 50 mL), and the combined extracts were dried over magnesium sulfate, filtered, and 

dried under reduced pressure to give the title compound as a white solid (5.69 g, 95%). 1H NMR 

(500 MHz, CDCl3, 25 °C): δ 4.96 (m, 4H), 1.41 (d, 3JHH = 6.2 Hz, 24H). 31P{1H} NMR (202 MHz, 

CDCl3, 25 °C): δ 6.70 (s). 

Synthesis of tetraisopropyl chloromethanediphosphonate. This compound was synthesized 

following a modified literature procedure.36 Tetraisopropyl dichloromethanediphosphonate (1.50 

g, 3.63 mmol) was dissolved in ethanol (15 mL) and stirred vigorously at 0 °C. To this, a solution 

of sodium sulfite (1.69 g, 13.4 mmol) in deionized H2O (50 mL) was added dropwise over the 

course of 5 min, resulting in the formation of a cloudy solution. The reaction mixture was stirred 



 

199 

 

for an additional 1 h at 25 °C and then extracted with CHCl3 (4 × 50 mL). The combined colorless 

CHCl3 layer was dried over magnesium sulfate, filtered, and the solvent removed under reduced 

pressure to give the product as a colorless oil (1.10 g, 80%).  1H NMR (500 MHz, CDCl3, 25 °C): 

δ 4.86 (m, 4H), 3.89 (t, 2JHP = 17.7 Hz, 1H), 1.38 (broad d, 3JHH = 6.5 Hz, 24H). 31P{1H} NMR 

(202 MHz, CDCl3, 25 °C): δ 11.56 (s). 

Synthesis of chloromethanediphosphonic acid (H4CMDP). Tetraisopropyl 

chloromethanediphosphonate (1.10 g, 2.90 mmol) was dissolved in 6 M hydrochloric acid solution 

in deionized H2O (25 mL) and stirred under reflux for 24 h. The pale yellow solution was 

evaporated to dryness, the resulting light yellow oil was dissolved in MeOH (50 mL), and the 

solvent removed under reduced pressure. The obtained light yellow oil was dried under reduced 

pressure for 48 h to afford the title compound as a pale yellow oil in near quantitative yield. 1H 

NMR (400 MHz, D2O, 25 °C): δ 4.01 (t, 2JHP = 16.2 Hz, 1H). 31P{1H} NMR (162 MHz, D2O, 25 

°C): δ 11.59 (s). 13C{1H} NMR (126 MHz, D2O, 25 °C): δ 46.57 (t, 1JCP = 134.5 Hz, 1C). 
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3.5.2 Supplementary Schemes 

  

 

 

 

 

 

Scheme 3.1 Syntheses of organic precursors and ligand HL. 
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Scheme 3.2 Syntheses of organic precursors and ligand HL′. 
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3.5.3 Supplementary Figures 

  

 

 

 

Figure 3.7 Stacked FT-IR spectra of 1 (blue), 2 (red), and 3 (green) at ambient temperature. 
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Figure 3.8 Variable-pH UV-Vis absorption spectra for 64 μM of 1 in aqueous solutions containing 50 

mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH range used for 

CEST experiments, from pH 6.57 to 8.15. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 3.9 Variable-pH UV-Vis absorption spectra for 80 μM of 2 in aqueous solutions containing 50 

mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH range used for 

CEST experiments, from pH 6.62 to 8.34. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 3.10 Variable-pH UV-Vis absorption spectra for 87 μM of 3 in aqueous solutions containing 50 

mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH range used for 

CEST experiments, from pH 5.83 to 8.06. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Note that the molar 

absorptivity ( ) is plotted against wavelength. 

 



 

206 

 

  

 

 

 

 

Figure 3.11 Comparison of the UV-Vis absorption spectra for 1 (blue), 2 (red), and 3 (green) in aqueous 

solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 7.4 at ambient temperature. Note 

that the molar absorptivity ( ) is plotted against wavelength. 

 



 

207 

 

  

 

 

 

Figure 3.12 Diffuse reflectance UV-Vis spectrum of a crystalline sample for 1′ diluted with BaSO4 

powder at ambient temperature. 
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Figure 3.13 Diffuse reflectance UV-Vis spectrum for a crystalline sample of 2′ diluted with BaSO4 

powder at ambient temperature. 
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Figure 3.14 Variable-pH dc magnetic susceptibility data for 1 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method21 (see Equation 3.2). Circles 

represent experimental data and the solid black line denotes the average value of χMT = 6.3(3) cm3 K 

mol−1 (see Table 3.3). 
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Figure 3.15 Variable-pH dc magnetic susceptibility data for 2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method21 (see Equation 3.2). Circles 

represent experimental data and the solid black line denotes the average value of χMT = 6.0(2) cm3 K 

mol−1 (see Table 3.3). 
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Figure 3.16 Variable-pH dc magnetic susceptibility data for 3 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method21 (see Equation 3.2). Circles 

represent experimental data and the solid black line denotes the average value of χMT = 6.1(2) cm3 K 

mol−1 (see Table 3.3). 
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Figure 3.17 Stacked 1H NMR spectra of 1 in an aqueous solution containing 50 mM HEPES and 100 

mM NaCl buffered at pH 7.18 (blue) and in neutral D2O (red) at 37 °C. The asterisks denote peaks 

corresponding to exchangeable carboxamide and hydroxyl protons that are not present in the spectrum 

recorded in D2O. The sharp features at 160, 80, and −80 ppm in the spectrum recorded in buffer are 

instrument-derived artifacts. 
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Figure 3.18 Variable-pH 1H NMR spectra of 12.8 mM of 1 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 160, 80, and −85 

ppm are instrument-derived artifacts. 
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Figure 3.19 Stacked 1H NMR spectra of 2 in an aqueous solution containing 50 mM HEPES and 100 

mM NaCl buffered at pH 7.18 (blue) and in neutral D2O (red) at 37 °C. The asterisks denote exchangeable 

carboxamide proton resonances that are not present in the spectrum recorded in D2O. The sharp features 

at 114, 57, −57, and −114 ppm in the spectrum recorded in buffer are instrument-derived artifacts. 
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Figure 3.20 Stacked 1H NMR spectra of 1 (blue) and 2 (red) in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at pH 7.18 at 37 °C. The number signs highlight resonances 

corresponding to protons on the ancillary bisphosphonates. The sharp features at 162, 81, and −81 ppm 

in the spectrum for 1, and at 114, 57, −57, and −114 ppm in the spectrum for 2 are instrument-derived 

artifacts.  
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Figure 3.21 Variable-pH 1H NMR spectra of 12 mM of 2 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the pH of 

the NMR sample solutions measured with a pH electrode. The sharp features at 161, 81, and −81 ppm 

are instrument-derived artifacts. Note that these artifacts are shifted to 115, 57, and −57 ppm in the 

spectrum at pH 7.18. 
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Figure 3.22 Stacked 1H NMR spectra of 1 (blue), 2 (red), and 3 (green) in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl buffered at pH 7.38, 7.42, and 7.47, respectively, at 37 °C. The 

asterisks denote resonances corresponding to exchangeable protons that generate CEST peaks. The sharp 

features at 162, 81, and −81 ppm are instrument-derived artifacts.  
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Figure 3.23 Stacked 1H NMR spectra of 3 in an aqueous solution containing 50 mM HEPES and 100 

mM NaCl buffered at pH 8.08 (blue) and in slightly basic D2O (red) at 37 °C. The asterisk denotes the 

exchangeable hydroxyl proton resonance from etidronate that is not present in the spectrum recorded in 

D2O. The sharp features at 165, 82, and −85 ppm are instrument-derived artifacts. 
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Figure 3.24 Variable-pH 1H NMR spectra of 13 mM of 3 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the pH of 

the NMR sample solutions measured with a pH electrode. The sharp features at 162, 81, and −81 ppm 

are instrument-derived artifacts. 
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Figure 3.25 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C. 
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Figure 3.26 Variable-pH CEST spectra for 12 mM of 2 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 6.62–8.34 (red to blue) at 37 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.27 pH dependences of the CEST effects from application of presaturation at 68 ppm (yellow) 

and 102 ppm (green) for 12 mM of 2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. 



 

223 

 

  

 

 

 

 

Figure 3.28 Variable-pH CEST spectra for 13 mM of 3 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 5.80–8.08 (red to blue) at 37 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.29 pH dependence of the CEST effect from application of presaturation at 94–103 ppm for 13 

mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH value, 

presaturation at the frequency offset corresponding to maximum reduction in the H2O signal intensity 

was employed (see Table 3.5). 
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Figure 3.30 Omega plots of the CEST effect from application of presaturation at 68–69 ppm for 12 mM 

of 2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.62–8.34 (red 

to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with a pH 

electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 3.4). Circles represent experimental data and lines represent the linear fits. 
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Figure 3.31 Omega plots of the CEST effect from application of presaturation at 102 ppm for 12 mM of 

2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.62–8.34 (red to 

blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with a pH 

electrode and the corresponding color of each sample. Circles represent experimental data and lines 

represent the linear fits. 
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Figure 3.32 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 68–69 

ppm (yellow) and 102 ppm (green) for 12 mM of 2 in aqueous solutions containing 50 mM HEPES and 

100 mM NaCl at 37 °C, obtained from Omega plots. Circles represent experimental data and the error 

bars represent standard deviations of the linear fits to the Omega plot data (see Figures 3.30 and 3.31). 
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Figure 3.33 Omega plots of the CEST effect from application of presaturation at 94–103 ppm for 13 

mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 5.80–8.08 

(red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with a pH 

electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 3.5). Circles represent experimental data and lines represent the linear fits. 
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Figure 3.34 pH dependence of the proton exchange rate constant (kex) for the CEST effect at 94–103 

ppm for 13 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C, 

obtained from Omega plots. Circles represent experimental data and the error bars represent standard 

deviations of the linear fits to the Omega plot data (see Figure 3.33). 
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Figure 3.35 Omega plots of the CEST effect from application of presaturation at 64–66 ppm for 12.8 

mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.72–8.14 

(red-purple to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 3.6). Circles represent experimental data and lines represent the linear fits. 
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Figure 3.36 Omega plots of the CEST effect from application of presaturation at 101–106 ppm for 12.8 

mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.18–8.14 

(red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with a pH 

electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 3.6). Circles represent experimental data and lines represent the linear fits. 
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Figure 3.37 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 64–66 

ppm (yellow) and 101–106 ppm (green) for 12.8 mM of 1 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C, obtained from Omega plots. Circles represent experimental data 

and the error bars represent standard deviations of the linear fits to the Omega plot data (see Figures 3.35 

and 3.36). 
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Figure 3.38 Variable-pH CEST spectra for 6.4 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 6.57–8.15 (red to blue) at 37 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.39 Variable-pH CEST spectra for 8.5 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 6.57–8.15 (red to blue) at 37 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.40 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 6.4 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. 
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Figure 3.41 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 8.5 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. 
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Figure 3.42 Comparison of the pH dependence of the CEST effect from application of presaturation at 

64 ppm for various concentrations of 1 (see legend) in aqueous solutions containing 50 mM HEPES and 

100 mM NaCl at 37 °C. 
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Figure 3.43 Comparison of the pH dependence of the CEST effect from application of presaturation at 

104 ppm for various concentrations of 1 (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C. 
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Figure 3.44 pH dependences of the ratio of CEST effects from application of presaturation at 104 and 

64 ppm, and the base 10 logarithm of the ratio (inset) for 6.4 mM of 1 in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 37 °C. Dark cyan circles represent experimental data and the solid 

black line denotes a linear fit to the data with the following equation: log10(CEST104 ppm/CEST64 ppm) = 

−1.05(7) × pH + 7.9(5); R2 = 0.96. 
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Figure 3.45 pH dependences of the ratio of CEST effects from application of presaturation at 104 and 

64 ppm, and the base 10 logarithm of the ratio (inset) for 8.5 mM of 1 in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 37 °C. Dark cyan circles represent experimental data and the solid 

black line denotes a linear fit to the data with the following equation: log10(CEST104 ppm/CEST64 ppm) = 

−1.03(7) × pH + 7.7(5); R2 = 0.96. 
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Figure 3.46 Comparison of the pH dependence of the ratio of CEST effects from application of 

presaturation at 104 and 64 ppm for various concentrations of 1 (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at 37 °C.  
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Figure 3.47 Comparison of the pH calibration curves obtained by taking the base 10 logarithm of the 

ratios of CEST effects from application of presaturation at 104 and 64 ppm for various concentrations of 

1 (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. See Equations 

3.3–3.5 for the equations of the linear fits to the data. 
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Figure 3.48 Variable-pH 1H NMR spectra of 12.8 mM of 1 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 35 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 160–165, 80–82, 

and −85 ppm are instrument-derived artifacts. Note that these artifacts are shifted to 140, 70, and −70 

ppm in the spectrum at pH 6.50. 
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Figure 3.49 Variable-pH CEST spectra for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 6.57–8.14 (red to blue) at 35 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.50 Variable-pH 1H NMR spectra of 12.8 mM of 1 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 39 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 160–165, 80–82, 

and −85 ppm are instrument-derived artifacts. 
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Figure 3.51 Variable-pH CEST spectra for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 6.57–8.14 (red to blue) at 39 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 3.52 Stacked 1H NMR spectra of 12.8 mM of 1 in an aqueous solution containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 7.38 at 35 °C (blue), 37 °C (purple), and 39 °C (red). The sharp features 

at 165, 82, and −82 ppm are instrument-derived artifacts. 
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Figure 3.53 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 35 °C. 
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Figure 3.54 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 39 °C. 
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Figure 3.55 Comparison of the pH dependence of the CEST effect from application of presaturation at 

64 ppm for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at various 

temperatures (see legend). 
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Figure 3.56 Comparison of the pH dependence of the CEST effect from application of presaturation at 

104 ppm for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at various 

temperatures (see legend). 
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Figure 3.57 pH dependences of the ratio of CEST effects from application of presaturation at 104 and 

64 ppm, and the base 10 logarithm of the ratio (inset) for 12.8 mM of 1 in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 35 °C. Dark cyan circles represent experimental data and the solid 

black line denotes a linear fit to the data with the following equation: log10(CEST104 ppm/CEST64 ppm) = 

−1.19(9) × pH + 8.9(6); R2 = 0.95. 
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Figure 3.58 pH dependences of the ratio of CEST effects from application of presaturation at 104 and 

64 ppm, and the base 10 logarithm of the ratio (inset) for 12.8 mM of 1 in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 39 °C. Dark cyan circles represent experimental data and the solid 

black line denotes a linear fit to the data with the following equation: log10(CEST104 ppm/CEST64 ppm) = 

−0.79(7) × pH + 5.9(5); R2 = 0.93. 
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Figure 3.59 Comparison of the pH dependence of the ratio of CEST effects from application of 

presaturation at 104 and 64 ppm for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 

100 mM NaCl at various temperatures (see legend). 
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Figure 3.60 Comparison of the pH calibration curves obtained by taking the base 10 logarithm of the 

ratios of CEST effects from application of presaturation at 104 and 64 ppm for 12.8 mM of 1 in aqueous 

solutions containing 50 mM HEPES and 100 mM NaCl at various temperatures (see legend). Symbols 

represent experimental data and the colored lines denote linear fits to the data. See Equations 3.3, 3.8, 

and 3.9 for the equations of the linear fits to the data. 
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Figure 3.61 Comparison of the pH calibration curves obtained by taking the base 10 logarithm of the 

ratios of CEST effects from application of presaturation at 105 and 65 ppm, at 104 and 64 ppm, and at 

103 and 63 ppm for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 

35, 37, and 39 °C, respectively (see legend). Symbols represent experimental data and the colored lines 

denote linear fits to the data with the following equations: 35 °C: log10(CEST105 ppm/CEST65 ppm) = 

−1.06(8) × pH + 7.8(6), R2 = 0.95; 37 °C: log10(CEST104 ppm/CEST64 ppm) = −0.99(7) × pH + 7.4(5), R2 = 

0.96; 39 °C: log10(CEST103 ppm/CEST63 ppm) = −0.95(6) × pH + 7.1(4), R2 = 0.97.   
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Figure 3.62 Cyclic voltammogram for 1 mM of 1 in an aqueous solution containing 50 mM HEPES and 

100 mM NaCl buffered at pH 7.4. Measurements were carried out at ambient temperature using a glassy 

carbon electrode as a working electrode and a 100 mV s−1 scan rate. The blue arrows denote the scan 

direction. The oxidation event observed at ca. 560 mV vs NHE is assigned to an oxidation from CoII
2 to 

CoIICoIII, and the reduction event at ca. 205 mV vs NHE is assigned to the reduction from CoIICoIII to 

CoII
2. Note that the baseline fluctuations observed near 350 and 450 mV vs NHE in the forward and 

backward scan, respectively, most likely correspond to a miniscule amount of impurity.  
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Figure 3.63 Stacked 1H NMR spectra of 10 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 7.3 without (blue) and with (red) the presence of 10 mM of each 

NaOAc, Na2CO3, NaH2PO4, and Na2SO4 at 37 °C. Note that compound 1 was incubated with the solution 

of the anions at 25 °C for 16 h prior to the NMR experiment. The sharp features at 165, 82, and −82 ppm 

are instrument-derived artifacts. 
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Figure 3.64 Stacked 1H NMR spectra of 10 mM of 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 7.3 without (blue) and with (red) the presence of 10 mM of Ca(NO3)2 

at 37 °C. Note that compound 1 was incubated with the Ca2+ solution at 25 °C for 16 h prior to the NMR 

experiment. The sharp features at 165, 82, and −82 ppm are instrument-derived artifacts. 
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Figure 3.65 Variable-pH 1H NMR spectra of 15 mM of 1 in FBS at various pH values at 37 °C. Black 

numbers on the left denote the pH of the NMR sample solutions measured with a pH electrode. The sharp 

features at 160, 80, and −80 ppm are instrument-derived artifacts. 
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Figure 3.66 Variable-pH CEST spectra for 15 mM of 1 in FBS collected at pH 6.59–7.69 (red to blue) 

at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with a pH electrode 

and the corresponding color of each sample. Note that the feature at ca. 88 ppm in the CEST spectra is 

not observed in the corresponding 1H NMR spectra and most likely derives from a miniscule amount of 

an OH-containing impurity, as it is most prominent under acidic conditions. The exact nature of this 

feature is currently unknown but note that its presence does not interfere with the analysis of the two 

CEST effects from 1.  
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Figure 3.67 pH dependences of the CEST effects from application of presaturation at 64 ppm (yellow) 

and 104 ppm (green) for 15 mM of 1 in FBS at 37 °C. 
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Figure 3.68 pH dependences of the ratio of CEST effects from application of presaturation at 104 and 

64 ppm, and the base 10 logarithm of the ratio (inset) for 15 mM of 1 in FBS at 37 °C. Dark cyan circles 

represent experimental data and the solid black line denotes a linear fit to the data with the following 

equation: log10(CEST104 ppm/CEST64 ppm) =  −0.93(5) × pH + 6.9(3); R2 = 0.98. 
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Figure 3.69 Comparison of the pH calibration curves obtained by taking the base 10 logarithm of the 

ratios of CEST effects from application of presaturation at 104 and 64 ppm for 12.8 mM of 1 in 50 mM 

HEPES buffers with 100 mM NaCl (purple), and for 15 mM of 1 in FBS (green) at 37 °C. Circles and 

diamonds represent experimental data and the solid lines denote linear fits to the data. See Figure 3.68 

and Equation 3.3 for the equations of the linear fits to the data. 
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Figure 3.70 Cell survival (in %) after incubation with various concentrations of 1 for 24 h at 37 °C and 

5.0% CO2. Error bars represent standard deviations of three measurements. Note that %viability is 

reported without taking normal cell death into account (see Section 3.2). 
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Figure 3.71 pH dependences of the 1H NMR chemical shifts (reported as frequency offsets) of the four 

furthest downfield-shifted carboxamide resonances for 1 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C. The yellow and green data points correspond to amide protons giving rise 

to CEST effects at ca. 64 and 104 ppm, respectively. 
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Figure 3.72 pH dependence of the 1H NMR chemical shift (reported as frequency offset) of the CH3 

resonance from etidronate for 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 

37 °C. Red circles represent experimental data and the solid black line corresponds to a sigmoidal fit to 

the data (see Equation 3.1), giving pKa = 5.28(5) with R2 = 0.997. The ionization process taking place 

on the ancillary bisphosphonate is highlighted with the schematics of the complex. 
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Figure 3.73 pH dependences of the 1H NMR chemical shifts (reported as frequency offsets) of the four 

furthest downfield-shifted carboxamide resonances for 2 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C. The yellow and green data points correspond to amide protons giving rise 

to CEST effects at ca. 68 and 102 ppm, respectively. 
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Figure 3.74 pH dependence of the 1H NMR chemical shift (reported as frequency offset) of the CH 

resonance from CMDP4− for 2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 

°C. Red circles represent experimental data and the solid black line corresponds to a sigmoidal fit to the 

data (see Equation 3.1), giving pKa = 4.40(2) with R2 = 0.999. The ionization process taking place on the 

ancillary bisphosphonate is highlighted with the schematics of the complex. 
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Figure 3.75 MR image of a series of capillary tubes containing 17 mM of 1 in aqueous solutions with 

50 mM HEPES and 100 mM NaCl buffered at selected pH values from 6.40 to 7.88, used for phantom 

experiments. The red circular areas highlight the regions shown in Figure 3.6, which were used for CEST 

data analysis. These regions correspond to 75.4% of the total cross-sectional area of the inner capillary 

tubes. The remaining areas near the edges of the capillary tubes were not included in the data analysis 

due to partial volume and susceptibility effects observed (see Section 3.2). 
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Figure 3.76 pH dependences of the ratio of CEST effects from the averaged phantom image intensities 

with presaturation at 104 and 64 ppm, and the base 10 logarithm of the ratio (inset) for 17 mM of 1 in 

aqueous solutions with 50 mM HEPES and 100 mM NaCl at 37 °C. Dark cyan circles represent 

experimental data and the solid black line denotes a linear fit to the data with the following equation: 

log10(CEST104 ppm/CEST64 ppm) =  −1.17(7) × pH + 8.6(5); R2 = 0.97. 
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3.5.4 Supplementary Tables 

  

Table 3.2 Crystallographic data for 1′ and 2′ at 100 K. 

 1′ 2′ 

Empirical formula  C18H28Co2N7NaO20.8P2 C17H29ClCo2N7NaO21.2P2 

Formula weight, g mol−1  878.06 908.83 

Crystal system  Monoclinic Monoclinic 

Space group  P21/n P21/n 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100 100 

a, Å  9.1253(9) 9.1331(9) 

b, Å  16.614(2) 16.658(2) 

c, Å  23.152(2) 22.867(2) 

, ° 90 90 

β, ° 94.827(5) 93.543(5) 

γ, ° 90 90 

V, Å3 3497.7(6) 3472.4(6) 

Z 4 4 

ρcalcd, g cm−3 1.667 1.738 

μ, mm−1  1.143 1.230 

Reflections coll./unique  130306/13616 106421/10816 

R(int)  0.0728 0.0352 

R1 (I >2σ(I))a 0.1290 0.0448 

wR2 (all)b 0.3852 0.1198 

GoF  1.933 1.070 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 3.3 Summary of average solution dc magnetic susceptibility data for compounds 1–3 at 37 °C, 

obtained using the Evans method21 (see Equation 3.2) for aqueous solutions with 50 mM HEPES and 

100 mM NaCl buffered at various pH values (see Figures 3.14–3.16). 

Average values    1    2           3 

χMT (cm3 K mol−1) 6.3(3) 6.0(2) 6.1(2) 

χMT per CoII (cm3 K mol−1) 3.2(2) 3.0(1) 3.1(1) 

μeff per CoII (μB)a 5.0(2) 4.9(1) 5.0(1) 

g per CoII b 2.6(1) 2.5(1) 2.6(1) 

aThe relationship between μeff and χMT is as follows: μeff = (8χMT)1/2μB. b  The relationship between χMT and g 

is as follows: χMT = (g2S(S+1))/8. Note, here S = 3/2. 
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Table 3.4 Frequency offsets corresponding to maximum CEST effects at 24 μT power level (B1) 

for each pH value for 12 mM of 2 in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C, used to estimate the proton exchange rate constants (kex). 

pH 

Frequency Offset (ppm)a 

Peak 1 Peak 2 

6.62 68 102 

6.89 68 102 

7.18 68 102 

7.42 68 102 

7.81 68 102 

8.00 68 102 

8.34 69 102 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. 
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Table 3.5 Frequency offsets corresponding to the maximum CEST effect at 24 μT power level 

(B1) for each pH value for 13 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 

mM NaCl at 37 °C, used to estimate the proton exchange rate constant (kex). 

pH Frequency Offset (ppm)a 

5.80 94 

6.11 97 

6.44 99 

6.83 101 

7.06 102 

7.47 103 

7.74 103 

8.08 103 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. 



 

276 

 

  

Table 3.6 Frequency offsets corresponding to maximum CEST effects at 24 μT power level (B1) 

for each pH value for 12.8 mM of 1 in aqueous solutions containing 50 mM HEPES and 100 

mM NaCl at 37 °C, used to estimate the proton exchange rate constants (kex). 

pH 

Frequency Offset (ppm)a 

Peak 1 Peak 2 

6.18 N/Ab 101 

6.50 N/Ab 102 

6.57 N/Ab  102 

6.72 65 104 

6.82 65 104 

6.90 65 104 

7.06 64 104 

7.18 65 104 

7.31 64 105 

7.38 65 104 

7.60 65 106 

7.89 65 106 

8.14 66 105 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. b  The exchange rate constant for the CEST effect at 64–66 ppm was not estimated at this pH  

value due to low intensity. 
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Table 3.7 T1 relaxation times of H2O in samples containing various concentrations of 1 in aqueous 

solutions with 50 mM HEPES and 100 mM NaCl buffered at different pH values at 37 °C. 

pH 

T1 (s) 

    12.8 mM     8.5 mM     6.4 mM 

6.82 0.64(1) 0.92(2) 1.20(3) 

7.31 0.72(3) 1.01(3) 1.20(3) 
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Table 3.8 Comparison of pH values calculated from the linear pH calibration curve from CEST 

imaging data and those measured by a pH electrode for 17 mM of 1 in aqueous solutions with 

50 mM HEPES and 100 mM NaCl at 37 °C. 

Sample pH electrode CEST imaging 

1 6.40 N/Aa 

2 6.58 6.61 

3 6.73 6.68 

4 6.84 6.79 

5 6.94 6.93 

6 7.01 7.05 

7 7.12 7.15 

8 7.27 7.33 

9 7.54 7.48 

10 7.88 N/Aa 

aThe data obtained at this pH value falls outside the linear regime of the log10(CEST104 ppm/CEST64 ppm) vs pH 

plot and therefore was not considered for the linear fit to the data, used to derive the pH calibration curve. 
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Chapter 4: Electronic Effects of Ligand Substitution in a Family of Co
II

2 

PARACEST pH Probes 
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Thorarinsdottir, A. E.; Tatro, S. M.; Harris, T. D. Inorganic Chemistry 2018, 57, 11252–11263. 

Copyright 2018 American Chemical Society. 

This work was performed in collaboration with the co-authors listed above. 

 

 

 

  



 

280 

 

4.1 Introduction  

The realization of chemical probes with the ability to accurately map small pH changes in vivo 

represents an important synthetic challenge, as acidic extracellular pH is a prominent feature of 

pathological conditions such as cancer,1 ischemia,1e,2 and inflammation.1g,2c Magnetic resonance 

imaging (MRI) is an ideal non-invasive imaging modality for probing pH in vivo due to its high 

spatiotemporal image resolution and unlimited tissue penetration depth.3 Therefore, spatial 

mapping of tissue pH through MRI may aid in the early detection of pathologies and provide 

valuable information about the progression of diseases and the efficacy of treatments.1,2,4  

Toward developing pH-responsive MRI contrast agents, transition metal complexes that 

function as paramagnetic chemical exchange saturation transfer (PARACEST)5–8 agents are of 

particular interest owing to the inherent environmental responsiveness of the exchangeable protons 

on these compounds.9 Here, contrast is generated through exchange of protons on a paramagnetic 

molecule with bulk H2O protons upon frequency-specific irradiation, resulting in a decrease in the 

bulk H2O signal.10 Importantly, the rate of proton exchange is highly dependent on pH, as well as 

the pKa of the exchangeable proton and its proximity to the transition metal ion.6–8,11 Furthermore, 

these paramagnetic probes exhibit exchangeable protons with large chemical shifts,7c,d,8 and 

thereby improve sensitivity by minimizing interference from biological background signals.12 

Nevertheless, the CEST signal intensity is also affected by the concentration of the probe, which 

significantly complicates in vivo studies.   

One strategy to surmount the challenge of concentration dependence is to employ PARACEST 

probes featuring two distinct types of exchangeable protons that exhibit different pH-dependent 

changes in CEST signal intensity. The ratio of the intensities of the two CEST signals provides a 
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concentration-independent measure of pH.7d,8e,13 We recently demonstrated that a Co2 

PARACEST probe supported by a dinucleating tetra(carboxamide) ligand and an ancillary 

etidronate ligand can be employed to ratiometrically map solution pH in a physiologically relevant 

range.7d The high pH sensitivity of 0.99(7) pH unit−1 for this probe is attributed to the base- and 

acid-catalyzed exchange of the carboxamide (NH) and hydroxyl (OH) protons on the two ligands, 

respectively, which results in CEST intensities that are proportional and inversely proportional to 

pH, respectively. However, considering that the most downfield-shifted CEST peak for this Co2 

complex is comprised of overlapping NH and OH signals, one can envision that PARACEST 

probes bearing two types of exchangeable protons that give rise to well-separated CEST peaks 

with opposing pH-dependent intensities have the potential to exhibit much higher sensitivities. 

Transition metal-based PARACEST probes offer an ideal platform for the design of highly 

sensitive ratiometric pH probes by virtue of their high environmental responsiveness and excellent 

tunability through ligand design.6–8 In particular, modest structural changes such as modification 

of the ligand backbone or pendent groups of azamacrocyclic ligands can lead to drastic changes in 

the chemical shift and intensity of CEST peaks.8e,i,l Nevertheless, there is a dearth of studies that 

probe electronic effects on the pH dependence of CEST for paramagnetic compounds. As such, 

there is a significant interest in understanding how electronic effects of ligand substitution 

influence the pH behavior of transition metal-based PARACEST probes. Combining such 

electronic studies with structural investigations would enhance our understanding of the factors 

that govern the pH dependence of the CEST effect and facilitate the design of chemical probes 

with optimal pH responsiveness for targeted applications. 
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The observation of highly pH-sensitive CEST peak intensity ratios for the previously reported 

Co2 probe,7d in conjunction with the high modularity of the dinucleating ligand scaffold, prompted 

us to investigate the pH dependence of CEST properties for CoII
2 complexes bearing CF3-

functionalized tetra(carboxamide) ligands. Specifically, we sought to examine how the CEST 

properties of these compounds are affected by the nature of the para-substituent on the bridging 

phenoxo ligand. Herein, we report a series of new CoII
2 complexes as ratiometric PARACEST pH 

probes and demonstrate that small changes in the electronic structure of CoII centers through 

remote ligand substitution can lead to notable differences in CEST profiles. These studies 

underscore that proper ligand design is a key attribute toward optimizing the performance of 

ratiometric PARACEST pH sensors, particularly in fine-tuning the pH sensitivity and detection 

range.  

4.2 Experimental Section 

General Considerations. Unless otherwise specified, the manipulations described below were 

carried out at ambient atmosphere and temperature. Air- and water-free manipulations were 

performed under a dinitrogen atmosphere in a Vacuum Atmospheres Nexus II glovebox or using 

standard Schlenk line techniques. Syntheses of metal complexes were carried out in an MBraun 

LABstar glovebox, operated under a humid dinitrogen atmosphere. Glassware was oven-dried at 

150 °C for at least 4 h and allowed to cool in an evacuated antechamber prior to use in the 

gloveboxes. Acetonitrile (MeCN), diethyl ether (Et2O), N,N-diisopropylethylamine (DIPEA), and 

methanol (MeOH) were dried using a commercial solvent purification system from Pure Process 

Technology and stored over 3 or 4 Å molecular sieves prior to use. H2O was obtained from a 

purification system from EMD Millipore. Deuterated solvents were purchased from Cambridge 
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Isotope Laboratories. The syntheses of N,N′-[(2-hydroxy-5-nitro-1,3-phenylene)bis-

(methylene)]bis[N-(carboxymethyl)glycineamide] (HL) and Na[LCo2(etidronate)]∙0.2NaNO3 

∙2.7H2O (1) were carried out as reported previously.7d All other reagents and solvents were 

purchased from commercial vendors and used without further purification. Experimental details 

on the syntheses of ligands and organic precursors are provided in Section 4.5.1.  

Synthesis of Na[( NO2L′)Co2(etidronate)]∙1.0NaNO3∙1.5MeOH (2-NO2). A pink solution of 

Co(NO3)2·6H2O (84 mg, 0.29 mmol) in MeOH (2 mL) was added dropwise to a stirring pale 

yellow solution of H(NO2L′)  (110 mg, 0.15 mmol) in MeOH (3 mL) to give a dark orange solution. 

To this solution, a colorless solution of etidronic acid monohydrate (32 mg, 0.14 mmol) in MeOH 

(2 mL) was added dropwise, followed by addition of sodium methoxide (39 mg, 0.72 mmol) in 

MeOH (2 mL) to give a light orange solution. After stirring at 25 °C for 3 h, the orange solution 

was evaporated to dryness and the resulting orange residue was stirred in MeCN (10 mL) for 30 

min. The orange solid was collected by filtration, washed with MeCN (5 mL) and Et2O (5 mL), 

and dried under reduced pressure for 16 h. Diffusion of Et2O vapor into a concentrated solution of 

the orange solid in MeOH (2 mL) afforded a crystalline light orange solid that was washed with 

Et2O (2 × 3 mL) and dried under reduced pressure for 24 h to give 2-NO2 (63 mg, 34%) as a light 

orange solid. Anal. Calcd. for C27.5H36Co2F12N8Na2O18.5P2: C, 26.89; H, 2.95; N, 9.12%. Found: 

C, 26.99; H, 3.01; N, 9.20%. ICP-OES: Co:P = 0.96:1.00. UV-Vis absorption spectrum (22 μM; 

50 mM HEPES buffered at pH 6.94, 25 °C): 371 nm ( = 13800 M−1 cm−1). ESI-MS (m/z): Calcd. 

for C26H30Co2F12N7O14P2 ([(NO2L′)Co2(etidronate)]−): 1071.98, found: 1072.01; calcd. for 

C26H32Co2F12N7O14P2 ([(NO2L′)Co2(etidronate)+2H]+): 1073.99, found: 1074.01. FT-IR (ATR, 

cm−1): 3248 (m); 3076 (m); 2969 (w); 1738 (w); 1640 (s); 1593 (m); 1507 (w); 1398 (m); 1312 
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(s); 1272 (m); 1156 (s); 1074 (s); 992 (w); 901 (m); 833 (m); 802 (m); 749 (m); 671 (m). Slow 

diffusion of Et2O vapor into a concentrated solution of 2-NO2 in MeOH afforded light orange 

plate-shaped crystals of Na[(NO2L′)Co2(etidronate)]∙1.0NaNO3 (2′-NO2) suitable for single-crystal 

X-ray diffraction analysis. 

Synthesis of Na[( FL′)Co2(etidronate)]∙2.2NaNO3∙1.0H2O (2-F). A pink solution of 

Co(NO3)2·6H2O (96 mg, 0.33 mmol) in MeOH (2 mL) was added dropwise to a stirring colorless 

solution of H(FL′)  (120 mg, 0.17 mmol) in MeOH (3 mL) to give a dark pink solution. To this 

solution, a colorless solution of etidronic acid monohydrate (37 mg, 0.17 mmol) in MeOH (2 mL) 

 

Figure 4.1 Reaction of L−, Co2+, and etidronate to form [LCo2(etidronate)]−, as observed in 1 (left). Reaction 

of (XL′)−, Co2+, and etidronate to form [(XL′)Co2(etidronate)]−, as observed in 2-X (X = NO2, F, Me) (right). 
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was added dropwise, followed by addition of sodium methoxide (45 mg, 0.83 mmol) in MeOH (2 

mL) to give a pink solution. After stirring at 25 °C for 3 h, the pink solution was evaporated to 

dryness and the resulting pink residue was stirred in MeCN (10 mL) for 20 min. The pink solid 

was collected by filtration, washed with MeCN (5 mL) and Et2O (5 mL), and dried under reduced 

pressure for 16 h. Diffusion of Et2O vapor into a concentrated solution of the pink solid in MeOH 

(2 mL) afforded a crystalline pink solid that was washed with Et2O (2 × 3 mL) and dried under 

reduced pressure for 24 h to give 2-F (163 mg, 75%) as a dark pink solid. Anal. Calcd. for 

C26H32Co2F13N8.2Na3.2O19.6P2: C, 24.52; H, 2.53; N, 9.02%. Found: C, 24.73; H, 2.69; N, 9.25%. 

ICP-OES: Co:P = 1.01:1.00. UV-Vis absorption spectrum (87 μM; 50 mM HEPES buffered at pH 

6.95, 25 °C): 309 nm ( = 4400 M−1 cm−1). ESI-MS (m/z): Calcd. for C26H30Co2F13N6O12P2 

([(FL′)Co2(etidronate)]−): 1044.99, found: 1045.08; calcd. for C26H32Co2F13N6O12P2 

([(FL′)Co2(etidronate)+2H]+): 1047.00, found: 1047.04. FT-IR (ATR, cm−1): 3249 (m); 3078 (m); 

2969 (w); 1738 (m); 1643 (s); 1575 (m); 1470 (m); 1431 (m); 1375 (m); 1352 (m); 1287 (w); 1258 

(m); 1154 (s); 1074 (s); 991 (w); 907 (m); 890 (m); 834 (m); 799 (m); 673 (m). Slow diffusion of 

Et2O vapor into a concentrated solution of 2-F in MeOH afforded pink prism-shaped crystals of 

Na[(FL′)Co2(etidronate)]∙1.0NaNO3∙1.0MeOH (2′-F) suitable for single-crystal X-ray diffraction 

analysis. 

Synthesis of Na[( MeL′)Co2(etidronate)]∙4.0NaNO3∙3.4H2O (2-Me). A pink solution of 

Co(NO3)2·6H2O (79 mg, 0.27 mmol) in MeOH (2 mL) was added dropwise to a stirring colorless 

solution of H(MeL′)  (97 mg, 0.13 mmol) in MeOH (3 mL) to give a dark pink solution. To this 

solution, a colorless solution of etidronic acid monohydrate (33 mg, 0.15 mmol) in MeOH (2 mL) 

was added dropwise, followed by addition of sodium methoxide (36 mg, 0.67 mmol) in MeOH (2 
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mL) to give a pink solution. After stirring at 25 °C for 3 h, the pink solution was evaporated to 

dryness and the resulting pink residue was stirred in MeCN (10 mL) for 20 min. The pink solid 

was collected by filtration, washed with MeCN (5 mL) and Et2O (5 mL), and dried under reduced 

pressure for 20 h. Diffusion of Et2O vapor into a concentrated solution of the pink solid in MeOH 

(2 mL) afforded a crystalline pink solid that was washed with Et2O (2 × 3 mL) and dried under 

reduced pressure for 24 h to give 2-Me (59 mg, 31%) as a pink solid. Anal. Calcd. for 

C27H39.8Co2F12N10Na5O27.4P2: C, 22.13; H, 2.74; N, 9.56%. Found: C, 22.03; H, 2.56; N, 9.44%. 

ICP-OES: Co:P = 0.92:1.00. UV-Vis absorption spectrum (42 μM; 50 mM HEPES buffered at pH 

6.95, 25 °C): 307 nm ( = 3900 M−1 cm−1). ESI-MS (m/z): Calcd. for C27H33Co2F12N6O12P2 

([(MeL′)Co2(etidronate)]−): 1041.01, found: 1041.15; calcd. for C27H35Co2F12N6O12P2 

([(MeL′)Co2(etidronate)+2H]+): 1043.03, found: 1043.06. FT-IR (ATR, cm−1): 3254 (m); 3094 (m); 

2970 (w); 1739 (m); 1638 (s); 1568 (m); 1476 (w); 1428 (m); 1372 (m); 1350 (m); 1317 (m); 1254 

(m); 1157 (s); 1081 (s); 1017 (w); 995 (w); 952 (w); 916 (m); 881 (m); 833 (m); 799 (m); 744 (w); 

671 (m); 650 (w). Slow diffusion of Et2O vapor into a concentrated solution of 2-Me in MeOH 

afforded pink plate-shaped crystals of Na[(MeL′)Co2(etidronate)]∙solvent (2′-Me) suitable for 

single-crystal X-ray diffraction analysis. Note that the term “solvent” in the formula above denotes 

a combination of crystallographically disordered MeOH, Et2O, and H2O molecules (see below). 

X-ray Structure Determination. Single crystals of 2′-X (X = NO2, F, Me) were directly coated 

with Paratone-N oil, mounted on a MicroMounts rod, and frozen under a stream of dinitrogen 

during data collection. The crystallographic data were collected at 100 K on a Bruker Kappa Apex 

II diffractometer equipped with an APEX-II CCD detector and a MoKα IμS microsource with MX 

Optics (2′-NO2, 2′-Me), or on a Bruker Kappa Apex II diffractometer equipped with an APEX-II 
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CCD detector and a MoKα sealed tube source with a Triumph monochromator (2′-F). Raw data 

were integrated and corrected for Lorentz and polarization effects with Bruker APEX2 version 

2014.11–0.14 Absorption corrections were applied using the program SADABS.15 Space group 

assignments were determined by examining systematic absences, E-statistics, and successive 

refinement of the structures. Structures were solved using direct methods in SHELXT and refined 

by SHELXL16 operated within the OLEX2 interface.17 All hydrogen atoms were placed at 

calculated positions using suitable riding models and refined using isotropic displacement 

parameters derived from their parent atoms. Thermal parameters for all non-hydrogen atoms were 

refined anisotropically.   

In the crystal structure of 2′-Me, the solvent molecules were severely disordered and could not 

be modeled properly. Therefore, the solvent masking procedure as implemented in OLEX2 was 

used. Two void volumes of 955.4 Å3, each with 242 electrons, were estimated per unit cell and 

ascribed to a combination of MeOH, Et2O, and H2O solvent molecules. Due to this disorder, the 

nomenclature of the single crystals of 2′-Me is noted as Na[(MeL′)Co2(etidronate)]∙solvent. The 

Na+ ions in all three crystal structures were disordered, resulting in large atomic displacement 

parameters. Specifically, in the crystal structure of 2′-Me, the occupancy of Na+ was freely refined 

over two positions using the EADP constraint, and in the crystal structure of 2′-F, three out of four 

Na+ ions in the asymmetric unit were positionally disordered over two positions and their 

occupancy was freely refined over the two positions. In the crystal structure of 2′-NO2, the CF3 

groups and NaNO3 cocrystallite were severely disordered. This disorder was modeled by using a 

combination of the restraints SADI, DFIX, and ISOR. Crystallographic data for compounds 2′-X 

(X = NO2, F, Me) and the details of data collection are listed in Table 4.2.  



 

288 

 

NMR Spectroscopy. 1H and 19F NMR spectra for the ligands H(XL′) (X = NO2, F, Me) and 

organic precursors were collected at 25 °C at 500 and 470 MHz frequencies, respectively, on 

Agilent DD2 500 MHz (11.7 T) or Varian Inova 500 MHz (11.7 T) spectrometers, or on an 

automated Agilent DD MR 400 MHz (9.4 T) spectrometer at 400 and 376 MHz frequencies, 

respectively. 13C{1H} NMR spectra for H(XL′) were collected at 126 MHz frequency using a 

Bruker Avance III 500 MHz (11.7 T) system equipped with a DCH CryoProbe. 1H and 19F NMR 

spectra for compounds 2-X (X = NO2, F, Me) in D2O and for aqueous solution samples containing 

50 mM HEPES and 100 mM NaCl buffered at various pH values were collected on an Agilent 

DD2 500 MHz (11.7 T) spectrometer. For samples in buffer, spectra were acquired using an inner 

capillary containing a solution of 3% (v/v) trifluoroacetic acid (TFA) in D2O to lock the samples. 

All chemical shift values (δ) are reported in ppm and coupling constants (J) are reported in hertz 

(Hz). 1H NMR spectra for H(XL′) and organic precursors are referenced to residual proton signals 

from the deuterated solvents  (7.26 ppm for CDCl3, 4.79 ppm for D2O, 3.31 ppm for MeOH-d4, 

2.50 ppm for DMSO-d6, and 1.94 ppm for MeCN-d3). 
13C{1H} NMR spectra for H(XL′) in MeCN-

d3 are referenced to the CD3 carbon signal from the deuterated solvent (δ = 1.32 ppm). 19F NMR 

spectra for ligands and organic precursors are referenced to an external standard of CFCl3 (δ = 0 

ppm). 19F NMR spectra for 2-X are referenced to an internal standard of TFA at −76.00 ppm. For 

measurements of 2-X in D2O or H2O, the chemical shift of the solvent signal in the 1H NMR 

spectra was set to 0 ppm to simplify comparison between 1H NMR spectra and the corresponding 

CEST spectra (Z-spectra). The MestReNova 10.0 NMR data processing software was used to 

analyze and process all recorded NMR spectra.  

Determination of pKa by 1H NMR Analysis. The pH-dependent 1H NMR chemical shift of the 
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Me resonance from etidronate was used to estimate the pKa values for compounds 2-X (X = NO2, 

F, Me). The change in 1H NMR chemical shift of the Me resonance as a function of pH was fitted 

to a Boltzmann sigmoidal function18 for each compound to model a single ionization event 

according to the following equation: 

δ = A2 + (A1 − A2)/(1 + exp((pH − pKa)/dx))     (4.1) 

In this equation, δ is the obtained chemical shift, A2 is the theoretical chemical shift of the fully 

deprotonated species, A1 is the theoretical chemical shift of the fully protonated species, pKa is the 

inflection point of the graph, and dx is a parameter describing the steepness of the curve. 

CEST Experiments. All CEST experiments were carried out at 37 °C on an Agilent DD2 500 

MHz (11.7 T) spectrometer. For CEST experiments, 4 mM or 8–9 mM samples of 2-X (X = NO2, 

F, Me) in aqueous buffer solutions containing 50 mM HEPES and 100 mM NaCl at desired pH 

values (measured with a pH electrode before 1H NMR and CEST data collection) were measured. 

Z-spectra (CEST spectra) were obtained according to the following protocol: 1H NMR spectra 

were acquired from −50 to 150 ppm with a step increase of 1 ppm using a presaturation pulse 

applied for 4 s at a power level (B1) of 21 μT. An inner capillary containing a solution of 3% (v/v) 

TFA in D2O was placed within the NMR sample tube to lock the sample. The normalized 

integrations of the H2O signal from the obtained spectra were plotted against frequency offset to 

generate a Z-spectrum, where direct saturation of the H2O signal was set to 0 ppm.  

Exchange rate constants (kex) were calculated following a previously reported method,19 where 

the x-intercept (−1/kex
2) was obtained from a plot of Mz/(M0 − Mz) (Mz and M0 are the magnetization 

of the on- and off-resonance, respectively) against 1/ω1
2 (ω1 in rad s−1). 1H NMR spectra were 

acquired at various presaturation power levels ranging from 13 to 21 μT applied for 4 s at 37 °C. 
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The B1 values were calculated based on the calibrated 90° pulse on a linear amplifier. To correct 

for baseline variations, a linear baseline was applied for two CEST regimes. For 2-NO2, the data 

points at 130 and 72 ppm, and at 72 and 30 ppm where employed for the two regimes. For 2-F, 

the data points at 130 and 68 ppm, and at 68 and 37 ppm where used for the two regimes. For 2-

Me, the data points at 130 and 68 ppm, and at 68 and 37 ppm where used for the two regimes in 

the pH range 6.01–7.20, whereas the data points at 102 and 68 ppm, and at 68 and 37 ppm where 

employed in the pH range 7.38–7.80 owing to a poor baseline in the downfield region of the 

spectra. Reported values of %CEST [(1 − Mz/M0) × 100%] are the differences in %H2O signal 

reduction between applied on-resonance presaturations (raw data) and the values obtained by 

inserting the corresponding frequencies into the linear baseline equations. To calculate kex, the 

CEST intensities at the frequency offsets corresponding to maximum H2O signal reductions at 21 

μT power level were monitored for each pH value. The pH calibration curves were generated by 

taking the logarithm with base 10 (log10) of the ratios of two CEST signal intensities after a 

baseline correction was applied. 

Solution Magnetic Measurements. The solution magnetic moments of compounds 2-X (X = 

NO2, F, Me) were determined using the Evans method,20 by collecting variable-pH 1H NMR 

spectra at 37 °C (310 K) on an Agilent DD2 500 MHz (11.7 T) spectrometer. In a typical 

experiment, the compound (3–5 mM) was dissolved in a mixture of 2% (v/v) tert-butanol in an 

aqueous solution containing 50 mM HEPES and 100 mM NaCl buffered at a specific pH value. 

The resulting solution was placed in an NMR tube containing a sealed capillary with the same 

solvent mixture but without the to-be-characterized paramagnetic compound as a reference 

solution. Diamagnetic corrections were carried out based on the empirical formula of each 
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compound (as determined by elemental analysis) using Pascal’s constants.21 The paramagnetic 

molar susceptibility χM
para (cm3 mol−1) was calculated using the following equation:20  

χM
para  = (3ΔMw)/(4π0m) − χM

dia     (4.2) 

In this equation, Δ  is the frequency difference (Hz) between the tert-butyl resonance of tert-

butanol in the sample and reference solutions, Mw is the molecular mass of the paramagnetic 

compound (g mol−1), 0 is the operating frequency of the NMR spectrometer (Hz), m is the 

concentration of the paramagnetic compound (g cm−3), and χM
dia is the diamagnetic contribution 

to the molar susceptibility (cm3 mol−1). 

UV-Vis Absorption Spectroscopy. Solution and solid-state UV-Vis spectra were collected at 

ambient temperature in the 200–800 nm range on an Agilent Cary 5000 UV-Vis-NIR 

spectrophotometer equipped with an integrating sphere for diffuse reflectance measurements. 

Solution spectra were collected for 97–370 μM samples of ligands H(XL′) (X = NO2, F, Me) in 

MeOH, and for 22–87 μM samples of compounds 2-X (X = NO2, F, Me) in aqueous buffer 

solutions containing 50 mM HEPES and 100 mM NaCl at three different pH values, covering the 

range used for CEST experiments. Diffuse reflectance spectra were collected on crystalline 

samples of 2′-X (X = NO2, F, Me). Samples for measurements were prepared by mixing 

polycrystalline samples of the compounds with BaSO4 powder for a 2-fold dilution to give smooth, 

homogeneous powders. The data were treated with a background correction of BaSO4 and the 

spectra are reported as normalized Kubelka-Munk transformation F(R) of the raw diffuse 

reflectance spectra, where F(R) for each compound was normalized with the strongest absorbance 

set to F(R) = 1. 

Electrochemical Measurements. Cyclic voltammetry measurements were carried out in a 
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standard one-compartment cell under a dinitrogen atmosphere using CH Instruments 760c 

potentiostat. The cell consisted of a platinum electrode as a working electrode, a platinum wire as 

a counter electrode, and a saturated calomel electrode (SCE) as a reference electrode. Analytes 

were measured in aqueous solutions with 100 mM NaCl and 50 mM HEPES buffered at pH 7.3. 

All potentials were converted and referenced to the normal hydrogen electrode (NHE), using a 

literature conversion factor.22     

Other Physical Measurements. Electrode-based pH measurements were carried out using a 

Thermo Scientific Orion 9110DJWP double junction pH electrode connected to a VWR 

sympHony B10P pH meter. The pH meter was calibrated using standardized pH buffer solutions 

at 4.01, 7.00, and 10.00 purchased from LaMotte Company. Elemental analyses of all compounds 

were conducted by Midwest Microlab Inc. Infrared spectra were recorded for solid samples of 

ligands H(XL′) (X = NO2, F, Me) and Co2 complexes 2-X (X = NO2, F, Me) on a Bruker Alpha 

FTIR spectrometer equipped with an attenuated total reflectance accessory (ATR). These data are 

provided in Figures 4.7 and 4.8. Electrospray ionization mass spectrometry (ESI-MS) 

measurements were performed on a Bruker AmaZon SL quadrupole ion trap instrument. All 

measurements were carried out in MeOH carrier solvent using positive and/or negative ionization 

mode. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on a 

Thermo iCAP 7600 dual view ICP-OES instrument equipped with a CETAC ASX520 240-

position autosampler. Samples were dissolved in a 3% aqueous nitric acid solution and the 

emissions for Co and P compared to standard solutions.  

4.3 Results and Discussion 

4.3.1 Design and Syntheses 
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The NO2-substituted tetra(carboxamide) dinucleating ligand HL and the corresponding CoII
2 

complex Na[LCo2(etidronate)]∙0.2NaNO3 ∙2.7H2O (1) featuring ancillary etidronate ligand were 

prepared as previously described (see Figure 4.1, left).7d With the goal of achieving CoII
2 

complexes that exhibit more intense CEST effects for carboxamide protons in the pH range 6.0–

6.5, we synthesized CF3-functionalized analogues of HL. Here, replacement of the primary 

carboxamide groups (-CONH2) with secondary amides bearing CF3 substituents  

(-CONHCH2CF3) serves to lower the pKa of the amide protons by virtue of the electron-

withdrawing character of the CF3 groups. Such an increase in acidity of the labile protons 

engenders faster proton exchange at more acidic pH values, and thus provides greater CEST peak 

intensities.8a–e,h,13,23 Furthermore, to more thoroughly investigate the electronic effects of ligand 

substitution on the CEST properties of transition metal-based PARACEST probes, three 

derivatives of the CF3-functionalized ligand H(XL′) (X = NO2, F, Me) were targeted. For this ligand 

series, the identity of the para-substituent X on the bridging phenoxo moiety is varied from a 

strongly electron-withdrawing NO2 group to an electron-donating Me group. These dinucleating 

ligands were accessed through SN2 reactions between 2,2′-(azanediyl)bis(N-(2,2,2-

trifluoroethyl)acetamide) and para-substituted 2,6-bis(bromomethyl)phenol derivatives similarly 

to HL (see Section 4.5.1 and Schemes 4.1 and 4.2). 

Reaction of H(XL′) with two equivalents of Co(NO3)2∙6H2O, one equivalent of etidronic acid, 

and five equivalents of Na(OMe) in MeOH afforded Co2 complexes analogous to that in 1. 

Namely, Na[(NO2L′)Co2(etidronate)]∙1.0NaNO3∙1.5MeOH (2-NO2) was isolated as a light orange 

solid, Na[(FL′)Co2(etidronate)]∙2.2NaNO3∙1.0H2O (2-F) as a dark pink solid, and 

Na[(MeL′)Co2(etidronate)]∙4.0NaNO3∙3.4H2O (2-Me) as a pink solid (see Figure 4.1, right). Note 
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that all four Co2 complexes feature the ancillary bisphosphonate etidronate. The central OH group 

on this ligand has been shown to give rise to highly shifted and pH-sensitive CEST peaks,7d 

rendering it suitable for incorporation into PARACEST pH sensors.   

4.3.2 Crystal Structures 

Single crystals of 2′-X (X = NO2, F, Me) suitable for X-ray diffraction analysis were obtained 

by slow diffusion of Et2O vapor into a concentrated solution of 2-X (X = NO2, F, Me) in MeOH. 

Specifically, light orange plate-shaped crystals of Na[(NO2L′)Co2(etidronate)]∙1.0NaNO3 (2′-NO2), 

pink prism-shaped crystals of Na[(FL′)Co2(etidronate)]∙1.0NaNO3∙1.0MeOH (2′-F), and pink 

plate-shaped crystals of Na[(MeL′)Co2(etidronate)]∙solvent (2′-Me) were obtained for the three 

compounds. Analysis at 100 K revealed that 2′-NO2 and 2′-Me crystallized in the orthorhombic 

space groups P212121 and Pccn, respectively, whereas 2′-F crystallized in the triclinic space group 

P1̅ (see Table 4.2). The different space groups across the 2′-X series most likely result from 

different cocrystallization of salts and solvent molecules in these structures. 

Similar to that in Na[LCo2(etidronate)]∙6.8H2O (1′), the general structure of the anionic 

complexes in 2′-X consists of two nearly identical Co centers in distorted octahedral coordination 

 

Figure 4.2 Crystal structures of the anionic complexes [(XL′)Co2(etidronate)]−, as observed in 2′-X (X = 

NO2, F, Me). Purple, magenta, green, red, blue, and gray spheres represent Co, P, F, O, N, and C atoms, 

respectively; H atoms are omitted for clarity. 
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environments. Each coordination sphere is made up of two amide O atoms, a μ-phenoxo O atom, 

and a N atom from (XL′)−, together with two O atoms from the μ2−κ4 etidronate ligand (see Figure 

4.2). The mean dihedral angle between the Co–Ophenoxo–Co trigonal plane and the hexagonal plane 

of the phenolate ring of (XL′)− ranges from 51.177(3)° for 2′-Me to 54.641(4)° for 2′-NO2. These 

angles are slightly larger than observed for 1′, in accord with the bulkier amide substituents in 2′-

X (see Table 4.1). 

The mean Co–O distances of 2.0655(2), 2.1180(1), and 2.0500(1) Å for the Co–Ophenoxo, Co–

Oamide, and Co–Ophosphonate bonds in 2′-NO2, respectively, are similar to those observed in 1′. For 

2′-F and 2′-Me, the mean Co–Ophenoxo distance is slightly shorter, and the Co–Oamide, and Co–

Ophosphonate distances are slightly longer, as compared to the NO2-substituted analogue. The 

decrease in Co–Ophenoxo bond length across the 2′-X series is consistent with higher negative charge 

Table 4.1 Selected mean interatomic distances (Å) and angles (°) for 1′ and 2′-X (X = NO2, F, Me) at 

100 K. 

 1′ d         2′-NO2
           2′-F         2′-Me 

    Co–Ophenoxo  2.0920(2) 2.0655(2) 2.0373(3) 2.0240(2) 

    Co–Oamide
 2.1127(1) 2.1180(1) 2.1316(2) 2.1379(1) 

    Co–Ophosphonate
 2.0618(1) 2.0500(1) 2.0835(2) 2.0735(1) 

    Co–N 2.1558(2) 2.1674(1) 2.1543(2) 2.1538(2) 

    Co···Co 3.6740(3) 3.6664(3) 3.6265(5) 3.5806(3) 

    Co–Ophenoxo–Co 122.837(4) 125.133(3) 125.754(7) 124.394(3) 

    O–P–O 113.882(3) 117.080(3) 116.823(6) 116.531(3) 

    P–C–P 111.486(6) 108.147(5) 109.86(1) 109.144(2) 

    trans O–Co–E a 170.324(1) 170.153(1) 169.479(1) 169.031(1) 

   Σ sum
b 62.27(2) 54.09(2) 65.68(3) 60.41(2) 

   Σmean 5.19(1) 4.51(1) 5.47(1) 5.03(1) 

    ω c 49.120(4) 54.641(4) 53.491(4) 51.177(3) 

aE denotes either a N or an O atom from the [CoNO5] coordination sphere. bOctahedral distortion parameter 

(Σ) = absolute deviation from 90° of each 12 cis angle in [CoNO5]. cDihedral angle between the Co–Ophenoxo–

Co plane and the plane of the phenolate ring of L− or (XL′)−. dValues obtained from reference 7d. 
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density on the μ-phenoxo O atom for ligands bearing electron-donating para-substituents than 

electron-withdrawing substituents.24 The mean Co–N distance is similar for all four Co2 

complexes, ranging from 2.1538(2) Å in 2′-Me to 2.1674(1) Å in 2′-NO2. In contrast, the average 

intramolecular Co···Co distance decreases from 3.6664(3) Å in 2′-NO2 to 3.6265(5) Å in 2′-F and 

3.5806(3) Å in 2′-Me. Note that this decrease in intramolecular Co···Co distance across the 2′-X 

series follows the same trend as the Co–Ophenoxo distance. This observation, in conjunction with 

the similar intramolecular Co···Co distance for 1′ and 2′-NO2, implies that the electronic 

properties of the bridging phenoxo ligand significantly affect the structural features of these Co2 

complexes.  

The mean intramolecular Co–Ophenoxo–Co angle does not vary significantly across the 2′-X 

series, but was found to be slightly larger for 2′-X than 1′. This difference in Co–Ophenoxo–Co angle 

most likely stems from the increased steric bulk of the pendent amides in (XL′)− compared to those 

in L−. Accordingly, the O–P–O and P–C–P bond angles increase and decrease slightly, 

respectively, for 2′-X, compared to the corresponding angles for 1′. Taken together, the interatomic 

distances and angles for 2′-X, in conjunction with an average octahedral distortion parameter (Σ) 

ranging from 4.51(1) to 5.47(1)° across the series, are consistent with two high-spin S = 3/2 CoII 

ions bridged by a deprotonated OH group from H(XL′).7d,24–27 Notably, the solid-state structures of 

2′-X are influenced by a combination of electronic and steric factors. 

4.3.3 UV-Vis Spectroscopy 

To probe the electronic structures of compounds 2-X (X = NO2, F, Me) in aqueous solution, 

UV–Vis absorption spectra were collected for samples in 50 mM HEPES buffers containing 100 

mM NaCl. The spectrum for 2-NO2 in pH 6.94 buffer shows an intense absorption band at 371 nm 
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(ε = 13800 M−1 cm−1) (see Figure 4.9) in analogy to the spectral features of 1.7d In contrast, the 

spectra for 2-F and 2-Me in pH 6.95 buffer solution exhibit weaker absorptions centered at 309 

nm (ε = 4400 M−1 cm−1)  and 307 nm (ε = 3900 M−1 cm−1), respectively (see Figures 4.10 and 

4.11). We assign these absorption bands to ligand−metal charge transfer (LMCT) transitions from 

the bridging phenolate to CoII, in accord with similar phenoxo-bridged Co2 complexes.25c,26 The 

red shift of the LMCT band and dramatic increase in molar absorptivity in moving from 2-Me to 

2-NO2 (see Figure 4.12) are in good agreement with the influence of the para-substituent on the 

extent of π-conjugation in the phenolate ligands. Note that the same trend is observed for MeOH 

solutions of the ligands H(XL′) (see Figure 4.13). The intensities of the absorption bands for 2-X 

increase slightly when the pH is raised from 5.95 to 7.96 (see Figures 4.9–4.11), suggesting a 

minimal increase in ligand donor strength with increased pH.28 Finally, the close similarities 

between the diffuse reflectance spectra collected for crystalline samples of 2′-X (see Figures 4.14–

4.16) and the spectra obtained for aqueous solutions of 2-X indicate that the structures of the Co2 

complexes determined from X-ray diffraction are preserved in HEPES buffer solutions in the pH 

range 6.0–8.0. 

4.3.4 Solution Magnetic Properties 

To further probe the solution electronic structures of 2-X (X = NO2, F, Me) and to assess their 

magnetic properties, variable-pH dc magnetic susceptibility data were collected at 37 °C for 

aqueous buffer solutions using the Evans method20 (see Section 4.2). The plots of χMT vs pH, as 

depicted in Figures 4.17–4.19, reveal that χMT varies insignificantly with pH in the pH range 5.8–

8.1. Over this pH range, average values of χMT = 5.75(8), 5.6(1), and 5.5(1) cm3 K mol−1 were 

obtained for 2-NO2, 2-F, and 2-Me, respectively (see Table 4.3). Assuming two magnetically non-
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interacting CoII centers, these values correspond to g = 2.48(2), 2.44(6), and 2.42(3) for 2-NO2, 2-

F, and 2-Me, respectively. These data are consistent with values reported for structurally similar 

high-spin Co2 complexes featuring octahedral, S = 3/2 CoII centers.7d,9a,25 Taken together, the 

solution magnetic measurements of 2-X corroborate the high-spin assignment of the CoII ions 

evident from UV-Vis spectroscopy and illustrate that the magnetic properties of this family of Co2 

complexes do not change significantly in the physiological pH range. 

4.3.5 19F NMR Spectroscopy 

In order to further investigate and compare the solution electronic structures and properties of 

2-X (X = NO2, F, Me), 19F NMR spectra were collected for aqueous solutions buffered at selected 

pH values between 6.0 and 7.8. The spectrum for 2-NO2 at pH 5.97 features two sets of two closely 

separated peaks positioned at −67.14 and −68.42 ppm, and at −73.13 and −74.05 ppm, respectively 

(see Figure 4.20). These resonances have equal integration and are assigned to the four 

inequivalent CF3 groups in 2-NO2, in accord with the pseudo-C2 symmetry of the complex. Upon 

raising the pH to 7.77, the less upfield-shifted peaks shift slightly upfield, while the frequencies of 

the more upfield-shifted set reveal no change. The spectra for 2-F and 2-Me exhibit analogous 

features and pH behavior as those for 2-NO2 (see Figures 4.21 and 4.22), but significant differences 

in chemical shifts are observed (see Figure 4.3, right). Interestingly, the chemical shifts of the more 

upfield-shifted sets of peaks are nearly identical for all three compounds, while the resonance 

frequencies of the less upfield-shifted peaks are drastically different. These peaks shift upfield with 

increasing electron-withdrawing character of X. Consequently, the separation between the two sets 

of CF3 peaks is largest for 2-Me and smallest for 2-NO2. These experiments demonstrate that 19F 

NMR is a useful tool for probing the electronic structures of 2-X in solutions. Finally, note that 
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the additional peak at ca. −49.3 ppm in the spectra for 2-F corresponds to the para-F substituent 

and is not significantly affected by pH in the range studied (see Figure 4.21).  

4.3.6 1H NMR Spectroscopy 

To probe the effects of ligand substitution on NMR properties in this family of Co2 complexes, 

1H NMR spectra were collected for buffer solutions of 2-X (X = NO2, F, Me) in the pH range 6.0–

7.8. The spectrum for 2-NO2 at pH 6.48 exhibits paramagnetically shifted resonances with 

chemical shifts ranging from −105 to 185 ppm vs H2O (see Figure 4.23, top). The sharp resonances 

at 32 and 35 ppm are assigned to the two protons on the phenolate ring of (NO2L′)− and the intense 

peak at 71 ppm corresponds to the etidronate Me group. Furthermore, the resonances at 44, 48, 88, 

and 92 ppm correspond to two sets of slightly inequivalent carboxamide NH protons, whereas the 

etidronate OH group resonates at 115 ppm. The assignment of the exchangeable proton resonances 

was verified by their 

disappearance in the 

spectrum recorded in 

D2O (see Figure 4.23, 

bottom). The etidronate 

Me and OH peaks for 2-

NO2 are shifted 

downfield compared to 

those obtained for 1,7d 

whereas the opposite 

trend is observed for the 

 

Figure 4.3 Left: Portions of 1H NMR spectra for aqueous solutions of 2-NO2 

(blue), 2-F (green), and 2-Me (red) buffered at pH 7.38, 7.40, and 7.38, 

respectively, highlighting the chemical shift of the etidronate Me group. 

Right: 19F NMR spectra for aqueous solutions of 2-NO2 (blue), 2-F (green), 

and 2-Me (red) buffered at pH 7.38, 7.40, and 7.38, respectively. All spectra 

were collected for solutions in 50 mM HEPES buffers with 100 mM NaCl 

at 37 °C. The 1H NMR chemical shifts are reported as frequency offsets with 

the H2O chemical shift set to 0 ppm. The chemical shift of TFA internal 

standard was set to −76.00 ppm for 19F NMR data, as denoted by the asterisk.   
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carboxamide peaks. Interestingly, the four amide proton resonances for 2-NO2 are well shifted 

from the H2O resonance, indicating that these protons adopt a trans configuration with respect to 

the carbonyl O atom.29 The line widths of the NH peaks increase markedly when the pH is raised 

from 5.97 to 7.77, whereas the OH resonance shifts downfield by 5 ppm and becomes sharper (see 

Figure 4.24). These pH-dependent properties of the exchangeable proton resonances for 2-NO2 are 

consistent with those observed for 1 and indicate base- and acid-catalyzed exchange of the NH and 

OH protons, respectively.7d 

The compounds 2-F and 2-Me exhibit similar spectral profiles and pH dependences as does 2-

NO2 in the pH range 6.0–7.8, albeit with some key differences in chemical shifts and line widths 

(see Figures 4.25–4.29). First, the resonances for 2-F and 2-Me span a smaller chemical shift range 

than those for 2-NO2, from −75 to 175 ppm vs H2O. Moreover, the protons on the phenolate ring 

of (XL′)− are shifted downfield by 7 and 9 ppm for 2-F and 2-Me, respectively. The opposite trend 

in chemical shift changes across the series is observed for the resonances from the ancillary 

etidronate. For solutions buffered at pH 7.4, the etidronate Me peak shifts from 54 to 73 ppm in 

moving from X = Me to X = NO2 (see Figure 4.3, left). Furthermore, the OH resonance shifts from 

92 to 117 ppm across the series (see Figure 4.29). The OH peak becomes sharper with increasing 

pH for all complexes, however, the peak for 2-F is significantly broader than for 2-NO2 and 2-Me. 

This observation suggests a faster OH proton exchange for 2-F than for the other two Co2 

complexes between pH 6.0 and 7.8. Lastly, the two most downfield-shifted NH resonances are 

shifted upfield by ca. 10 ppm for 2-F and 2-Me, as compared to those for 2-NO2, whereas the less 

shifted sets of NH peaks are shifted slightly downfield. Overall, the 1H NMR chemical shifts of 

the 2-X series are extremely sensitive to the electronic properties of the X substituent. Remarkably, 
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the resonance frequencies of the protons on the distant etidronate are highly affected, 

demonstrating that even modest changes in ligand structure can lead to drastic changes in NMR 

properties.  

4.3.7 CEST Properties 

To investigate and compare the potential of 2-X (X = NO2, F, Me) as pH-responsive 

PARACEST probes, CEST spectra were collected for 8–9 mM solutions of 2-X in 50 mM HEPES 

buffers with 100 mM NaCl at pH 6.0–7.8 (see Figure 4.4). The spectrum for 2-NO2 at pH 5.97 

displays three main features, namely a peak at 112 ppm with 11% H2O signal reduction, two 

overlapping peaks at 87 and 91 ppm, and a broad signal centered at 45 ppm. As the pH is raised to 

7.77, the peak at 112 ppm shifts to 117 ppm and its intensity decreases to 3.0%. In stark contrast, 

the positions of the other CEST peaks are relatively insensitive to pH changes and the intensities 

of these peaks greatly increase to 15–17% (see Figure 4.4, left). These data are consistent with 

variable-pH 1H NMR experiments, and the three CEST features correspond to the etidronate OH 

group and two sets of overlapping NH protons, where the further downfield-shifted set can be 

resolved into two peaks. Note that the OH and NH CEST peaks for 2-NO2 are well separated from 

one another, in contrast to the overlapping peaks observed at ca. 104 ppm in the spectra for 1. 

Furthermore, the NH CEST effects for 2-NO2 are significant at pH 5.97, whereas they are barely 

detectable below pH 6.50 for 1.7d Therefore, incorporation of electron-withdrawing CF3 groups 

serves to (1) shift the OH peak downfield and (2) increase the NH CEST intensities at lower pH 

values, and as such has dramatic effects on the CEST properties of Co2 complexes.  

The CEST spectra for 2-F and 2-Me reveal analogous features and pH-dependent changes in 

signal intensities as observed for 2-NO2 (see Figure 4.4, center and right). The NH peaks for 2-F 
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are shifted relative to those for 2-NO2, to 49, 79, and 81 ppm, and the peaks for 2-Me are further 

shifted to 51, 76, and 79 ppm. These data are in accord with 1H NMR analysis. Notably, the 

separation between the OH and NH CEST peaks for 2-X decreases substantially when X is varied 

from NO2 to Me. Additionally, while the OH peak for 2-NO2 shifts 5 ppm downfield between pH 

6.0 and 7.8, this peak shifts downfield by 7 ppm for the other two complexes in this pH range, 

from 90 to 97 ppm and 85 to 92 ppm for 2-F and 2-Me, respectively. The higher susceptibility of 

the OH CEST frequencies for 2-F and 2-Me to pH variations than observed for 2-NO2 likely arises 

from the higher pKa values of one of the coordinated Ophosphonate atom in these compounds (see 

below). 

The pH dependences of the CEST effects for 2-X are summarized in Figures 4.30–4.35. The 

CEST intensities of the OH peak in the middle of the frequency range and of one peak for each 

NH CEST feature were monitored for each Co2 complex. The OH CEST effects for 2-NO2, 2-F, 

and 2-Me at 115, 93, and 88 ppm, respectively, show very similar pH dependences in the pH range 

6.0–7.8 (see Figure 4.36). Likewise, the intensities of the NH CEST peaks at 88, 79, and 76 ppm 

for 2-NO2, 2-F, and 2-Me, respectively, increase analogously with increasing pH (see Figure 4.37). 

 

Figure 4.4 Variable-pH CEST spectra collected at 37 °C for 8 mM of 2-NO2 (left), 9 mM of 2-F (center), 

and 8 mM of 2-Me (right) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at 

pH 6.0–7.8 (red to blue). Values of pH are given in the legend. Insets: Expanded views of the CEST peaks 

of interest.   
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Furthermore, the maximum OH CEST effects for the three compounds vary similarly when the pH 

is raised from 6.0 to 7.4, revealing a near linear intensity decrease. However, slight discrepancies 

are observed above pH 7.4. While the intensity of the OH CEST peak for 2-Me keeps decreasing, 

the intensities for 2-NO2 and 2-F reach a plateau (see Figure 4.38). In sum, the frequencies of the 

OH and NH CEST peaks for 2-X are greatly affected by the nature of the para-substituent X, 

whereas the CEST intensities and their pH profiles are significantly less affected. 

4.3.8 pKa Determination by 1H NMR 

Spectroscopy 

The variations in the frequencies giving 

rise to maximum OH CEST effects for 2-X 

(X = NO2, F, Me) in the pH range 6.0–7.8 

suggest that these Co2 complexes undergo 

modest pH-induced structural changes in 

solution (see Figure 4.5). We previously 

hypothesized that these CEST peak shifts 

result from protonation of the ancillary 

bisphosphonate ligand at low pH, in 

particular one of the cobalt-coordinated 

Ophosphonate atom.7d This hypothesis was 

supported by (1) dramatic chemical shift 

changes for the bisphosphonate resonances 

that followed sigmoidal pH profiles, (2) pKa 

 

Figure 4.5 Scheme depicting the mechanism for pH-

induced changes in NMR frequencies of etidronate 

resonances for 2-X (X = NO2, F, Me). The ionization 

process taken place on etidronate is highlighted with 

the light red circles.    
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values of the free bisphosphonic acids,30 and (3) previous reports of protonated Ophosphonate atoms 

in transition metal complexes.31 Indeed, the chemical shifts of the etidronate Me group for 2-X 

exhibit pronounced pH dependences. The Me resonance for 2-NO2 shifts from 52.87 to 72.62 ppm 

vs H2O between pH 2.30 and 7.77, and exhibits a sigmoidal pH profile. Similarly, the Me 

resonances for 2-F and 2-Me shift by 17.56 and 18.76 ppm, respectively, in the pH ranges 3.01–

7.80 and 2.72–7.80, respectively. Fits of the Me chemical shifts as a function of pH to Equation 

4.1 afforded pKa = 4.76(7), 5.41(6), and 5.38(6) for 2-NO2, 2-F, and 2-Me, respectively (see 

Figures 4.39–4.41). The pKa value obtained for 2-NO2 is considerably lower than the value of 

5.01(3) obtained for 1,7d as expected given the electron-withdrawing nature of the CF3 substituents. 

Furthermore, the pKa for 2-NO2 is lower than the values for 2-F and 2-Me by ca. 0.6. This 

observation agrees well with the smaller change in OH CEST frequency for 2-NO2 in the pH range 

6.0–7.8. To illustrate, the etidronate ligands in 2-F and 2-Me have greater contributions from both 

protonation states in this pH range, which renders the etidronate resonances more sensitive to small 

variations in pH. Finally, note that changes in the 1H NMR frequency of the etidronate OH peak 

cannot be employed directly to estimate the pKa values for 2-X owing to the broadness of this peak 

below pH 6.0 for all compounds. 

4.3.9 Exchange Rate Analysis 

The proton exchange rates for 2-X (X = NO2, F, Me) were estimated at 37 °C using the Omega 

plot method19 to gain further insight into the pH-dependent changes in NMR and CEST signal 

intensities. For 2-NO2, the rate constant (kex) for OH proton exchange decreases from 1.0(1) × 103 

to 3.1(1) × 102 s−1 in the pH range 5.97–7.77 (see Figure 4.42 and Table 4.4). In contrast, kex for 

the NH protons increase from 3.3(1) × 102 (43–45 ppm), 2.5(4) × 102 (88–89 ppm), and 2.2(3) × 
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102 (91–92 ppm) s−1 to 1.7(2) × 103 (43–45 ppm), 1.5(2) × 103 (88–89 ppm), and 1.6(2) × 103 (91–

92 ppm) s−1 over the pH range 6.39–7.77 (see Figures 4.43–4.45 and Table 4.4). The opposite pH 

behavior for OH and NH proton exchange rates (see Figure 4.46) is consistent with 1H NMR and 

CEST data and illustrates the acid- and base-catalyzed exchange of the OH and NH protons, 

respectively.7d,8a–f,h,13,23,32 

The exchange rate constants for OH and NH protons in 2-F and 2-Me vary similarly with pH 

between pH 6.0 and 7.8 as those for 2-NO2 (see Figures 4.47–4.56 and Tables 4.5 and 4.6). 

Nevertheless, close comparison of the pH dependences of kex across the 2-X series reveals some 

important differences. Specifically, kex for OH proton exchange in 2-F is slightly larger than the 

corresponding rate constants for the other two Co2 complexes (see Figure 4.57). These data support 

the hypothesis that the broader OH resonances in the 1H NMR spectra for 2-F, compared to those 

for 2-NO2 and 2-Me, originate from a faster proton exchange. Furthermore, the NH proton 

exchange rates for 2-X become considerably different at the basic end of the pH range investigated, 

where increasing electron-withdrawing character of X leads to faster exchange (see Figures 4.58–

4.60). In addition, note that kex for the OH protons reveal a slight increase above pH 7.4 for all 

compounds (see Figure 4.57). This observation suggests that even though OH proton exchange is 

primarily acid-catalyzed in the pH range 6.0–7.8, catalysis by base might become important at 

more alkaline pH values.  

4.3.10 Ratiometric CEST Properties 

To assess and compare the ability of 2-X (X = NO2, F, Me) to quantify pH in a ratiometric 

manner, the pH dependences of the ratios of OH and NH CEST intensities (CESTOH/CESTNH) 

were investigated. In particular, the intensities of the OH peak midway between its position at pH 
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6.0 and pH 7.8, and the second most downfield-shifted NH peak were employed for each Co2 

complex to provide significant CEST intensities across the whole pH range. The ratios of CEST 

intensities at 115 and 88 ppm for 2-NO2, at 93 and 79 ppm for 2-F, and at 88 and 76 ppm for 2-

Me reveal substantial and very similar pH dependences (see Figures 4.6 and 4.61). The ratiometric 

values decrease markedly between pH 6.2 and 7.4, whereas near no change is observed at higher 

pH. Importantly, linear pH calibration curves could be generated for 2-X by plotting the 

logarithm33 of the intensity ratios vs pH, in analogy to those reported for 1.7d Linear fits of the 

log(CESTOH/CESTNH) vs pH data for 2-X afforded the following equations (see Figure 4.6, insets 

and Figure 4.62): 

NO2: log(CEST115 ppm/CEST88 ppm) = −1.49 × pH + 10.0     (4.3) 

F: log(CEST93 ppm/CEST79 ppm) = −1.48 × pH + 9.9             (4.4) 

Me: log(CEST88 ppm/CEST76 ppm) = −2.04 × pH + 13.7        (4.5) 

Remarkably, the slope of the calibration curve for 2-NO2 represents 1.5-fold enhancement in 

pH sensitivity compared to that obtained for 1,7d owing to the complete separation of OH and NH 

CEST peaks and thus more contrasting pH-dependent intensity changes. Furthermore, the CF3-

 

Figure 4.6 Plots of the ratios of OH and NH CEST intensities from presaturation at 115 and 88 ppm for 8 

mM aqueous buffer solutions of 2-NO2 (left), at 93 and 79 ppm for 9 mM solutions of 2-F (center), and at 

88 and 76 ppm for 8 mM solutions of 2-Me (right) vs pH. Insets: Semilog forms of the plots. Colored circles 

denote experimental data and the black lines correspond to linear fits to the data. The black numbers in the 

insets represent the slopes of the linear fits to the data. 
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functionalized Co2 complex enables detection of pH down to 6.2, compared to pH 6.5 for 1. 

However, the trade-off of separating the two CEST peaks is a loss of signal intensity. Therefore, 

an ideal ratiometric PARACEST pH probe should demonstrate a compromise between pH 

sensitivity and CEST peak intensities. 

Interestingly, the pH calibration curves obtained for 2-NO2 and 2-F in the pH range 6.2–7.4 

are almost identical, while the curve for 2-Me has a significantly steeper slope of −2.04(5) pH 

unit−1 (see Figure 4.62). Note, however, that the linear range of measuring pH using 2-Me is 

between pH 6.4 and 7.4. The higher pH sensitivity observed for 2-Me than 2-NO2 may be 

attributed to the larger change in the chemical shift of the OH peak for 2-Me in this pH range, 

which leads to more dramatic changes in OH CEST intensity (see Figure 4.36). Along these lines, 

the reason for the close similarities between the pH responsiveness of 2-NO2 and 2-F, despite the 

greater change in OH chemical shift for the latter, remains unclear. However, it is important to 

note that the slopes of the pH calibration curves for 2-X are highly affected by the choice of OH 

CEST frequencies because of the variations in the frequencies giving rise to maximum OH CEST 

effects with pH.  

4.3.11 Concentration Effects 

To investigate the effects of probe concentration on the pH calibration curves, we collected 

variable-pH CEST spectra for 4 mM aqueous buffer solutions of 2-X (X = NO2, F, Me) in analogy 

to the 8–9 mM samples. All compounds exhibit similar pH-dependent changes in CEST 

frequencies and intensities for the OH and NH peaks as observed for the more concentrated 

samples (see Figures 4.63–4.86 and Tables 4.7–4.9). Accordingly, the plots of CESTOH/CESTNH 

vs pH and the corresponding pH calibration curves for each Co2 complex are nearly identical for 
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the different concentrations (see Figures 4.87–4.97). Specifically, linear fits of the 

log(CESTOH/CESTNH) vs pH data for 4 mM of 2-X provided the following pH calibration 

equations (see Figures 4.87, 4.90, 4.93, and 4.97): 

NO2: log(CEST115 ppm/CEST88 ppm) = −1.51 × pH + 10.2     (4.6) 

F: log(CEST93 ppm/CEST79 ppm) = −1.48 × pH + 9.9             (4.7) 

Me: log(CEST88 ppm/CEST76 ppm) = −2.0 × pH + 13.7          (4.8) 

These experiments reveal that the pH calibration curves for 2-X are not significantly affected 

by the concentration of the Co2 complex in this concentration range, and therefore demonstrate 

that these PARACEST probes provide a concentration-independent measure of pH in the pH range 

6.2–7.4 for 2-NO2 and 2-F, and 6.4–7.4 for 2-Me. Additionally, note that 2-F affords a linear pH 

calibration curve over the pH range 6.2–7.6 (see Figure 4.98), and thus has the largest pH detection 

window of the three Co2 probes.  

4.3.12 Stability Studies 

Finally, we sought to examine the stability of the Co2 complexes in aqueous solutions. Cyclic 

voltammetry measurements were carried out for solutions of 2-X (X = NO2, F, Me) in HEPES 

buffer at pH 7.3. The cyclic voltammograms of 2-Me and 2-F each exhibit an irreversible oxidation 

process centered at ca. 1150 mV vs NHE (see Figure 4.99), which we assign to the metal-based 

CoII/CoIII oxidation. As a comparison, the voltammogram of 2-NO2 reveals a less obvious 

oxidation process at the onset of the potential window of the solvent (see Figure 4.99). These 

observations indicate that the electron-withdrawing CF3 substituents in 2-X serve to anodically 

shift the CoII/CoIII oxidation wave by ca. 600 mV compared to that observed for 1.7d Most 

importantly, these studies demonstrate that 2-X are inert toward reaction with O2 in aqueous 
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solutions.34 Indeed, these Co2 complexes are extremely robust in aqueous solutions, as evident 

from their identical NMR and CEST properties after weeks in HEPES buffers at pH 6.0–7.8. 

4.4 Conclusions 

The foregoing results demonstrate that modest variations in the electronic structure of CoII 

centers through remote ligand substitution can lead to significant changes in the CEST properties 

of CoII
2 complexes and can be employed for optimizing their pH sensing performance. 

Specifically, incorporation of CF3-substituted amides into a ratiometric CoII
2 PARACEST pH 

probe afforded a 1.5-fold enhancement in pH sensitivity owing to the complete separation of OH 

and NH CEST peaks that exhibit opposing pH-dependent intensity changes. In addition, the 

introduction of electron-withdrawing CF3 groups led to a shift of the detection window to a more 

acidic range, from pH 6.5–7.6 to pH 6.2–7.4. Furthermore, CEST frequencies were found to be 

highly affected by the ligand electronic properties in a series of CF3-functionalized CoII
2 complexes 

2-X (X = NO2, F, Me). Across the series, the OH peak shifts downfield and the separation between 

the two sets of NH peaks increases with increasing electron-withdrawing character of X. In 

contrast, the pH-dependent changes in CEST intensities were found to be significantly less affected 

by the identity of X.   

While the CF3-functionalized CoII
2 PARACEST probes are attractive candidates for 

ratiometric pH quantitation due to their high pH sensitivities and stabilities in aqueous solutions, 

the variations in the frequencies providing maximum OH CEST intensities with pH are not ideal 

for intensity-based CEST probes. To address this issue, we will seek to design related probes with 

a compromise between pH sensitivity and CEST intensities by using the lessons learned from this 

study and taking advantage of the chemical tunability of the phenoxo-bridged dinuclear platform. 
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In particular, work is underway to modify the bisphosphonate ligand through incorporation of 

different substituents and CEST-active functional groups in an effort to minimize the pH 

dependence of CEST peak frequencies.   

4.5 Supporting Information 

4.5.1 Supplementary Experimental Details 

Synthesis of 8-acetoxymethyl-6-nitro-1,3-benzodioxene. This compound was synthesized 

following a modified literature procedure.35 Nitrophenol (35.0 g, 0.252 mol) was added to a stirring 

colorless solution of paraformaldehyde (31.8 g, 1.06 mol), glacial acetic acid (250 mL) and 

concentrated sulfuric acid (60 mL) at 80 °C. The resulting suspension was heated at 80 °C under 

a dinitrogen atmosphere for 16 h. Deionized H2O (1000 mL) was then added to the off-white 

suspension at 25 °C, and the mixture was neutralized by slow addition of solid potassium carbonate 

(150 g, 1.09 mol). The resulting yellow precipitate was collected by vacuum filtration, washed 

with cold deionized H2O (600 mL) and dried with suction on the filter for 3 h. The crude product 

was recrystallized from ethanol to give the title compound as a light yellow solid (31.7 g, 50%). 

1H NMR (500 MHz, CDCl3, 25 °C): δ 8.14 (d, 4JHH = 2.7 Hz, 1H), 7.90 (d, 4JHH = 2.6 Hz, 1H), 

5.37 (s, 2H), 5.15 (s, 2H), 4.96 (s, 2H), 2.16 (s, 3H). 

Synthesis of 2,6-bis(bromomethyl)-4-nitrophenol. This compound was synthesized following 

a modified literature procedure.35a A mixture of 8-acetoxymethyl-6-nitro-1,3-benzodioxene (7.00 

g, 27.6 mmol) and 48% (w/w) hydrobromic acid solution in H2O (200 mL) was stirred at reflux 

for 20 h. Note that the reaction flask was connected to a potassium hydroxide base trap to neutralize 

the hydrogen bromide gas that evolved in the reaction. The resulting gray precipitate was collected 

by vacuum filtration at 25 °C, washed with deionized H2O (600 mL) and dried with suction on the 
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filter for 3 h. Recrystallization from CHCl3 afforded the title compound as an off-white powder 

(5.67 g, 64%). 1H NMR (500 MHz, CDCl3, 25 °C): δ 8.22 (s, 2H), 6.39 (s, 1H), 4.57 (s, 4H). 

Synthesis of 2,6-bis(hydroxymethyl)-4-fluorophenol. This compound was synthesized 

following a modified literature procedure.36 4-Fluorophenol (20.0 g, 178 mmol) was dissolved in 

a solution of sodium hydroxide (10.0 g, 250 mmol) in deionized H2O (60 mL), and a 37% (w/w) 

formaldehyde solution in H2O (60 mL) was added dropwise with stirring. The resulting light 

orange solution was stirred at 25 °C for 72 h to give a dark red-orange solution. The volume of the 

solution was reduced to 20 mL, resulting in the formation of an orange precipitate. The orange 

solid was collected by vacuum filtration, dried with suction on the filter for 1 h, and then dissolved 

in deionized H2O (120 mL) and filtered to give a dark orange solution. This solution was cooled 

to 0 °C in an ice-water bath and glacial acetic acid (20 mL) was added with vigorous stirring to 

give a light orange precipitate within a few min. The resulting suspension was stirred at 0 °C for 

additional 2 h. The orange solid was collected by vacuum filtration and dried with suction on the 

filter for 3 h, and further in vacuo for 14 h to give the product as a light orange solid (12.5 g, 41%). 

1H NMR (500 MHz, DMSO-d6, 25 °C): δ 6.92 (d, 3JHF = 9.4 Hz, 2H), 4.51 (s, 4H). 19F NMR (376 

MHz, DMSO-d6, 25 °C): δ −124.68 (t, 3JFH = 9.5 Hz). 

Synthesis of 2,6-bis(bromomethyl)-4-fluorophenol. This compound was synthesized following 

a modified literature procedure.36a 2,6-Bis(hydroxymethyl)-4-fluorophenol (6.00 g, 34.9 mmol) 

was dissolved in 48% (w/w) hydrobromic acid solution in H2O (30 mL) and stirred at reflux for 

24 h. Note that the reaction flask was connected to a potassium hydroxide base trap to neutralize 

the hydrogen bromide gas that evolved in the reaction. The resulting orange precipitate was 

collected by vacuum filtration, washed with deionized H2O (75 mL) and dried with suction on the 
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filter for 1 h. Recrystallization from CHCl3 afforded the title compound as a light orange powder 

(5.45 g, 53%).  1H NMR (400 MHz, CDCl3, 25 °C): δ 7.01 (d, 3JHF = 8.2 Hz, 2H), 5.39 (s, 1H), 

4.51 (s, 4H). 19F NMR (376 MHz, CDCl3, 25 °C): δ −121.58 (t, 3JFH = 8.2 Hz). 

Synthesis of 2,6-bis(hydroxymethyl)-4-methylphenol. This compound was synthesized 

following a modified literature procedure.36 4-Methylphenol (9.70 g, 89.7 mmol) was dissolved in 

a solution of sodium hydroxide (4.50 g, 113 mmol) in deionized H2O (18 mL). To a stirring 

solution of this, a 37% (w/w) formaldehyde solution in H2O (18 mL) was added dropwise and the 

resulting light yellow solution was stirred for 20 h at 25 °C to afford a white suspension. The white 

solid was collected by vacuum filtration and dissolved in deionized H2O (200 mL). The pH of this 

solution was adjusted to ca. 6 by addition of glacial acetic acid. Stirring for 15 min at 25 °C resulted 

in the formation of a white precipitate, which was collected by vacuum filtration and dried with 

suction on the filter for 2 h to afford the title compound as a white solid (8.70 g, 57%). 1H NMR 

(400 MHz, DMSO-d6, 25 °C): δ 7.89 (s, 1H), 7.30 (s, 2H), 6.92 (s, 2H), 4.82 (s, 4H), 2.28 (s, 3H). 

Synthesis of 2,6-bis(bromomethyl)-4-methylphenol. This compound was synthesized following 

a modified literature procedure.36 2,6-Bis(hydroxymethyl)-4-methylphenol (8.70 g, 51.7 mmol) 

was dissolved in 33% (w/w) hydrobromic acid solution in acetic acid (40 mL) to give a yellow-

white suspension. After stirring vigorously at 25 °C for 24 h, the mixture was diluted with 

deionized H2O (40 mL) and stirred for additional 30 min. The resulting precipitate was collected 

by vacuum filtration, washed with deionized H2O (50 mL) and dried with suction on the filter for 

3 h to give the product as an off-white solid (9.27 g, 61%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 

7.08 (s, 2H), 6.74 (broad s, 1H), 4.54 (s, 4H), 2.26 (s, 3H). 

Synthesis of 2-chloro-N-(2,2,2-trifluoroethyl)acetamide. This compound was synthesized 
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following a modified literature procedure.37 2,2,2-Trifluoroethylamine hydrochloride (10.0 g, 73.8 

mmol) was dissolved in deionized H2O (60 mL) and added to a solution of sodium hydroxide (6.08 

g, 152 mmol) in deionized H2O (50 mL). Subsequently, tert-butyl methyl ether (tBuOMe; 85 mL) 

was added and the resulting mixture was stirred at 0 °C in an ice-water bath for 30 min. 

Chloroacetyl chloride (8.75 g, 77.5 mmol) in tBuOMe (9 mL) was then added dropwise to the 

stirring reaction. The mixture was stirred for an additional 1 h at 0 °C and extracted with tBuOMe 

(2 × 50 mL). The organic fractions were combined, dried over magnesium sulfate, filtered, and the 

solvent was removed under reduced pressure to afford a white solid. This solid was suspended in 

deionized H2O (50 mL) and the mixture extracted with CHCl3 (100 mL). The CHCl3 layer was 

dried over magnesium sulfate, filtered, and the solvent removed under reduced pressure to afford 

the product as a white crystalline solid (8.13 g, 63%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.01 

(broad s, 1H), 4.13 (s, 2H), 4.00–3.93 (m, 2H). 19F NMR (376 MHz, CDCl3, 25 °C): δ −72.46 (t, 

3JFH = 8.9 Hz). 

Synthesis of 2,2′-(benzylazanediyl)bis(N-(2,2,2-trifluoroethyl)acetamide). This compound was 

synthesized following a modified literature procedure.38 Benzylamine (2.42 g, 22.6 mmol) and 2-

chloro-N-(2,2,2-trifluoroethyl)acetamide (8.13 g, 46.3 mmol) were stirred in dry MeCN (300 mL). 

Subsequently, potassium carbonate (12.8 g, 92.6 mmol) and potassium iodide (4.61 g, 27.8 mmol) 

were added. The resulting off-white suspension was stirred at reflux under a dinitrogen atmosphere 

for 18 h. The reaction mixture was then cooled to 25 °C and filtered to give a light yellow filtrate, 

which was concentrated under reduced pressure to give a pale orange solid. This solid was 

dissolved in CHCl3 (100 mL), filtered, and the solvent removed under reduced pressure to afford 

the product as a fluffy off-white solid (4.12 g, 47%). 1H NMR (500 MHz, CDCl3, 25 °C): δ 7.37–
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7.26 (m, 5H), 6.98 (broad t, 2H), 3.94–3.87 (m, 4H), 3.75 (s, 2H), 3.31 (s, 4H). 19F NMR (470 

MHz, CDCl3, 25 °C): δ −72.56 (t, 3JFH = 9.0 Hz). 

Synthesis of 2,2′-(azanediyl)bis(N-(2,2,2-trifluoroethyl)acetamide). This compound was 

synthesized following a modified literature procedure.38 Pd/C (10 wt%, 100 mg, 0.09 mmol Pd) 

was carefully added to a clear solution of 2,2′-(benzylazanediyl)bis(N-(2,2,2-

trifluoroethyl)acetamide) (3.00 g, 7.79 mmol) in dry MeOH (75 mL). The resulting dark 

suspension was stirred at 25 °C under 50 psi pressure of dihydrogen for 24 h. The reaction flask 

was then vented, and a second fraction of Pd/C (10 wt%, 100 mg, 0.09 mmol Pd) was added. The 

reaction was re-pressurized with 50 psi of dihydrogen and stirred for additional 24 h at 25 °C. 

After that time, ESI-MS indicated that the reaction was complete. The black suspension was 

filtered through diatomaceous earth and the colorless solution was concentrated under reduced 

pressure to give the title compound as a white solid (1.92 g, 83%). 1H NMR (400 MHz, CDCl3, 25 

°C): δ 6.87 (broad t, 2H), 4.00–3.91 (m, 4H), 3.37 (s, 4H). 19F NMR (376 MHz, CDCl3, 25 °C): δ 

−72.60 (t, 3JFH = 9.0 Hz). 

Synthesis of N,N′-[(2-hydroxy-5-nitro-1,3-phenylene)bis(methylene)]bis[N-(carboxymethyl)-

(N-(2,2,2-trifluoroethyl)glycinamide)] [H( NO2L′)]. This compound was synthesized following a 

modified literature procedure.7b,d Under an atmosphere of dinitrogen, 2,2′-(azanediyl)bis(N-(2,2,2-

trifluoroethyl)acetamide) (2.27 g, 7.69 mmol) was dissolved in MeCN (200 mL) to give a colorless 

solution, and N,N-diisopropylethylamine (DIPEA; 0.994 g, 7.69 mmol) was subsequently added. 

This solution was heated to reflux and while stirring, a light yellow solution of 2,6-

bis(bromomethyl)-4-nitrophenol (1.00 g, 3.07 mmol) in MeCN (20 mL) was added dropwise over 

the course of 1.5 h. The resulting yellow solution was stirred at reflux for 24 h, and the solvent 
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was subsequently removed under reduced pressure to give a brown residue. The crude residue was 

stirred in CH2Cl2 (50 mL) for 20 min at 25 °C, the solvent was decanted off and the residue was 

subsequently stirred in Et2O (50 mL) at 25 °C for 16 h to afford an off-white solid that was 

collected by vacuum filtration. Recrystallization from CHCl3 afforded H(NO2L′) as a pale yellow 

powder (0.821 g, 36%). ESI-MS (m/z): Calcd. for C24H28F12N7O7 (M+H)+: 754.19, found: 754.16. 

1H NMR (400 MHz, MeCN-d3, 25 °C): δ 8.03 (s, 2H), 7.44 (broad t, 4H), 3.94–3.85 (m, 8H), 3.83 

(s, 4H), 3.34 (s, 8H). 13C{1H} NMR (126 MHz, MeCN-d3, 25 °C): δ 172.36 (C=O), 162.99 (Ar–

OH), 140.72 (Ar–NO2), 127.51 (Ar–H), 125.59 (q, 1JCF = 278.5 Hz; CF3), 125.24 (Ar–CH2), 57.64 

(N–CH2–CO), 55.50 (Ar–CH2–N), 40.75 (q, 2JCF = 34.5 Hz; NH–CH2–CF3). 
19F NMR (376 MHz, 

MeCN-d3, 25 °C): δ −73.14 (t, 3JFH = 9.5 Hz). UV-Vis absorption spectrum (97 μM; MeOH, 25 

°C): 307 nm ( = 3600 M−1 cm−1), 405 nm ( = 10000 M−1 cm−1). FT-IR (ATR, cm−1): 3326 (m); 

3269 (m); 3082 (w); 2925 (w); 2863 (w); 1661 (m); 1596 (w); 1553 (m); 1519 (m); 1479 (w); 1434 

(m); 1422 (m); 1401 (m); 1344 (m); 1295 (m); 1270 (m); 1235 (m); 1154 (s); 1104 (m); 1014 (w); 

987 (w); 969 (w); 941 (w); 914 (w); 872 (w); 833 (m); 747 (w); 712 (w); 666 (m).        

Synthesis of N,N′-[(5-fluoro-2-hydroxy-1,3-phenylene)bis(methylene)]bis[N-(carboxymethyl)-

(N-(2,2,2-trifluoroethyl)glycinamide)] [H( FL′)]. This compound was synthesized following a 

modified literature procedure.7b,d Under an atmosphere of dinitrogen, 2,2′-(azanediyl)bis(N-(2,2,2-

trifluoroethyl)acetamide) (1.58 g, 5.35 mmol) was dissolved in MeCN (200 mL) to give a colorless 

solution, and DIPEA (0.692 g, 5.35 mmol) was subsequently added. This solution was heated to 

reflux and while stirring, a colorless solution of 2,6-bis(bromomethyl)-4-fluorophenol (0.798 g, 

2.70 mmol) in MeCN (20 mL) was added dropwise over the course of 1.5 h. The resulting light 

yellow solution was stirred at reflux for 24 h, and the solvent was subsequently removed under 
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reduced pressure to give a yellow residue. This residue was stirred in Et2O (300 mL) at 25 °C for 

16 h to give a light yellow solid that was collected by vacuum filtration and dried with suction on 

the filter for 1 h. The obtained solid was then stirred in CH2Cl2 (3 × 50 mL) at 25 °C for 30 min 

each time to wash. The CH2Cl2 layer was decanting off between washes. The resulting white solid 

was collected by vacuum filtration and dried under suction on the filter for 3 h and further in vacuo 

for 16 h to give H(FL′) as a white powder (0.988 g, 50%). ESI-MS (m/z): Calcd. for C24H28F13N6O5 

(M+H)+: 727.19, found: 727.18. 1H NMR (400 MHz, MeCN-d3, 25 °C): δ 10.50 (broad s, 1H), 

7.51 (broad t, 4H), 6.88 (d, 3JHF = 8.4 Hz, 2H), 3.94–3.85 (m, 8H), 3.72 (s, 4H), 3.32 (s, 8H). 

13C{1H} NMR (126 MHz, MeCN-d3, 25 °C): δ 172.39 (C=O), 156.30 (d, 1JCF = 235.8 Hz; Ar–F), 

152.71 (d, 4JCF = 2.1 Hz; Ar–OH), 125.71 (d, 3JCF = 7.2 Hz; Ar–CH2), 125.62 (q, 1JCF = 278.5 Hz; 

CF3), 117.84 (d, 2JCF = 23.0 Hz; Ar–H), 57.70 (N–CH2–CO), 55.86 (Ar–CH2–N), 40.72 (q, 2JCF 

= 34.5 Hz; NH–CH2–CF3). 
19F NMR (376 MHz, MeCN-d3, 25 °C): δ −73.16 (t, 3JFH = 9.5 Hz, 

12F), −127.24 (t, 3JFH = 8.6 Hz, 1F). UV-Vis absorption spectrum (0.37 mM; MeOH, 25 °C): 287 

nm ( = 3900 M−1 cm−1). FT-IR (ATR, cm−1): 3328 (m); 3260 (m); 3082 (w); 1672 (s); 1552 (m); 

1485 (m); 1446 (w); 1421 (w); 1402 (m); 1350 (w); 1296 (m); 1286 (m); 1266 (m); 1225 (m); 

1154 (s); 1088 (m); 1010 (m); 993 (w); 966 (m); 891 (m); 881 (w); 858 (w); 834 (m); 774 (w); 

704 (m); 665 (m); 646 (m).   

Synthesis of N,N′-[(2-hydroxy-5-methyl-1,3-phenylene)bis(methylene)]bis[N-(carboxy-

methyl)(N-(2,2,2-trifluoroethyl)glycinamide)] [H( MeL′)]. This compound was synthesized 

following a modified literature procedure.7b,d Under an atmosphere of dinitrogen, 2,2′-

(azanediyl)bis(N-(2,2,2-trifluoroethyl)acetamide) (2.47 g, 8.37 mmol) was dissolved in MeCN 

(200 mL) to give a colorless solution, and DIPEA (1.08 g, 8.36 mmol) was subsequently added. 
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This solution was heated to reflux and while stirring, a colorless solution of 2,6-bis(bromomethyl)-

4-methylphenol (0.977 g, 3.32 mmol) in MeCN (20 mL) was added dropwise over the course of 

1.5 h. The resulting pale yellow solution was stirred at reflux for 24 h, and the solvent was 

subsequently removed under reduced pressure to give a yellow residue. This residue was stirred in 

Et2O (100 mL) at 25 °C for 16 h to give a light yellow solid that was collected by vacuum filtration 

and dried with suction on the filter for 1 h. The obtained solid was then stirred in CH2Cl2 (50 mL) 

for 20 min at 25 °C, the solvent was decanted off and the resulting white solid was collected by 

vacuum filtration. Recrystallization from CHCl3 afforded H(MeL′) as a white powder (0.981 g, 

41%). ESI-MS (m/z): Calcd. for C25H31F12N6O5 (M+H)+: 723.22, found: 723.22. 1H NMR (400 

MHz, MeCN-d3, 25 °C): δ 10.38 (broad s, 1H), 7.58 (broad t, 4H), 6.90 (s, 2H), 3.93–3.86 (m, 

8H), 3.69 (s, 4H), 3.30 (s, 8H), 2.20 (s, 3H). 13C{1H} NMR (126 MHz, MeCN-d3, 25 °C): δ 172.49 

(C=O), 154.07 (Ar–OH), 132.57 (Ar–H), 129.25 (Ar–CH3), 125.63 (q, 1JCF = 278.5 Hz; CF3), 

124.14 (Ar–CH2), 57.70 (N–CH2–CO), 56.31 (Ar–CH2–N), 40.71 (q, 2JCF = 34.6 Hz; NH–CH2–

CF3), 20.30 (CH3). 
19F NMR (376 MHz, MeCN-d3, 25 °C): δ −73.15 (t, 3JFH = 9.4 Hz). UV-Vis 

absorption spectrum (0.30 mM; MeOH, 25 °C): 287 nm ( = 3400 M−1 cm−1). FT-IR (ATR, cm−1): 

3298 (m); 3243 (m); 3088 (w); 1697 (m); 1657 (s); 1562 (m); 1486 (w); 1429 (w); 1397 (w); 1310 

(m); 1273 (m); 1238 (m); 1157 (s); 1142 (s); 1090 (m); 995 (m); 975 (m); 964 (m); 875 (w); 859 

(w); 832 (m); 761 (w); 670 (m). 
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4.5.2 Supplementary Schemes 

  

 

Scheme 4.1 Syntheses of organic precursors.  
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Scheme 4.2 Synthesis of ligands H(XL′) (X = NO2, F, Me). 
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4.5.3 Supplementary Figures 

  

 

 

Figure 4.7 Stacked FT-IR spectra of ligands H(NO2L′) (blue), H(FL′) (green), and H(MeL′) (red) at ambient 

temperature. 
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Figure 4.8 Stacked FT-IR spectra of 2-NO2 (blue), 2-F (green), and 2-Me (red) at ambient temperature. 
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Figure 4.9 Variable-pH UV-Vis absorption spectra of 22–42 μM of 2-NO2 in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH 

range used for CEST experiments, from pH 5.96 to 7.93. Colored numbers in the legend denote the pH 

of the solutions measured with a pH electrode and the corresponding color of each sample. Note that the 

molar absorptivity ( ) is plotted against wavelength. 

 



 

323 

 

  

 

 

 

 

Figure 4.10 Variable-pH UV-Vis absorption spectra of 30–87 μM of 2-F in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH range used 

for CEST experiments, from pH 5.95 to 7.96. Colored numbers in the legend denote the pH of the 

solutions measured with a pH electrode and the corresponding color of each sample. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 4.11 Variable-pH UV-Vis absorption spectra of 22–42 μM of 2-Me in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH 

range used for CEST experiments, from pH 5.97 to 7.95. Colored numbers in the legend denote the pH 

of the solutions measured with a pH electrode and the corresponding color of each sample. Note that the 

molar absorptivity ( ) is plotted against wavelength. 
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Figure 4.12 Comparison of the UV-Vis absorption spectra of 2-NO2 (blue), 2-F (green), and 2-Me (red) 

in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.94–6.95 at ambient 

temperature. Note that the molar absorptivity ( ) is plotted against wavelength. 
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Figure 4.13 UV-Vis absorption spectra for 97–370 μM samples of ligands H(NO2L′) (blue), H(FL′) 

(green), and H(MeL′) (red) in MeOH at ambient temperature. Note that the molar absorptivity ( ) is 

plotted against wavelength. 
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Figure 4.14 Diffuse reflectance UV-Vis spectrum of a polycrystalline sample of 2′-NO2 diluted with 

BaSO4 powder at ambient temperature. The spectrum is plotted as normalized Kubelka-Munk 

transformation F(R). 
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Figure 4.15 Diffuse reflectance UV-Vis spectrum of a polycrystalline sample of 2′-F diluted with BaSO4 

powder at ambient temperature. The spectrum is plotted as normalized Kubelka-Munk transformation 

F(R). 
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Figure 4.16 Diffuse reflectance UV-Vis spectrum of a polycrystalline sample of 2′-Me diluted with 

BaSO4 powder at ambient temperature. The spectrum is plotted as normalized Kubelka-Munk 

transformation F(R). 
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Figure 4.17 Variable-pH dc magnetic susceptibility data for 2-NO2 in aqueous solutions containing 50 

mM HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method20 (see Equation 4.2). Blue 

circles represent experimental data and error bars represent standard deviations of three measurements. 

The solid black line denotes the average value of χMT = 5.75(8) cm3 K mol−1 (see Table 4.3). 
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Figure 4.18 Variable-pH dc magnetic susceptibility data for 2-F in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method20 (see Equation 4.2). Green circles 

represent experimental data and error bars represent standard deviations of three measurements. The 

solid black line denotes the average value of χMT = 5.6(1) cm3 K mol−1 (see Table 4.3). 
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Figure 4.19 Variable-pH dc magnetic susceptibility data for 2-Me in aqueous solutions containing 50 

mM HEPES and 100 mM NaCl at 37 °C, obtained using the Evans method20 (see Equation 4.2). Red 

circles represent experimental data and error bars represent standard deviations of three measurements. 

The solid black line denotes the average value of χMT = 5.5(1) cm3 K mol−1 (see Table 4.3). 
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Figure 4.20 Variable-pH 19F NMR spectra for 8 mM of 2-NO2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The asterisk denotes the TFA reference 

signal at –76.00 ppm. Note that the very small peak at ca. −71.8 ppm originates from a miniscule amount 

of an unreacted ligand impurity. 
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Figure 4.21 Variable-pH 19F NMR spectra for 9 mM of 2-F in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The asterisk denotes the TFA reference 

signal at –76.00 ppm. Note that the very small peak at ca. −71.5 ppm originates from a miniscule amount 

of an unreacted ligand impurity. 
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Figure 4.22 Variable-pH 19F NMR spectra for 8 mM of 2-Me in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The asterisk denotes the TFA reference 

signal at –76.00 ppm. Note that the very small peak at ca. −71.7 ppm originates from a miniscule amount 

of an unreacted ligand impurity. 
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Figure 4.23 Stacked 1H NMR spectra of 2-NO2 in an aqueous solution containing 50 mM HEPES and 

100 mM NaCl buffered at pH 6.48 (blue) and in slightly acidic D2O (purple) at 37 °C. The asterisks 

denote peaks corresponding to exchangeable carboxamide and hydroxyl protons that are not present in 

the spectrum recorded in D2O. The sharp feature at 177 ppm in the spectrum recorded in buffer is an 

instrument-derived artifact. 
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Figure 4.24 Variable-pH 1H NMR spectra for 8 mM of 2-NO2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 177 ppm are 

instrument-derived artifacts. 
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Figure 4.25 Stacked 1H NMR spectra of 2-F in an aqueous solution containing 50 mM HEPES and 100 

mM NaCl buffered at pH 7.19 (green) and in neutral D2O (purple) at 37 °C. The asterisks denote peaks 

corresponding to exchangeable carboxamide and hydroxyl protons that are not present in the spectrum 

recorded in D2O. The sharp feature at 176 ppm in the spectrum recorded in buffer is an instrument-

derived artifact. 
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Figure 4.26 Variable-pH 1H NMR spectra for 9 mM of 2-F in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 176 ppm are 

instrument-derived artifacts. 
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Figure 4.27 Stacked 1H NMR spectra of 2-Me in an aqueous solution containing 50 mM HEPES and 

100 mM NaCl buffered at pH 6.48 (red) and in slightly acidic D2O (purple) at 37 °C. The asterisks denote 

peaks corresponding to exchangeable carboxamide and hydroxyl protons that are not present in the 

spectrum recorded in D2O. The sharp feature at 177 ppm in the spectrum recorded in buffer is an 

instrument-derived artifact. 
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Figure 4.28 Variable-pH 1H NMR spectra for 8 mM of 2-Me in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at various pH values at 37 °C. Black numbers on the left denote the 

pH of the NMR sample solutions measured with a pH electrode. The sharp features at 177 ppm are 

instrument-derived artifacts. 
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Figure 4.29 Stacked 1H NMR spectra of 2-NO2 (blue), 2-F (green), and 2-Me (red) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl buffered at pH 7.38, 7.40, and 7.38, respectively, at 37 

°C. The asterisks (*) denote resonances corresponding to the hydroxyl proton on etidronate. The peaks 

labelled with a number sign (#) correspond to carboxamide protons on the dinucleating ligand. The dollar 

signs ($) denote resonances corresponding to the methyl protons on etidronate. The sharp features at 177 

ppm are instrument-derived artifacts.  
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Figure 4.30 pH dependences of the CEST effects from application of presaturation at 115 ppm (yellow), 

88 ppm (green), and 44 ppm (dark yellow) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.31 pH dependence of the CEST effect from application of presaturation at 112–117 ppm for 8 

mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.4). 
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Figure 4.32 pH dependences of the CEST effects from application of presaturation at 93 ppm (yellow), 

79 ppm (green), and 49 ppm (dark yellow) for 9 mM of 2-F in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.33 pH dependence of the CEST effect from application of presaturation at 90–97 ppm for 9 

mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.5). 
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Figure 4.34 pH dependences of the CEST effects from application of presaturation at 88 ppm (yellow), 

76 ppm (green), and 51 ppm (dark yellow) for 8 mM of 2-Me in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.35 pH dependence of the CEST effect from application of presaturation at 85–92 ppm for 8 

mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.6). 
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Figure 4.36 Comparison of the pH dependence of the OH CEST effect for 8 mM of 2-NO2 (blue), 9 mM 

of 2-F (green), and 8 mM of 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C. The presaturation frequency employed for each compound is denoted in the legend.  
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Figure 4.37 Comparison of the pH dependence of NH CEST effect for 8 mM of 2-NO2 (blue), 9 mM of 

2-F (green), and 8 mM of 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. The presaturation frequency employed for each compound is denoted in the legend.  
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Figure 4.38 Comparison of the pH dependence of the maximum OH CEST effect for 8 mM of 2-NO2 

(blue), 9 mM of 2-F (green), and 8 mM of 2-Me (red) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C. For each pH value, presaturation at the frequency offset corresponding to 

maximum reduction in the H2O signal intensity was employed (see Tables 4.4–4.6). The range of 

presaturation frequencies employed for each compound is denoted in the legend.  
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Figure 4.39 pH dependence of the 1H NMR chemical shift (reported as frequency offset) of the Me 

resonance from etidronate for 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. Blue circles represent experimental data and the solid black line corresponds to a sigmoidal fit 

to the data (see Equation 4.1), giving pKa = 4.76(7) with R2 = 0.996. The ionization process taking place 

on etidronate is highlighted with the schematics of the complex. 
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Figure 4.40 pH dependence of the 1H NMR chemical shift (reported as frequency offset) of the Me 

resonance from etidronate for 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 

37 °C. Green circles represent experimental data and the solid black line corresponds to a sigmoidal fit 

to the data (see Equation 4.1), giving pKa = 5.41(6) with R2 = 0.996. The ionization process taking place 

on etidronate is highlighted with the schematics of the complex. 
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Figure 4.41 pH dependence of the 1H NMR chemical shift (reported as frequency offset) of the Me 

resonance from etidronate for 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. Red circles represent experimental data and the solid black line corresponds to a sigmoidal fit 

to the data (see Equation 4.1), giving pKa = 5.38(6) with R2 = 0.997. The ionization process taking place 

on etidronate is highlighted with the schematics of the complex. 
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Figure 4.42 Omega plots of the CEST effect from application of presaturation at 112–117 ppm (OH 

peak) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered 

at pH 5.97–7.77 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Presaturation at the frequency 

offset corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value 

(see Table 4.4). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.43 Omega plots of the CEST effect from application of presaturation at 91–92 ppm (NH peak 

1) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at 

pH 6.39–7.77 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Presaturation at the frequency 

offset corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value 

(see Table 4.4). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.44 Omega plots of the CEST effect from application of presaturation at 88–89 ppm (NH peak 

2) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at 

pH 6.39–7.77 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Presaturation at the frequency 

offset corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value 

(see Table 4.4). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.45 Omega plots of the CEST effect from application of presaturation at 43–45 ppm (NH peak 

3) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at 

pH 6.39–7.77 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions 

measured with a pH electrode and the corresponding color of each sample. Presaturation at the frequency 

offset corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value 

(see Table 4.4). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.46 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 112–

117 ppm (yellow; OH peak), 91–92 ppm (red; NH peak 1), 88–89 ppm (green; NH peak 2), and 43–45 

ppm (dark yellow; NH peak 3) for 8 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 

100 mM NaCl at 37 °C, obtained from Omega plots. Circles represent experimental data and the error 

bars represent standard deviations of the linear fits to the Omega plot data (see Figures 4.42–4.45). 
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Figure 4.47 Omega plots of the CEST effect from application of presaturation at 90–97 ppm (OH peak) 

for 9 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 5.98–

7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with 

a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.5). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.48 Omega plots of the CEST effect from application of presaturation at 81 ppm (NH peak 1) 

for 9 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 6.20–

7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured with 

a pH electrode and the corresponding color of each sample. Circles represent experimental data and lines 

represent the linear fits. 
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Figure 4.49 Omega plots of the CEST effect from application of presaturation at 78–79 ppm (NH peak 

2) for 9 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.20–7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.5). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.50 Omega plots of the CEST effect from application of presaturation at 48–51 ppm (NH peak 

3) for 9 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.20–7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.5). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.51 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 90–97 

ppm (yellow; OH peak), 81 ppm (red; NH peak 1), 78–79 ppm (green; NH peak 2), and 48–51 ppm (dark 

yellow; NH peak 3) for 9 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C, obtained from Omega plots. Circles represent experimental data and the error bars represent 

standard deviations of the linear fits to the Omega plot data (see Figures 4.47–4.50). 
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Figure 4.52 Omega plots of the CEST effect from application of presaturation at 85–92 ppm (OH peak) 

for 8 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.01–7.61 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.6). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.53 Omega plots of the CEST effect from application of presaturation at 79 ppm (NH peak 1) 

for 8 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.38–7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample.  
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Figure 4.54 Omega plots of the CEST effect from application of presaturation at 76–77 ppm (NH peak 

2) for 8 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.38–7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.6). Circles represent experimental data and lines represent the linear fits. 
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Figure 4.55 Omega plots of the CEST effect from application of presaturation at 51–53 ppm (NH peak 

3) for 8 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 

6.01–7.80 (red to blue) at 37 °C. Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color of each sample. Presaturation at the frequency offset 

corresponding to maximum reduction in the H2O signal intensity was monitored for each pH value (see 

Table 4.6). Circles represent experimental data and lines represent the linear fits. 

 



 

369 

 

  

 

 

 

 

 

Figure 4.56 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 85–92 

ppm (yellow; OH peak), 79 ppm (red; NH peak 1), 76–77 ppm (green; NH peak 2), and 51–53 ppm (dark 

yellow; NH peak 3) for 8 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C, obtained from Omega plots. Circles represent experimental data and the error bars 

represent standard deviations of the linear fits to the Omega plot data (see Figures 4.52–4.55). 
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Figure 4.57 Comparison of the pH dependence of the rate constant for OH proton exchange for 8 mM 

of 2-NO2 (blue; 112–117 ppm), 9 mM of 2-F (green; 90–97 ppm), and 8 mM of 2-Me (red; 85–92 ppm) 

in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.58 Comparison of the pH dependence of the proton exchange rate constant for NH peak 1 for 

8 mM of 2-NO2 (blue; 91–92 ppm), 9 mM of 2-F (green; 81 ppm), and 8 mM of 2-Me (red; 79 ppm) in 

aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.59 Comparison of the pH dependence of the proton exchange rate constant for NH peak 2 for 

8 mM of 2-NO2 (blue; 88–89 ppm), 9 mM of 2-F (green; 78–79 ppm), and 8 mM of 2-Me (red; 76–77 

ppm) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.60 Comparison of the pH dependence of the proton exchange rate constant for NH peak 3 for 

8 mM of 2-NO2 (blue; 43–45 ppm), 9 mM of 2-F (green; 48–51 ppm), and 8 mM of 2-Me (red; 51–53 

ppm) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.61 Comparison of the pH dependence of the ratio of OH and NH CEST effects for 8 mM of 2-

NO2 (blue), 9 mM of 2-F (green), and 8 mM of 2-Me (red) in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. The presaturation frequencies employed for the two CEST effects 

for each compound are given in the legend. 
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Figure 4.62 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of OH and NH CEST effects for 8 mM of 2-NO2 (blue), 9 mM of 2-F (green), and 8 mM of 2-

Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. The presaturation 

frequencies employed for the two CEST effects for each compound are given in the legend. Solid 

symbols represent experimental data and the lines denote linear fits to the data with the following 

equations: log10(CEST115 ppm/CEST88 ppm) = −1.49(9) × pH + 10.0(6), R2 = 0.97; log10(CEST93 ppm/CEST79 

ppm) = −1.48(7) × pH + 9.9(5), R2 = 0.98; log10(CEST88 ppm/CEST76 ppm) = −2.04(5) × pH + 13.7(4), R2 = 

0.99. 
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Figure 4.63 Variable-pH CEST spectra for 4 mM of 2-NO2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at pH 6.13–7.73 (red to blue) at 37 °C. Colored numbers in the 

legend denote the pH of the solutions measured with a pH electrode and the corresponding color of each 

sample. Inset: Expanded view of the CEST peaks of interest. 
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Figure 4.64 Variable-pH CEST spectra for 4 mM of 2-F in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered at pH 5.95–7.79 (red to blue) at 37 °C. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color of each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 4.65 Variable-pH CEST spectra for 4 mM of 2-Me in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered at pH 6.13–7.67 (red to blue) at 37 °C. Colored numbers in the 

legend denote the pH of the solutions measured with a pH electrode and the corresponding color of each 

sample. Inset: Expanded view of the CEST peaks of interest. 
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Figure 4.66 pH dependences of the CEST effects from application of presaturation at 115 ppm (yellow), 

88 ppm (green), and 44 ppm (dark yellow) for 4 mM of 2-NO2 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.67 Comparison of the pH dependence of the CEST effect from application of presaturation at 

115 ppm for various concentrations of 2-NO2 (see legend) in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C.  



 

381 

 

  

 

 

 

 

Figure 4.68 Comparison of the pH dependence of the CEST effect from application of presaturation at 

88 ppm for various concentrations of 2-NO2 (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.69 Comparison of the pH dependence of the CEST effect from application of presaturation at 

44 ppm for various concentrations of 2-NO2 (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.70 pH dependence of the CEST effect from application of presaturation at 113–117 ppm for 4 

mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.7). 
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Figure 4.71 Comparison of the pH dependence of the maximum OH CEST effect for various 

concentrations of 2-NO2 (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. For each pH value, presaturation at the frequency offset corresponding to maximum reduction 

in the H2O signal intensity was employed (see Tables 4.4 and 4.7). 
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Figure 4.72 pH dependences of the CEST effects from application of presaturation at 93 ppm (yellow), 

79 ppm (green), and 49 ppm (dark yellow) for 4 mM of 2-F in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.73 Comparison of the pH dependence of the CEST effect from application of presaturation at 

93 ppm for various concentrations of 2-F (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.74 Comparison of the pH dependence of the CEST effect from application of presaturation at 

79 ppm for various concentrations of 2-F (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.75 Comparison of the pH dependence of the CEST effect from application of presaturation at 

49 ppm for various concentrations of 2-F (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.76 pH dependence of the CEST effect from application of presaturation at 90–97 ppm for 4 

mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.8). 
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Figure 4.77 Comparison of the pH dependence of the maximum OH CEST effect for various 

concentrations of 2-F (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 

37 °C. For each pH value, presaturation at the frequency offset corresponding to maximum reduction in 

the H2O signal intensity was employed (see Tables 4.5 and 4.8). 
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Figure 4.78 pH dependences of the CEST effects from application of presaturation at 88 ppm (yellow), 

76 ppm (green), and 51 ppm (dark yellow) for 4 mM of 2-Me in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl at 37 °C. 
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Figure 4.79 Comparison of the pH dependence of the CEST effect from application of presaturation at 

88 ppm for various concentrations of 2-Me (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.80 Comparison of the pH dependence of the CEST effect from application of presaturation at 

76 ppm for various concentrations of 2-Me (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.81 Comparison of the pH dependence of the CEST effect from application of presaturation at 

51 ppm for various concentrations of 2-Me (see legend) in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl at 37 °C.  
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Figure 4.82 pH dependence of the CEST effect from application of presaturation at 85–92 ppm for 4 

mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. For each pH 

value, presaturation at the frequency offset corresponding to maximum reduction in the H2O signal 

intensity was employed (see Table 4.9). 
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Figure 4.83 Comparison of the pH dependence of the maximum OH CEST effect for various 

concentrations of 2-Me (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. For each pH value, presaturation at the frequency offset corresponding to maximum reduction 

in the H2O signal intensity was employed (see Tables 4.6 and 4.9). 
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Figure 4.84 Comparison of the pH dependence of the OH CEST effect for 4 mM of 2-NO2 (blue), 2-F 

(green), and 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 

The presaturation frequency employed for each compound is denoted in the legend.  
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Figure 4.85 Comparison of the pH dependence of NH CEST effect for 4 mM of 2-NO2 (blue), 2-F 

(green), and 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. 

The presaturation frequency employed for each compound is denoted in the legend.  
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Figure 4.86 Comparison of the pH dependence of the maximum OH CEST effect for 4 mM of 2-NO2 

(blue), 2-F (green), and 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl 

at 37 °C. For each pH value, presaturation at the frequency offset corresponding to maximum reduction 

in the H2O signal intensity was employed (see Tables 4.7–4.9). The range of presaturation frequencies 

employed for each compound is denoted in the legend.  



 

400 

 

  

 

 

Figure 4.87 pH dependences of the ratio of CEST effects from application of presaturation at 115 and 

88 ppm, and the logarithm with base 10 of the ratio (inset) for 4 mM of 2-NO2 in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at 37 °C. Blue circles represent experimental data and the 

solid black line denotes a linear fit to the data with the following equation: log10(CEST115 ppm/CEST88 ppm) 

= −1.51(8) × pH + 10.2(6); R2 = 0.97. 
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Figure 4.88 Comparison of the pH dependence of the ratio of CEST effects from application of 

presaturation at 115 and 88 ppm for various concentrations of 2-NO2 (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at 37 °C.  
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Figure 4.89 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of CEST effects from application of presaturation at 115 and 88 ppm for various concentrations 

of 2-NO2 (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. See 

Figures 4.62 and 4.87 for the equations of the linear fits to the data. 
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Figure 4.90 pH dependences of the ratio of CEST effects from application of presaturation at 93 and 79 

ppm, and the logarithm with base 10 of the ratio (inset) for 4 mM of 2-F in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 37 °C. Green circles represent experimental data and the solid 

black line denotes a linear fit to the data with the following equation: log10(CEST93 ppm/CEST79 ppm) = 

−1.48(9) × pH + 9.9(6); R2 = 0.97. 
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Figure 4.91 Comparison of the pH dependence of the ratio of CEST effects from application of 

presaturation at 93 and 79 ppm for various concentrations of 2-F (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at 37 °C.  
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Figure 4.92 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of CEST effects from application of presaturation at 93 and 79 ppm for various concentrations 

of 2-F (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. See 

Figures 4.62 and 4.90 for the equations of the linear fits to the data. 
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Figure 4.93 pH dependences of the ratio of CEST effects from application of presaturation at 88 and 76 

ppm, and the logarithm with base 10 of the ratio (inset) for 4 mM of 2-Me in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at 37 °C. Red circles represent experimental data and the solid black 

line denotes a linear fit to the data with the following equation: log10(CEST88 ppm/CEST76 ppm) = −2.0(1) 

× pH + 13.7(9); R2 = 0.97. 
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Figure 4.94 Comparison of the pH dependence of the ratio of CEST effects from application of 

presaturation at 88 and 76 ppm for various concentrations of 2-Me (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl at 37 °C.  
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Figure 4.95 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of CEST effects from application of presaturation at 88 and 76 ppm for various concentrations 

of 2-Me (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. See 

Figures 4.62 and 4.93 for the equations of the linear fits to the data. 
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Figure 4.96 Comparison of the pH dependence of the ratio of OH and NH CEST effects for 4 mM of 2-

NO2 (blue), 2-F (green), and 2-Me (red) in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C. The presaturation frequencies employed for the two CEST effects for each compound are 

given in the legend. 
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Figure 4.97 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of OH and NH CEST effects for 4 mM of 2-NO2 (blue), 2-F (green), and 2-Me (red) in aqueous 

solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. The presaturation frequencies employed 

for the two CEST effects for each compound are given in the legend. Solid symbols represent 

experimental data and the lines denote linear fits to the data. See Figures 4.87, 4.90, and 4.93 for the 

equations of the linear fits to the data. 
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Figure 4.98 Comparison of the pH calibration curves obtained by taking the logarithm with base 10 of 

the ratios of CEST effects from application of presaturation at 93 and 79 ppm for various concentrations 

of 2-F (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl at 37 °C. These 

calibration curves were obtained from data in the pH range 6.2–7.6, whereas the calibration curves shown 

in Figure 4.92 were obtained from data in the pH range 6.2–7.4. Linear fits to the experimental data gave 

the following equations: (9 mM) log10(CEST93 ppm/CEST79 ppm) = −1.48(5) × pH + 9.9(4); R2 = 0.99; (4 

mM) log10(CEST93 ppm/CEST79 ppm) = −1.52(7) × pH + 10.2(5); R2 = 0.98. 
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Figure 4.99 Stacked cyclic voltammograms for 1 mM of 2-NO2 (blue), 2-F (green), and 2-Me (red) in 

aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered at pH 7.3. Measurements were 

carried out at ambient temperature using a platinum electrode as a working electrode and 20 mV s−1 scan 

rate. The arrows denote the scan direction and scale bars denote 10 μA current.  
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4.5.4 Supplementary Tables 

  

Table 4.2 Crystallographic data for 2′-X (X = NO2, F, Me) at 100 K. 

 2′-NO2 2′-F 2′-Me 

Empirical formula  C26H30Co2F12N8Na2O17P2 C27H34Co2F13N7Na2O16P2 C27H33Co2F12N6NaO12P2 

Formula weight, g mol−1  1180.36 1185.39 1064.38 

Crystal system  Orthorhombic Triclinic Orthorhombic 

Space group  P212121 P1̅ Pccn 

Wavelength, Å  0.71073 0.71073 0.71073 

Temperature, K 100.04 100.02 99.99 

a, Å  15.103(2) 16.853(4) 17.851(2) 

b, Å  16.169(2) 17.200(4) 21.568(2) 

c, Å  21.107(2) 17.668(4) 26.363(3) 

, ° 90 85.615(6) 90 

β, ° 90 79.344(6) 90 

γ, ° 90 86.314(6) 90 

V, Å3 5154.3(8) 5012(2) 10150(1) 

Z 4 4 8 

ρcalcd, g cm−3 1.521 1.571 1.393 

μ, mm−1  0.832 0.856 0.821 

Reflections coll./unique  161312/7563 218581/24964 410276/10596 

R(int)  0.1293 0.0860 0.1009 

R1 (I >2σ(I))a 0.0970 0.0875 0.1037 

wR2 (all)b 0.2872 0.2523 0.3006 

GoF  1.060 1.070 1.093 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 4.3 Summary of the average solution dc magnetic susceptibility data for compounds 2-X (X = 

NO2, F, Me), obtained using the Evans method20 (see Equation 4.2) for aqueous solutions with 50 

mM HEPES and 100 mM NaCl buffered at various pH values (see Figures 4.15–4.17). 

Average values      2-NO2       2-F 2-Me 

χMT (cm3 K mol−1) 5.75(8)   5.6(1)   5.5(1) 

χMT per CoII (cm3 K mol−1) 2.88(4) 2.79(6) 2.75(7) 

μeff per CoII (μB)a 4.79(3) 4.73(5) 4.69(6) 

g per CoII b 2.48(2) 2.44(6) 2.42(3) 

aThe relationship between μeff and χMT is as follows: μeff = (8χMT)1/2μB. b  The relationship between χMT and g is 

as follows: χMT = (g2S(S+1))/8. Note, here S = 3/2. 
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Table 4.4 Frequency offsets corresponding to maximum CEST effects at each pH value for 8 mM of  

2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl, used to estimate the 

exchange rate constants (kex). 

pH 

Frequency Offset (ppm)a 

OH peak NH peak 1 NH peak 2 NH peak 3 

5.97 112 N/Ab N/Ab 45c 

6.18 114 N/Ab N/Ab 45c 

6.39 115 91 88 45 

6.48 115 92 88 45 

6.61 115 91 88 44 

6.68 116 92 88 44 

6.78 116 92 88 44 

6.98 117 92 88 44 

7.19 117 91 88 43 

7.38 117 91 88 44 

7.60 117 91 88 44 

7.77 117 91 89 44 

aFrequency offset is the 1H NMR chemical shift difference between the resonance of the compound and the bulk 

H2O solvent. bThe exchange rate constant for the NH CEST effect was not estimated at this pH value due to low 

intensity. cThe NH CEST effect did not change when the presaturation power was varied from 13 to 21 μT, which 

indicates very slow proton exchange. Therefore, the exchange rate constant could not be estimated using the 

Omega plot method.  
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Table 4.5 Frequency offsets corresponding to maximum CEST effects at each pH value for 9 mM of  

2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl, used to estimate the exchange 

rate constants (kex). 

pH 

Frequency Offset (ppm)a 

OH peak NH peak 1 NH peak 2 NH peak 3 

5.98 90 N/Ab N/Ab 51c 

6.20 92 81 78 51 

6.37 93 81 79 50 

6.50 94 81 79 50 

6.60 95 81 79 50 

6.69 95 81 79 50 

6.78 96 81 79 49 

6.99 96 81 79 49 

7.19 97 81 79 49 

7.40 97 81 78 48 

7.59 97 81 79 49 

7.80 97 81 79 50 

aFrequency offset is the 1H NMR chemical shift difference between the resonance of the compound and the bulk 

H2O solvent. bThe exchange rate constant for the NH CEST effect was not estimated at this pH value due to low 

intensity. cThe NH CEST effect did not change when the presaturation power was varied from 13 to 21 μT, which 

indicates very slow proton exchange. Therefore, the exchange rate constant could not be estimated using the 

Omega plot method.  
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Table 4.6 Frequency offsets corresponding to maximum CEST effects at each pH value for 8 mM of  

2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl, used to estimate the 

exchange rate constants (kex). 

pH 

Frequency Offset (ppm)a 

OH peak NH peak 1 NH peak 2 NH peak 3 

6.01 85 N/Ab N/Ab 53 

6.18 87 N/Ab N/Ab 52 

6.38 88 79 76 52 

6.48 89 79 76 52 

6.58 89 79 76 51 

6.70 90 79 76 51 

6.90 91 79 76 51 

7.01 91 79 76 51 

7.20 92 79 77 51 

7.38 92 79 76 51 

7.61 92 79 77 51 

7.80 92c 79 76 51 

aFrequency offset is the 1H NMR chemical shift difference between the resonance of the compound and the bulk 

H2O solvent. bThe exchange rate constant for the NH CEST effect was not estimated at this pH value due to low 

intensity. cThe OH CEST effect did not change when the presaturation power was varied from 13 to 21 μT, which 

indicates very slow proton exchange. Therefore, the exchange rate constant could not be estimated using the 

Omega plot method. 
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Table 4.7 Frequency offsets corresponding to maximum CEST effects for the OH peak at each 

pH value for 4 mM of 2-NO2 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl. 

pH Frequency Offset (ppm)a 

6.13 113 

6.18 114 

6.28 114 

6.37 114 

6.50 115 

6.63 116 

6.72 116 

6.85 116 

6.98 117 

7.13 117 

7.22 117 

7.40 117 

7.60 117 

7.73 117 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. 
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Table 4.8 Frequency offsets corresponding to maximum CEST effects for the OH peak at each 

pH value for 4 mM of 2-F in aqueous solutions containing 50 mM HEPES and 100 mM NaCl. 

pH Frequency Offset (ppm)a 

5.95 90 

6.18 92 

6.28 92 

6.39 93 

6.47 94 

6.64 95 

6.72 95 

6.83 95 

6.93 96 

7.12 96 

7.37 97 

7.59 97 

7.73 97 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. 
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Table 4.9 Frequency offsets corresponding to maximum CEST effects for the OH peak at each 

pH value for 4 mM of 2-Me in aqueous solutions containing 50 mM HEPES and 100 mM NaCl. 

pH Frequency Offset (ppm)a 

6.13 85 

6.22 85 

6.31 87 

6.42 87 

6.56 88 

6.64 89 

6.74 90 

6.84 90 

6.95 91 

7.13 92 

7.32 92 

7.52 92 

7.67 92 

aFrequency offset is the 1H NMR chemical shift difference between a resonance of the compound and the 

 H2O solvent. 
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Chapter 5: Dramatic Enhancement in pH Sensitivity and Signal Intensity 

Through Ligand Modification of a Dicobalt PARACEST Probe 

Reprinted with permission from: 

Thorarinsdottir, A. E.; Harris, T. D. Chemical Communications 2019, 55, 794–797. 

Copyright 2019 The Royal Society of Chemistry. 

This work was performed in collaboration with the co-author listed above. 
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5.1 Introduction  

Bioresponsive molecular magnetic resonance imaging (MRI) contrast agents are of 

tremendous interest for visualizing and monitoring biological processes.1 MRI is ideally suited for 

molecular imaging in vivo owing to its high spatiotemporal image resolution and unlimited tissue 

penetration depth,2 but bioresponsive contrast agents are needed to improve specificity and add 

valuable physiological information to the anatomical images.3 These molecular probes undergo 

changes in MRI signals in response to variations in biomarkers such as temperature,1a,c,4 pH,1a,c,5 

redox status,1a,6 enzymes,1a,c,7 metal ions,1a,8 and metabolites,1a,c,9 and are therefore capable of 

reporting on their local physiological environment. In particular, pH-responsive probes are 

attractive since acidic extracellular pH is a prominent feature of various diseases and disorders.10 

As such, the ability to differentiate small changes in pH through MRI is an important step toward 

improving the understanding, early detection, and treatment of pathologies. 

In targeting pH-responsive MRI contrast agents, the employment of paramagnetic transition 

metal complexes that exploit the chemical exchange saturation transfer (CEST) mechanism is a 

promising strategy owing to their high sensitivity to environmental changes and tunability through 

ligand design.11 Here, contrast is generated through proton exchange between the paramagnetic 

molecule and bulk H2O upon frequency-specific irradiation.12 The large chemical shifts of the 

exchangeable protons on these paramagnetic probes4b,5f,g,6c,d,13 improve sensitivity and specificity 

by minimizing overlap with biological background signals.14 Moreover, since the exchange rates 

of these ligand protons typically show a strong pH dependence,5f,g,6c,13 a dramatic change in CEST 

signal intensity with pH can be achieved. However, due to the inherent concentration dependence 

of the intensity of CEST peaks, a ratiometric method is required to effectively exploit the CEST 
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signal intensity for pH mapping in physiological environments, where the distribution of the probe 

is usually unknown. Toward this end, a single PARACEST probe that features two types of 

exchangeable protons that display markedly different pH-dependent changes in CEST signal 

intensity offers an ideal platform, as the ratio of the two peak intensities should be highly sensitive 

to pH variations.  

We recently employed this approach to demonstrate the ability of dicobalt PARACEST probes 

to measure solution pH in a physiologically relevant range with high sensitivities of 0.99(7)–

2.04(5) pH unit−1.5f,g These probes feature a phenoxo-centered tetra(carboxamide) ligand and an 

ancillary bisphosphonate ligand bearing amide and hydroxyl protons, respectively, with opposing 

pH-dependent CEST peak intensities (see Figure 5.1, 1 and 2-X). Notably, the chemical shifts and 

intensities of the CEST signals could be tuned by chemically modifying the pendent amides and 

para-substituents on the phenoxo-centered ligand.5g Building on these results, we sought to 

increase the pH sensitivity and signal intensities of this family of ratiometric PARACEST probes 

by modifying the ancillary bisphosphonate ligand. Herein, we report a new dicobalt complex that 

features an amine-substituted bisphosphonate ligand and exhibits dramatically enhanced pH 

sensitivity by virtue of an intense and pH-insensitive CEST signal from the distant amine group. 

5.2 Experimental Section 

General Considerations. Unless otherwise specified, the manipulations described below were 

carried out at ambient atmosphere and temperature. Air- and water-free manipulations were 

performed under a dinitrogen atmosphere in a Vacuum Atmospheres Nexus II glovebox or using 

standard Schlenk line techniques. Glassware was oven-dried at 150 °C for at least 4 h and allowed 

to cool in an evacuated antechamber prior to use in the glovebox. Acetonitrile (MeCN), diethyl 
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ether (Et2O), N,N-diisopropylethylamine (DIPEA), and methanol (MeOH) were dried using a 

commercial solvent purification system from Pure Process Technology and stored over 3 or 4 Å 

molecular sieves prior to use. H2O was obtained from a purification system from EMD Millipore. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories. The synthesis of N,N′-

[(2-hydroxy-5-nitro-1,3-phenylene)bis(methylene)]bis[N-(carboxymethyl)glycineamide] (HL) 

was carried out as reported previously.5f All other reagents and solvents were purchased from 

commercial vendors and used without further purification. Experimental details on the synthesis 

of H4L′ are provided in Section 5.5.1. 

Synthesis of Na[LCo2L′]∙3.8NaNO3∙5.9H2O (3). A pink solution of Co(NO3)2·6H2O (58.7 mg, 

0.202 mmol) in H2O (2 mL) was added dropwise to a stirring yellow suspension of HL  (42.9 mg, 

0.101 mmol) in H2O (3 mL) to give an orange solution. To this solution, a colorless solution of 

H4L′ (22.3 mg, 0.101 mmol) in H2O (2 mL) was added dropwise. The pH of this solution was 

adjusted to 7.5 by addition of a dilute sodium hydroxide solution in H2O. The resulting dark orange 

solution was stirred at 25 °C for 2.5 h. The solvent was removed under reduced pressure and the 

obtained orange solid was washed by stirring in MeCN (15 mL) for 40 min. The resulting orange 

powder was collected by vacuum filtration, washed with Et2O (15 mL), and dried under reduced 

pressure for 24 h to give 3 (101 mg, 83%). Anal. Calcd. for C18H38.8Co2N11.8Na4.8O31.3P2: C, 17.84; 

H, 3.23; N, 13.64%. Found: C, 17.87; H, 3.15; N, 13.57%. ICP-OES: Co:P = 1.01:1.00. UV-Vis 

absorption spectrum (37 μM; 50 mM HEPES buffered to pH 6.98, 25 °C): 371 nm ( = 12400 M−1 

cm−1). UV-Vis diffuse reflectance spectrum: 370 nm. ESI-MS (m/z): Calcd. for C18H27Co2N8O14P2 

([LCo2L′]−): 758.98, found: 759.06; calcd. for C18H29Co2N8O14P2 ([LCo2L′+2H]+): 760.99, found: 

760.99. FT-IR (ATR, cm−1): 3280 (broad, m); 3172 (broad, m); 1667 (s); 1595 (m); 1497 (w); 
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1471 (w); 1353 (s); 1313 (s); 1095 (s); 1031 (m); 970 (m); 876 (w); 834 (w); 752 (w); 659 (m); 

597 (m); 556 (m). Slow diffusion of MeCN vapor into a concentrated solution of 3 in H2O (pH ca. 

6) afforded light orange plate-shaped crystals. However, despite repeated attempts, crystals 

suitable for single-crystal X-ray diffraction analysis could not be obtained for 3. Note that changing 

the pH of the H2O solution of 3, and exchanging the Na+ ions for (Me4N)+ ions also only gave 

weekly diffracting crystals of the dicobalt complex. 

Preparation of Fetal Bovine Serum (FBS) and Gelatin Gel Samples. Samples of 3 in FBS were 

prepared by dissolving solid samples of 3 in commercially available FBS (Fisher Scientific, 

catalog no. MT35010CV) and adjusting the pH to the desired values by addition of minimal 

amounts of dilute aqueous hydrochloric acid and sodium hydroxide solutions. To prepare 17% 

(w/v) gelatin gel samples of 3, 8 mM solutions (0.60 mL) of 3 in 50 mM HEPES buffers containing 

100 mM NaCl were added to NMR tubes containing gelatin powder (0.10 g) from bovine skin 

(Sigma Aldrich, catalog no. G9391). The resulting suspensions were heated by hot air and 

thoroughly shaken to form homogeneous, orange mixtures. The mixtures were slowly cooled to 

ambient temperature and further cooled to 4 °C and stored at that temperature for 2 h to form the 

gels. The pH values of the gelatin gel samples were recorded immediately following 1H NMR and 

CEST data acquisition by submerging a pH electrode in the gels. The recorded pH values of the 

gels were 0.15–0.24 pH units lower than those of the HEPES buffer solutions used to prepare the 

samples. Note that an analogous decrease in pH was observed for gelatin gels prepared using 

HEPES buffer solutions without 3. Further note that the concentration of 3 (as determined by 

inductively coupled plasma optical emission spectroscopy) did not change significantly upon 

formation of the gels, thus 17% (w/v) gelatin gels containing 8 mM of 3 were used for experiments. 
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NMR Spectroscopy. 1H and 31P{1H} NMR spectra for ligand H4L′ were collected at 25 °C at 

500 and 202 MHz frequencies, respectively, on an Agilent DD2 500 MHz (11.7 T) spectrometer. 

The 13C{1H} NMR spectrum for H4L′ was collected at 25 °C at 126 MHz frequency using a Bruker 

Avance III 500 MHz (11.7 T) system equipped with a DCH CryoProbe. 1H NMR spectra for 3 in 

D2O and for aqueous solution samples containing 50 mM HEPES and 100 mM NaCl buffered to 

various pH values were collected on an Agilent DD2 500 MHz (11.7 T) spectrometer at 37 °C. 1H 

NMR spectra for 3 in solutions containing 50 mM HEPES and 100 mM NaCl buffered to pH 7.4 

with/without the presence of various physiological phosphate ions, in FBS, and in 17% (w/v) 

gelatin gels were recorded at 37 °C on a Bruker Neo 600 MHz (14.1 T) system equipped with a 

QCI-F CryoProbe. For samples in HEPES buffers, FBS, and gelatin, spectra were acquired using 

an inner capillary containing D2O to lock the samples. All chemical shift values (δ) are reported in 

ppm and coupling constants (J) are reported in hertz (Hz). The 1H NMR spectrum for H4L′ is 

referenced to the residual proton signal from the D2O solvent at 4.79 ppm. The 31P{1H} NMR 

spectrum for H4L′ is referenced to an external standard of 85% (v/v) phosphoric acid solution in 

D2O (δ = 0 ppm). The 13C{1H} NMR spectrum for H4L′ in D2O was recorded with 5% (v/v) MeOH 

added as an internal reference (δ = 49.50 ppm). For measurements of 3 in D2O or other aqueous 

media, the chemical shift of the solvent signal in the 1H NMR spectra was set to 0 ppm to simplify 

comparison between 1H NMR spectra and the corresponding CEST spectra (Z-spectra). The 

MestReNova 10.0 NMR data processing software was used to analyze and process all recorded 

NMR spectra. T1 relaxation times of H2O were measured on a Varian Inova 500 MHz (11.7 T) 

instrument after detuning the probe to account for radiation damping and obtained by fitting the 

H2O signal intensities from experiments with an array of relaxation times implemented in the 
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program vnmr.  

Determination of pKa by 1H NMR Analysis. The pH-dependent 1H NMR chemical shifts of the 

two methylene resonances from the ancillary bisphosphonate ligand (HnL′)(4 −n)– (n = 1, 2) were 

used to estimate the pKa value for 3. The change in 1H NMR chemical shift for each methylene 

resonance as a function of pH was fit to a Boltzmann sigmoidal function15 to model a single 

ionization event according to the following equation: 

δ = A2 + (A1 − A2)/(1 + exp((pH − pKa)/dx))     (5.1) 

In this equation, δ is the obtained chemical shift, A2 is the theoretical chemical shift of the fully 

deprotonated species, A1 is the theoretical chemical shift of the fully protonated species, pKa is the 

inflection point of the graph, and dx is a parameter describing the steepness of the curve.  

CEST Experiments. All CEST experiments were carried out at 37 °C on a Varian Inova 500 

MHz (11.7 T) spectrometer. For these experiments, 5–9 mM samples of 3 in aqueous buffer 

solutions containing 50 mM HEPES and 100 mM NaCl or in FBS or in 17% (w/v) gelatin gels at 

desired pH values (measured with a pH electrode before and/or after 1H NMR and CEST data 

collection) were measured. Z-spectra (CEST spectra) were obtained according to the following 

protocol: 1H NMR spectra were acquired from −50 to 130 ppm with a step increase of 1 ppm using 

a presaturation pulse applied for 2 s at a power level (B1) of 22 μT. An inner capillary containing 

D2O was placed within the NMR sample tubes to lock the samples. The normalized integrations 

of the H2O signal from the obtained spectra were plotted against frequency offset to generate a Z-

spectrum, where direct saturation of the H2O signal was set to 0 ppm. CEST intensities are reported 

as %CEST = [(1 − Mz/M0) × 100%] (Mz and M0 are the magnetization on-resonance and off-

resonance values, respectively). The ratios of the CEST signal intensities at 48 and 67 ppm 
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(CEST48 ppm/CEST67 ppm) were used to construct the pH calibration curves. 

Exchange rate constants (kex) were calculated following a previously reported method,16 where 

the x-intercept (−1/kex
2) was obtained from a plot of Mz/(M0 − Mz) against 1/ω1

2 (ω1 in rad s−1). 1H 

NMR spectra were acquired at various presaturation power levels ranging from 14 to 22 μT applied 

for 6 s at 37 °C. The B1 values were calculated based on the calibrated 90° pulse on a linear 

amplifier. To correct for baseline variations between the Z-spectra obtained using different 

presaturation powers, a linear baseline was applied for two CEST regimes. The data points at 75 

and 60 ppm, and at 60 and 30 ppm were employed for the CEST peaks at 67 and 48 ppm, 

respectively.  

Solution Magnetic Measurements. The solution magnetic moment of compound 3 was 

determined using the Evans method,17 by collecting variable-pH 1H NMR spectra at 37 °C (310 

K) on a Bruker Avance III HD 500 MHz (11.7 T) spectrometer. In a typical experiment, the 

compound (2–3 mM) was dissolved in a mixture of 2% (v/v) tert-butanol in an aqueous solution 

containing 50 mM HEPES and 100 mM NaCl buffered to a specific pH value. The resulting 

solution was placed in an NMR tube containing a sealed capillary with the same solvent mixture 

but without the to-be-characterized paramagnetic compound as a reference solution. Diamagnetic 

corrections were carried out based on the empirical formula of the compound (as determined by 

elemental analysis) using Pascal’s constants.18 The paramagnetic molar susceptibility χM
para (cm3 

mol−1) was calculated using the following equation:17  

χM
para  = (3ΔMw)/(4π0m) − χM

dia     (5.2) 

In this equation, Δ  is the frequency difference (Hz) between the tert-butyl resonance of tert-

butanol in the sample and reference solutions, Mw is the molecular mass of the paramagnetic 



 

429 

 

compound (g mol−1), 0 is the operating frequency of the NMR spectrometer (Hz), m is the 

concentration of the paramagnetic compound (g cm−3), and χM
dia is the diamagnetic contribution 

to the molar susceptibility (cm3 mol−1). 

UV-Vis Absorption Spectroscopy. Solution and solid-state UV-Vis spectra were collected at 

ambient temperature in the 200–800 nm range on an Agilent Cary 5000 UV-Vis-NIR spectrometer 

equipped with an integrating sphere for diffuse reflectance measurements. Solution spectra were 

collected for 34–49 μM samples of 3 in aqueous buffer solutions containing 50 mM HEPES and 

100 mM NaCl at three different pH values, covering the range used for CEST experiments. A 

diffuse reflectance spectrum was collected on a solid sample of 3. A sample for the measurement 

was prepared by mixing a solid sample of 3 with BaSO4 powder for a 2-fold dilution to give a 

smooth, homogeneous powder. The data were treated with a background correction of BaSO4 and 

the spectrum is reported as normalized Kubelka-Munk transformation F(R) of the raw diffuse 

reflectance spectrum, where F(R) was normalized with the strongest absorbance set to F(R) = 1.  

Electrochemical Measurements. Cyclic voltammetry measurements were carried out at 

ambient temperature in an MBraun LABstar glovebox, operated under a humid dinitrogen 

atmosphere. A standard one-compartment cell and a CH Instruments 760c potentiostat were 

employed for the measurements. The cell consisted of a glassy carbon electrode as a working 

electrode, a platinum wire as a counter electrode, and a saturated calomel electrode (SCE) as a 

reference electrode. A sample of 3 was measured in an aqueous solution with 100 mM NaCl and 

50 mM HEPES buffered to pH 7.4. All potentials were converted and referenced to the normal 

hydrogen electrode (NHE), using a literature conversion factor.19     

Other Physical Measurements. Electrode-based pH measurements were carried out using a 
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Thermo Scientific Orion 9110DJWP double junction pH electrode connected to a VWR 

sympHony B10P pH meter. The pH meter was calibrated using standardized pH buffer solutions 

at 4.01, 7.00, and 10.00 purchased from LaMotte Company. Elemental analysis of 3 was conducted 

by Midwest Microlab Inc. An infrared spectrum of a solid sample of 3 was recorded on a Bruker 

Alpha FTIR spectrometer equipped with an attenuated total reflectance (ATR) accessory. These 

data are provided in Figure 5.4. Electrospray ionization mass spectrometry (ESI-MS) 

measurements were performed on a Bruker AmaZon SL quadrupole ion trap instrument. All 

measurements were carried out in MeOH carrier solvent using positive and/or negative ionization 

mode. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on a 

Thermo iCAP 7600 dual view ICP-OES instrument equipped with a CETAC ASX520 240-

position autosampler. Samples were dissolved in a 3% (v/v) nitric acid solution in H2O and the 

emissions for Co and P were compared to standard solutions.  

5.3 Results and Discussion 

5.3.1 Design and Synthesis 

In an attempt to address the modest intensity and pH-dependent frequency of the etidronate 

hydroxyl CEST peak for our previously reported PARACEST probes,5f,g we targeted the amine-

substituted bisphosphonate ligand (L′)4−, with the expectation that the equivalent amine protons 

would give rise to a stronger CEST effect. Furthermore, the different pKa values of amine and 

amide protons have been shown to result in distinct pH-dependent changes in CEST peak intensity 

suitable for ratiometric pH sensing, albeit only for probes that exhibit small chemical shifts and 

modest pH sensitivity.20 As such, we envisioned that a dinucleating ligand platform comprised of 

(L′)4− and a phenoxo-centered tetra(carboxamide) ligand known for providing highly shifted and 
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pH-sensitive amide CEST peaks could afford dicobalt PARACEST probes better suited for 

ratiometric pH quantitation. 

Reaction of the nitro-substituted tetra(carboxamide) ligand HL with two equivalents of 

Co(NO3)2∙6H2O in the presence of one equivalent of H4L′ in H2O at pH 7.5 afforded 

Na[LCo2L′]∙3.8NaNO3∙5.9H2O (see Figure 5.1, 3) as an orange solid (see Section 5.2). Slow 

diffusion of MeCN vapor into a concentrated H2O solution of 3 gave light orange plate-shaped 

crystals that were not of sufficient quality for single-crystal X-ray diffraction analysis. However, 

the close similarity between the diffuse reflectance UV-Vis spectra for 1′ and 3 (see Figure 5.5) 

suggests analogous solid-state structures.5f  

5.3.2 UV-Vis Spectroscopy 

To assess the electronic structure of 3 in aqueous solution, UV-Vis absorption spectra were 

collected for samples in 50 mM HEPES buffers with 100 mM NaCl. For a solution at pH 6.98, the 

spectrum exhibits a single strong peak at 371 nm ( = 12400 M−1 cm−1) (see Figure 5.6), which is 

consistent with the spectra for 1 and 2-NO2
5f,g and can be unambiguously assigned to a ligand–

 

Figure 5.1 Structures of previously reported dicobalt PARACEST pH probes [LCo2(etidronate)]− (left) 

and [(XL′)Co2(etidronate)]− (center), as observed in 1 and 2-X (X = NO2, F, Me), respectively, and the new 

dicobalt complex LCo2(HL′) (right), as observed in 3, reported here. The exchangeable amide, hydroxyl, 

and amine protons are highlighted in green, orange, and purple, respectively. 
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metal charge transfer (LMCT) transition from the bridging phenolate to CoII.21 Note that the 

position and intensity of this band are essentially identical between pH 6.1 and 8.0, indicating the 

presence of a single species in solution in this pH range. Based on precedent in amine-

bisphosphonate molecular complexes,22 in conjunction with a notable increase in solubility of 3 at 

more alkaline pH, we assign this species to the neutral dicobalt complex LCo2(HL′), where the 

amine of the bisphosphonate ligand is protonated.  

5.3.3 Solution Magnetic Properties 

The oxidation state and spin state of Co in 3 was further probed by variable-pH magnetic 

susceptibility measurements for aqueous buffer solutions at 37 °C using the Evans method.17 The 

χMT data do not significantly change in the pH range 6.1–8.0, affording an average value of χMT = 

5.96(6) cm3 K mol−1 (see Figure 5.7 and Table 5.1). These data are in good agreement with those 

obtained for 1 and 2-X, indicative of pseudo-octahedral high-spin CoII centers (S = 3/2) with 

significant magnetic anisotropy.5f,g,11a,21b,23 

5.3.4 NMR Spectroscopy 

To further probe the solution structure and properties of 3, 1H NMR spectra were collected at 

37 °C for aqueous solutions buffered to selected pH values. The spectrum at pH 7.02 exhibits sharp 

and paramagnetically shifted resonances with chemical shifts from −103 to 182 ppm vs H2O (see 

Figure 5.8, top), consistent with the presence of high-spin CoII.11 Comparison to the spectrum 

recorded in D2O (see Figure 5.8, bottom) and the spectrum for 1 at pH 7.06 (see Figure 5.9) reveals 

that the resonances at 4, 6, 11, 13, 66, 68, 103, and 106 ppm correspond to four sets of two slightly 

inequivalent amide protons, whereas the peaks at 48 and 101 ppm correspond to amine and 

hydroxyl protons on (HL′)3−, respectively. Furthermore, the two methylene protons on (HL′)3− 
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resonate at 69 and 74 ppm, in accord with the etidronate methyl peak at 66 ppm for 1. Together, 

these observations indicate pseudo-C2 symmetry of LCo2(HL′) in 3, as observed for the anionic 

complexes in 1 and 2-X.5f,g Moreover, the close similarity between the 1H NMR profiles for 1 and 

3 corroborates our previous observations that the chemical shifts of resonances from L− are not 

significantly affected by modest 

modifications of the bisphosphonate 

ligand.5f Importantly, the amine resonance 

for 3 is highly shifted and well separated 

from the amide peaks, suggesting the 

potential utility of these two functional 

groups for pH sensing using ratiometric 

PARACEST. Finally, whereas no chemical 

shift changes are observed upon increasing 

the pH from 5.99 to 7.80, the exchangeable 

proton resonances broaden significantly, 

indicating faster proton exchange (see 

Figure 5.10). 

5.3.5 CEST Properties 

To further investigate the possibility of 

employing 3 as a pH-responsive 

PARACEST probe, variable-pH CEST 

spectra were collected at 37 °C for 9 mM 

 

Figure 5.2 Top: Variable-pH CEST spectra collected at 

11.7 T and 37 °C using a 2 s presaturation pulse and B1 

= 22 μT for 9 mM aqueous solutions of 3 with 50 mM 

HEPES and 100 mM NaCl buffered to pH 6.01–7.78 (see 

legend). Inset: Expanded view of the CEST peaks of 

interest. Bottom: Plot of CEST intensities from 

presaturation at 48 ppm (purple) and 67 ppm (green) vs 

pH. 



 

434 

 

solutions of 3 in HEPES buffers. The spectrum at pH 6.01 exhibits three peaks at 48, 67, and 100 

ppm with 36, 2.1, and 4.8% CEST intensity, respectively (see Figure 5.2, top). The CEST peaks 

at 48 and 67 ppm correspond to amine and two overlapping amide resonances, respectively, as 

evidenced by 1H NMR analysis. As the pH is raised to 7.58, the intensity of the amine peak remains 

relatively constant, reaching a maximum value of 42% at pH 7.01. However, further increasing 

the pH to 7.78 leads to a significant peak broadening and concurrent intensity reduction (see Figure 

5.2). In stark contrast, the CEST effect at 67 ppm increases nearly linearly in this pH range, 

affording a maximum value of 23% at pH 7.78 (see Figure 5.2). This increase in CEST peak 

intensity with pH is consistent with the base-catalyzed amide proton exchange observed for 1 and 

2-X.5f,g Indeed, exchange rate analysis using the Omega plot method16 reveals that the rate constant 

(kex) for the amide protons at 67 ppm for 3 increases from 2.9(4) × 102 to 6.1(1) × 102 s−1 between 

pH 6.53 and 7.78 (see Figures 5.11 and 5.13). These values agree well with those previously 

reported for dicobalt complexes of L−.5f To compare, kex for the amine protons in 3 exhibits a 

relatively small pH dependence below pH 7.0 but then undergoes a dramatic increase when the pH 

is raised further, reaching a maximum of kex = 1.5(1) × 103 s−1 at pH 7.78 (see Figures 5.12 and 

5.13). These observations are consistent with NMR line width and CEST intensity analyses, 

indicating that kex = 800–900 s−1 provides optimal amine CEST effect for the dinuclear system. 

Finally, note that the CEST peak at 100–103 ppm stems from overlapping amide and hydroxyl 

resonances, as observed for 1.5f Despite the high chemical shift, the broadness of this peak and pH-

dependent frequency render it unsuitable for use in ratiometric pH quantitation. 

5.3.6 Ratiometric CEST Analysis 

The markedly different pH dependences of the amine and amide CEST intensities at 48 and 67 
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ppm, respectively, prompted us to assess the utility of 3 in the ratiometric quantitation of pH. 

Indeed, the ratio of CEST intensities at 48 and 67 ppm (CEST48 ppm/CEST67 ppm) exhibits a 

pronounced pH dependence. Upon increasing the pH from 6.20 to 7.41, CEST48 ppm/CEST67 ppm 

shows a linear decrease and a fit to the data provided a pH calibration curve with the following 

equation (see Figure 5.3): 

                 CEST48 ppm/CEST67 ppm = −8.8 × pH + 67     (5.3) 

Remarkably, the pH sensitivity of 8.8(5) for 3, as estimated by the absolute value of the slope 

of the linear calibration curve, is over 4-fold higher than for other dicobalt complexes in this family 

of PARACEST pH probes.5f,g In fact, to our knowledge, 3 exhibits the highest pH sensitivity in 

the physiological range yet reported for a ratiometric MR-based paramagnetic probe at 37 °C.24 

The dramatic increase in pH sensitivity for 3 stems from the linear relationship between CEST48 

ppm/CEST67 ppm and pH, rather than the logarithm of the intensity ratios, as observed for all 

previously reported dicobalt analogues.5f,g 

Importantly, the pH calibration curve for 3 

is not significantly affected by the 

concentration of the complex, as the slopes 

obtained for 5 and 9 mM samples of 3 fall 

within error of one another (see Figures 

5.14–5.19). This observation illustrates that 

the ratiometric method using 3 provides a 

concentration-independent measure of pH 

in the range 6.20–7.41, which is in line with 

 

Figure 5.3 Plot of the ratios of CEST intensities from 

presaturation at 48 and 67 ppm for 9 mM aqueous buffer 

solutions of 3 vs pH. Circles denote experimental data 

and the line corresponds to a linear fit to the data. 
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previous findings for 1 and 2-X.5f,g Taken together, these results show that a substantial sensitivity 

improvement in ratiometric pH quantitation is achieved by using an amine-functionalized 

dinucleating ligand platform. Furthermore, the amine group from (HL′)3− affords a CEST peak 

with much higher intensity than does the etidronate hydroxyl group in 1 and 2-X.5f,g 

5.3.7 pKa Determination by 1H NMR Spectroscopy 

The observation of no shifts in 1H NMR frequencies between pH 6.0 and 7.8 for 3 contrasts 

with that of 1 and 2-X,5f,g suggesting that the pKa corresponding to protonation of one of the cobalt-

coordinated OL′ atoms (see Figure 5.20) is significantly lower for 3 than for 1 and 2-X.5f,g Indeed, 

sigmoidal fits (see Section 5.2) to the chemical shift vs pH data for the two methylene resonances 

from the bisphosphonate ligand between pH 1.50 and 7.80 gave values of pKa = 3.57(8) and 3.96(4) 

for 3 (see Figure 5.21). The slight discrepancy between the pKa values estimated from the two 

protons likely arises from their different distances from the OL′ atoms. Most importantly, both 

values are substantially lower than those of 5.01(3) and 4.76(7) reported for 1 and 2-NO2, 

respectively,5f,g indicating that pH-induced shifts in CEST peak frequencies in the physiological 

pH range can be prevented for this family of probes by decreasing the pKa of the ionization process 

below 4.0. This is highly advantageous for intensity-based PARACEST probes and was 

accomplished for 3 through incorporation of a protonated amine group. 

5.3.8 Stability Studies 

Finally, the high solution stability of 3 was confirmed by cyclic voltammetry and ligand 

substitution studies. The absence of an oxidation process within the potential window of the 

solvent indicates that 3 is inert toward reaction with O2 in aqueous solutions (see Figure 5.22).25 

Moreover, 3 remains intact in the presence of physiological phosphates, demonstrating its high 
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kinetic inertness (see Figure 5.23). 

5.4 Conclusions 

The foregoing results demonstrate the utility of a new amine-functionalized dicobalt 

PARACEST probe for the ratiometric quantitation of pH, and highlight the excellent tunability of 

the dinucleating ligand platform to enhance pH sensitivity and CEST signal intensities. Efforts are 

underway to investigate the stability and performance of this probe in physiological environments. 

Toward this end, preliminary NMR and CEST experiments for 3 in fetal bovine serum (FBS) and 

17% (w/v) gelatin gels revealed similar pH-dependent trends and linear pH calibration curves as 

observed in HEPES buffers. Note, however, that the pH calibration equation is slightly affected 

by the surrounding medium owing to differences in proton exchange rates and/or T1 relaxation 

times between media (see Figures 5.24–5.36 and Tables 5.2–5.4). Thus, for in vivo studies, the pH 

calibration curve must be constructed in a medium that closely mimics the targeted environment. 

5.5 Supporting Information 

5.5.1 Supplementary Experimental Details 

Synthesis of (2-amino-1-hydroxyethane-1,1-diyl)bis(phosphonic acid) (H4L′). This compound 

was synthesized following a modified literature procedure.26 Under an atmosphere of dinitrogen, 

a colorless 1.0 M catecholborane solution in tetrahydrofuran (THF) (10.8 g, 11.3 mmol) was added 

to solid glycine (0.274 g, 3.65 mmol) at 25 °C. The resulting white suspension was stirred at 25 

°C for 3 h to give a colorless solution. To this stirring solution, tris(trimethylsilyl) phosphite (4.47 

g, 15.0 mmol) was slowly added and the resulting colorless solution was stirred at 25 °C for 

additional 22 h. Then MeOH (5 mL) was added to give a spongy white suspension and stirring 
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was continued for 1 h at 25 °C. The volatiles were removed under reduced pressure to give a white 

residue which was triturated with MeOH (20 mL) to afford a white solid. The solid was stirred in 

THF (15 mL) for 1.5 h to wash, collected by vacuum filtration, and washed with Et2O (2 × 5 mL). 

Recrystallization from H2O and drying under reduced pressure afforded the title compound as a 

white powder (0.172 g, 21%). 1H NMR (500 MHz, D2O, 25 °C): δ 3.48 (t, 3JHP = 11.9 Hz, 2H). 

13C{1H} NMR (126 MHz, D2O, 25 °C): δ 70.70 (t, 1JCP = 137.3 Hz), 42.75 (s). 31P{1H} NMR (202 

MHz, D2O, 25 °C): δ 14.95 (s). 
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5.5.2 Supplementary Figures 

  

 

 

 

Figure 5.4 FT-IR spectrum of a solid sample of 3 at ambient temperature. 
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Figure 5.5 Diffuse reflectance UV-Vis spectrum of a solid sample of 3 diluted with BaSO4 powder at 

ambient temperature. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 
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Figure 5.6 Variable-pH UV-Vis absorption spectra of 34–49 μM of 3 in aqueous solutions containing 

50 mM HEPES and 100 mM NaCl at ambient temperature. Spectra were measured in the pH range used 

for CEST experiments, from pH 6.10 to 7.99. Colored numbers in the legend denote the pH of the 

solutions measured with a pH electrode and the corresponding color for each sample. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 5.7 Variable-pH dc magnetic susceptibility data for 3 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl, collected at 37 °C and 11.7 T using the Evans method17 (see Equation 5.2). 

Blue circles represent experimental data and the solid black line denotes the average value of χMT = 

5.96(6) cm3 K mol−1 (see Table 5.1). 
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Figure 5.8 Stacked 1H NMR spectra of 3 in an aqueous solution containing 50 mM HEPES and 100 mM 

NaCl buffered to pH 7.02 (blue) and in neutral D2O (purple), collected at 37 °C and 11.7 T. The labelled 

peaks correspond to exchangeable ligand protons that are not present in the spectrum recorded in D2O. 

In particular, the asterisks (*) denote peaks corresponding to amide protons from the tetra(carboxamide) 

ligand, and the dollar sign ($) and number sign (#) correspond to hydroxyl and amine protons, 

respectively, from the ancillary bisphosphonate ligand. The sharp feature at 176 ppm in the spectrum 

recorded in buffer is an instrument-derived artifact. 
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Figure 5.9 Stacked 1H NMR spectra of 3 (blue) and 1 (purple) in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl buffered to pH 7.02 and 7.06, respectively, collected at 37 °C and 11.7 T. 

The asterisks denote non-exchangeable proton resonances from the ancillary bisphosphonate ligands. 

The sharp feature at 176 ppm in the spectrum of 3 and the features at 161, 80, and −80 ppm in the 

spectrum of 1 are instrument-derived artifacts. 
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Figure 5.10 Variable-pH 1H NMR spectra of 10 mM of 3 in aqueous solutions containing 50 mM HEPES 

and 100 mM NaCl buffered to various pH values, collected at 37 °C and 11.7 T. Black numbers on the 

left denote the pH of the NMR sample solutions measured with a pH electrode. The sharp feature at 176 

ppm is an instrument-derived artifact.  
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Figure 5.11 Omega plots of the CEST effect from application of 6 s presaturation at 67 ppm using B1 = 

14–22 μT for 9 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered to 

pH 6.53–7.78 (red-purple to blue), collected at 37 °C and 11.7 T. Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color for each sample. 

Circles represent experimental data and lines represent linear fits to the data. Note that for pH values 

below 6.53, the amide CEST effect did not change when the presaturation power was varied from 14 to 

22 μT, which indicates very slow proton exchange. Therefore, the exchange rate constant could not be 

estimated for those pH values using the Omega plot method. 
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Figure 5.12 Omega plots of the CEST effect from application of 6 s presaturation at 48 ppm using B1 = 

14–22 μT for 9 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered to 

pH 6.01–7.78 (red to blue), collected at 37 °C and 11.7 T. Colored numbers in the legend denote the pH 

of the solutions measured with a pH electrode and the corresponding color for each sample. Circles 

represent experimental data and lines represent linear fits to the data. 
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Figure 5.13 pH dependences of the proton exchange rate constants (kex) for the CEST effects at 48 ppm 

(purple) and 67 ppm (green) for 9 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM 

NaCl at 37 °C and 11.7 T, obtained from Omega plots. Circles represent experimental data and error bars 

represent standard deviations of the linear fits to the Omega plot data (see Figures 5.11 and 5.12). 
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Figure 5.14 Variable-pH CEST spectra collected at 11.7 T and 37 °C using 2 s presaturation pulse and 

B1 = 22 μT for 5 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 mM NaCl buffered 

to pH 6.07–7.77 (red to blue). Colored numbers in the legend denote the pH of the solutions measured 

with a pH electrode and the corresponding color for each sample. Inset: Expanded view of the CEST 

peaks of interest. 



 

450 

 

  

 

 

 

 

Figure 5.15 pH dependences of the CEST intensities from application of 2 s presaturation at 48 ppm 

(purple) and 67 ppm (green) using B1 = 22 μT for 5 mM of 3 in aqueous solutions containing 50 mM 

HEPES and 100 mM NaCl, collected at 37 °C and 11.7 T. 
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Figure 5.16 pH dependence of the ratio of CEST intensities from application of 2 s presaturation at 48 

and 67 ppm using B1 = 22 μT for 5 mM of 3 in aqueous solutions containing 50 mM HEPES and 100 

mM NaCl, collected at 37 °C and 11.7 T. Blue circles represent experimental data and the solid black 

line denotes a linear fit to the data with the following equation: CEST48 ppm/CEST67 ppm = −9.4(5) × pH + 

72(3); R2 = 0.98. 
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Figure 5.17 Comparison of the pH dependence of the CEST intensity from application of 2 s 

presaturation at 48 ppm using B1 = 22 μT for various concentrations of 3 (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl, collected at 37 °C and 11.7 T. 
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Figure 5.18 Comparison of the pH dependence of the CEST intensity from application of 2 s 

presaturation at 67 ppm using B1 = 22 μT for various concentrations of 3 (see legend) in aqueous solutions 

containing 50 mM HEPES and 100 mM NaCl, collected at 37 °C and 11.7 T. 
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Figure 5.19 Comparison of the pH calibration curves obtained by taking the ratios of the CEST 

intensities from application of 2 s presaturation at 48 and 67 ppm using B1 = 22 μT for various 

concentrations of 3 (see legend) in aqueous solutions containing 50 mM HEPES and 100 mM NaCl, 

collected at 37 °C and 11.7 T. Symbols represent experimental data and solid lines denote linear fits to 

the data with the following equations: (9 mM) CEST48 ppm/CEST67 ppm = −8.8(5) × pH + 67(4), R2 = 0.98; 

(5 mM) CEST48 ppm/CEST67 ppm = −9.4(5) × pH + 72(3), R2 = 0.98. 
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Figure 5.20 Scheme highlighting the ionization process taking place on the ancillary bisphosphonate 

ligand for the dicobalt complex in 3, in the pH range 1.50–7.80.  
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Figure 5.21 pH dependences of the 1H NMR chemical shifts (reported as frequency offsets) of the two 

inequivalent methylene proton resonances from the ancillary bisphosphonate ligand for 3 in aqueous 

solutions containing 50 mM HEPES and 100 mM NaCl, collected at 37 °C and 11.7 T. Circles represent 

experimental data and solid lines correspond to sigmoidal fits to the data (see Equation 5.1). Fits to the 

data give pKa = 3.57(8) (R2 = 0.993) and 3.96(4) (R2 = 0.996) for the two methylene proton resonances, 

respectively. The ionization process taking place on the ancillary bisphosphonate is highlighted with the 

schematics of the complex in Figure 5.20. 
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Figure 5.22 Cyclic voltammogram for 2 mM of 3 in an aqueous solution containing 50 mM HEPES and 

100 mM NaCl buffered to pH 7.4. Measurements were carried out at ambient temperature using a glassy 

carbon electrode as a working electrode and 20 mV s−1 scan rate. The blue arrows denote the scan 

direction.  



 

458 

 

  

 

 

Figure 5.23 Stacked 1H NMR spectra of 9 mM of 3 in an aqueous solution containing 50 mM HEPES 

and 100 mM NaCl buffered to pH 7.4 without (blue) and with (purple) the presence of 9 mM of each 

NaH2PO4, Na3ADP ((ADP)3− = adenosine 5′-diphosphate), and Na2H2ATP ((ATP)4− = adenosine 5′-

triphosphate), collected at 37 °C and 14.1 T. Note that compound 3 was incubated with the solution of 

the phosphate ions at 25 °C for 24 h prior to the NMR experiment.  



 

459 

 

  

 

 

 

 

Figure 5.24 Variable-pH 1H NMR spectra of 8 mM of 3 in FBS at various pH values, collected at 37 °C 

and 14.1 T. Black numbers on the left denote the pH of the NMR sample solutions measured with a pH 

electrode.  
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Figure 5.25 Variable-pH CEST spectra collected at 11.7 T and 37 °C using 2 s presaturation pulse and 

B1 = 22 μT for 8 mM of 3 in FBS at pH 6.23–7.74 (red to blue). Colored numbers in the legend denote 

the pH of the solutions measured with a pH electrode and the corresponding color for each sample. Inset: 

Expanded view of the CEST peaks of interest. 
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Figure 5.26 pH dependences of the CEST intensities from application of 2 s presaturation at 48 ppm 

(purple) and 67 ppm (green) using B1 = 22 μT for 8 mM of 3 in FBS, collected at 37 °C and 11.7 T. 
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Figure 5.27 pH dependence of the ratio of CEST intensities from application of 2 s presaturation at 48 

and 67 ppm using B1 = 22 μT for 8 mM of 3 in FBS, collected at 37 °C and 11.7 T. Blue circles represent 

experimental data and the solid black line denotes a linear fit to the data with the following equation: 

CEST48 ppm/CEST67 ppm = −7.1(3) × pH + 55(2); R2 = 0.99. 
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Figure 5.28 Variable-pH 1H NMR spectra of 8 mM of 3 in 17% (w/v) gelatin gels at various pH values, 

collected at 37 °C and 14.1 T. Black numbers on the left denote the pH of the NMR samples measured 

with a pH electrode.  

 



 

464 

 

  

 

 

 

Figure 5.29 Variable-pH CEST spectra collected at 11.7 T and 37 °C using 2 s presaturation pulse and 

B1 = 22 μT for 8 mM of 3 in 17% (w/v) gelatin gels at pH 6.13–7.45 (red to dark purple). Colored 

numbers in the legend denote the pH of the samples measured with a pH electrode and the corresponding 

color for each sample. Inset: Expanded view of the CEST peaks of interest. 
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Figure 5.30 pH dependences of the CEST intensities from application of 2 s presaturation at 48 ppm 

(purple) and 67 ppm (green) using B1 = 22 μT for 8 mM of 3 in 17% (w/v) gelatin gels, collected at 37 

°C and 11.7 T. 
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Figure 5.31 pH dependence of the ratio of CEST intensities from application of 2 s presaturation at 48 

and 67 ppm using B1 = 22 μT for 8 mM of 3 in 17% (w/v) gelatin gels, collected at 37 °C and 11.7 T. 

Blue circles represent experimental data and the solid black line denotes a linear fit to the data with the 

following equation: CEST48 ppm/CEST67 ppm = −9.3(5) × pH + 71(4); R2 = 0.98. 
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Figure 5.32 Comparison of the pH dependence of the CEST intensity from application of 2 s 

presaturation at 48 ppm using B1 = 22 μT for 3 in aqueous buffer solutions containing 50 mM HEPES 

and 100 mM NaCl (purple; 9 mM), in FBS (orange; 8 mM), and in 17% (w/v) gelatin gels (green; 8 

mM), collected at 37 °C and 11.7 T. 
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Figure 5.33 Comparison of the pH dependence of the CEST intensity from application of 2 s 

presaturation at 67 ppm using B1 = 22 μT for 3 in aqueous buffer solutions containing 50 mM HEPES 

and 100 mM NaCl (purple; 9 mM), in FBS (orange; 8 mM), and in 17% (w/v) gelatin gels (green; 8 

mM), collected at 37 °C and 11.7 T. 
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Figure 5.34 Comparison of the pH calibration curves obtained by taking the ratios of the CEST 

intensities from application of 2 s presaturation at 48 and 67 ppm using B1 = 22 μT for 3 in aqueous 

buffer solutions containing 50 mM HEPES and 100 mM NaCl (purple), in FBS (orange), and in 17% 

(w/v) gelatin gels (green), collected at 37 °C and 11.7 T. See Section 5.3.6 and Figures 5.27 and 5.31 for 

the equations of the linear fits to the data. 
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Figure 5.35 Omega plots of the CEST effects from application of 6 s presaturation at 48 ppm (purple) 

and 67 ppm (green) using B1 = 14–22 μT for 8 mM of 3 in FBS at pH 7.46, collected at 37 °C and 11.7 

T. Circles represent experimental data and lines represent linear fits to the data. 
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Figure 5.36 Omega plots of the CEST effects from application of 6 s presaturation at 48 ppm (purple) 

and 67 ppm (green) using B1 = 14–22 μT for 8 mM of 3 in a 17% (w/v) gelatin gel at pH 7.22, collected 

at 37 °C and 11.7 T. Circles represent experimental data and lines represent linear fits to the data. 
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5.5.3 Supplementary Tables 

  

Table 5.1 Summary of the average solution dc magnetic susceptibility data for 3, collected at 37 °C 

and 11.7 T using the Evans method20 (see Equation 5.2) for aqueous solutions with 50 mM HEPES 

and 100 mM NaCl buffered to various pH values (see Figure 5.7). 

Average values 3 

χMT (cm3 K mol−1) 5.96(6) 

χMT per CoII (cm3 K mol−1) 2.98(3) 

μeff per CoII (μB)a 4.88(7) 

g per CoII b 2.52(2) 

aThe relationship between μeff and χMT is as follows: μeff = (8χMT)1/2μB. b  The relationship between χMT and g is 

as follows: χMT = (g2S(S+1))/8. Note, here S = 3/2. 
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Table 5.2 Comparison of proton exchange rate constants (kex) for 3 in an aqueous solution containing 

50 mM HEPES and 100 mM NaCl buffered to pH 7.41 and in FBS at pH 7.46, obtained from Omega 

plots at 37 °C and 11.7 T. 

       48 ppm 67 ppm 

pH 7.41 buffer 1.26(4) × 103 s−1 4.4(2) × 102 s−1 

pH 7.46 FBS 1.27(3) × 103 s−1 4.9(1) × 102 s−1 
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Table 5.3 Comparison of proton exchange rate constants (kex) for 3 in an aqueous solution containing 

50 mM HEPES and 100 mM NaCl buffered to pH 7.20 and in a 17% (w/v) gelatin gel at pH 7.22, 

obtained from Omega plots at 37 °C and 11.7 T. 

       48 ppm 67 ppm 

pH 7.20 buffer 9.9(2) × 102 s−1 4.2(1) × 102 s−1 

pH 7.22 gelatin 2.0(2) × 103 s−1 2.9(3) × 102 s−1 
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Table 5.4 Comparison of T1 relaxation times of H2O at 37 °C and 11.7 T in an aqueous solution 

containing 50 mM HEPES and 100 mM NaCl buffered to pH 7.35 and in FBS at pH 7.50. 

 T1 

pH 7.35 buffer 4.2(1) s 

pH 7.50 FBS 3.5(1) s 
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Chapter 6: Selective Binding and Quantitation of Calcium with a Cobalt-

Based Magnetic Resonance Probe 

Reprinted with permission from: 

Du, K.; Thorarinsdottir, A. E.; Harris, T. D. Journal of the American Chemical Society 2019, 
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6.1 Introduction  

The concentration of Ca2+ ions in blood serum is a vital biomarker for bone-related diseases, 

such as cancer,1 hyperparathyroidism,2 and Paget’s disease.3 These diseases are associated with the 

dissolution of bone tissue, which releases Ca2+ into the blood stream and results in hypercalcemia, 

a medical condition where the total Ca2+ concentration in serum exceeds 2.6 mM.4 In current 

clinical settings, the presence and extent of hypercalcemia is evaluated by blood tests. This form 

of analysis provides only an estimate of the total Ca2+ concentration in serum, with no information 

on the spatial distribution or local concentration of Ca2+ near the bone lesion. As such, while blood 

tests can conveniently confirm the presence of hypercalcemia, they do not enable an assessment 

of the underlying source and cause of high Ca2+ concentrations.5 For these reasons, realization of 

an imaging technique able to quantitate the local Ca2+ concentration near bone tissue would be 

highly useful in the early detection of bone-related diseases and in pathological studies. 

Magnetic resonance imaging (MRI) is a non-invasive technique that is particularly well suited 

for measuring the concentration of Ca2+ near bone tissue owing to its unlimited depth penetration 

of tissue and its ability to provide spatiotemporal images.6 Toward this end, several GdIII-based 

probes have been developed to detect Ca2+ ions by virtue of relaxivity changes upon binding Ca2+.7 

Here, extensive synthetic modifications have been employed to impart selective binding of Ca2+ 

in the presence of other cations.7 Nevertheless, the utility of these probes is limited by 

heterogeneous biodistribution of Ca2+ and/or the probes themselves. It is therefore critical to 

develop MRI probes capable of selectively binding and quantitating Ca2+ through a concentration-

independent method.  
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Lanthanide-8 and transition metal-based9 paramagnetic chemical exchange saturation transfer 

(PARACEST) probes, which deliver magnetization to bulk H2O through chemical exchange of 

protons, have been reported to detect a number of biomarkers, such as redox environment,10 

pH,9e,11 temperature,12 and Zn2+ ions.13 The exchangeable proton resonances, commonly from 

coordinating H2O, carboxamides, and nitrogen heterocycles, are paramagnetically shifted, thus 

minimizing interference from labile protons in biological systems. Furthermore, the large chemical 

shifts allow for faster proton exchange, hence more pronounced contrast can be realized. The 

frequency-specific contrast afforded by PARACEST probes enables simultaneous detection of 

more than one CEST peak. As a result, the intensity ratio of two distinct CEST peaks that exhibit 

different responses can provide an effective and concentration-independent measure of 

biomarkers.8b,9e,10c,11a,b,d–f,h,j,k 

An ideal Ca2+-responsive PARACEST probe should feature a recognition moiety that is 

moderately selective for Ca2+,8e yet can reversibly bind other cations of concentrations that are 

relatively constant in serum, in order to enable a ratiometric measurement. One such cation is Na+, 

which exhibits a relatively constant concentration of ca. 140 mM in serum.14 In addition, the 

frequencies of CEST peaks for Ca2+- and Na+-bound complexes should be well separated to avoid 

interference, analogously to the attributes of a 19F probe.15 Along these lines, alkali and alkaline 

earth cations have been shown to significantly influence the magnetic anisotropy of a nearby 

paramagnetic metal ion, by causing distortions in the local coordination environment.16 Because 

the proton hyperfine shift is highly sensitive to changes in metal coordination environment and 

magnetic anisotropy,17 the CEST peak frequency can be indicative of the identity of the bound 

cation. As such, we set out to design a probe that features (1) a cation binding moiety with proper 
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affinities toward Ca2+ and Na+ to allow for an equilibrium between the Ca2+- and Na+-bound probes 

under physiological conditions, (2) a paramagnetic center with magnetic properties and 

coordination environment that is highly sensitive toward the identities of cations within its vicinity, 

and (3) a functional group capable of producing CEST effects.  

A high-magnetic anisotropy CoII complex that features coordinating carboxamide ligands and 

a proximate crown ether satisfies all of these criteria. Encouragingly, complexes of a Schiff base-

18-crown-6 dinucleating ligand have recently been employed to modulate the electronic structure 

of CoII via cation complexation.18 Herein, we present a CoII-based PARACEST probe that can 

reversibly bind Ca2+ and Na+ under physiological conditions. The ratio of CEST signal intensities 

from the resulting Ca2+- and Na+-bound probes enables, for the first time, the concentration-

independent quantitation of Ca2+ concentration by an MR-based method. 

6.2 Experimental Section  

General Considerations. Unless otherwise specified, chemicals and solvents were purchased 

from commercial vendors and used without further purification. Deuterated solvents were 

purchased from Cambridge Isotope Laboratories. When necessary for moisture sensitive 

experiments, glassware was flame dried or stored in an oven at 150 °C for at least 4 h, followed 

by cooling in a desiccator. Air- and water-free manipulations were carried out in a Vacuum 

Atmosphere Nexus II glovebox or using standard Schlenk techniques under a dry dinitrogen 

atmosphere. Air-free experiments involving the use of water were carried out in an MBraun 

LABstar glovebox under a humid dinitrogen atmosphere. Acetonitrile (MeCN), diethyl ether 

(Et2O), and methanol (MeOH) were dried using a commercial solvent purification system from 

Pure Process Technology. MeCN was stored over 4 Å molecular sieves prior to use. Water was 
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obtained from a purification system from EMD Millipore. Experimental details on the syntheses 

of organic ligand precursors are provided in Section 6.5.1. 

Synthesis of 2,2'-(12,82-dihydroxy-9,12,15,18-tetraoxa-3,6-diaza-1,8(1,3)-

dibenzenacyclooctadecaphane-3,6-diyl)diacetamide (H2L, see Figure 6.1). Under a dry dinitrogen 

atmosphere, 13,16,19,22-tetraoxa-3,6-diazatricyclo[21.3.1.18,12]octacosa-1(27),8,10,12(28),23,

25-hexaene-27,28-diol (0.20 g, 0.48 mmol) and N,N-diisopropylethylamine (0.12 g, 0.96 mmol) 

were dissolved in MeCN (20 mL) to give a brown solution. The solution was heated at reflux and 

2-bromoacetamide (0.13 g, 0.96 mmol) was added dropwise to the boiling solution with vigorous 

stirring. After stirring at reflux for 12 h, basic alumina (2 g) was added and the mixture was 

evaporated to dryness under reduced pressure. The resulting powder was dry-loaded on a basic 

alumina column, which was packed using CH2Cl2 eluent. After loading, the column was first eluted 

with 2% (v/v) MeOH/CH2Cl2 until no compound was detected by thin-layer chromatography 

(TLC), as visualized by I2 vapor, to remove an impurity (Rf = 0.6 in 5% (v/v) MeOH/CH2Cl2). The 

column was then eluted with 5% (v/v) MeOH/CH2Cl2 to obtain the desired product (Rf = 0.3 in 

5% (v/v) MeOH/CH2Cl2). The combined fractions were evaporated to dryness under reduced 

pressure to give the product as an off-white solid (25 mg, 10%). 1H NMR (MeOH-d4): δ 6.88 (t, 

2H), 6.72 (m, 4H), 4.14 (m, 4H), 3.88 (m, 4H), 3.77 (s, 4H), 3.65 (s, 4H), 3.03 (s, 4H), 2.72 (s, 

4H). 

Synthesis of LCo·3.1H2O (1, see Figure 6.1). Under a dinitrogen atmosphere, H2L (25 mg, 

0.047 mmol) was dissolved in MeOH (5 mL). To this colorless solution, a solution of 

Co(CH3COO)2·4H2O (12 mg, 0.048 mmol) in MeOH (5 mL) was added. The resulting light 

magenta solution was heated at reflux under a dinitrogen atmosphere for 12 h. The solution was 
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evaporated to dryness and the residue 

was dissolved in MeOH (2 mL). The pink 

solution was added to Et2O (15 mL) with 

vigorous stirring, to induce the formation 

of a pink precipitate. The pink solid was 

collected by filtration, washed with Et2O (5 mL), and dried in vacuo for 20 h to give 1 (25 mg, 

82%). Anal. Calcd. for C26H40.2CoN4O11.1: C, 48.4; H, 6.28; N, 8.68%. Found: C, 48.2; H, 5.62; 

N, 9.14%. UV-Vis absorption spectrum (H2O, 25 °C): 517 nm ( = 59.5 M−1 cm−1), 526 nm ( = 

57.7 M−1 cm−1). FT-IR (ATR, cm–1): 3341 (s, broad); 2916 (m); 2872 (m); 1662 (s); 1589 (s); 1562 

(s); 1456 (s); 1304 (m); 1229 (s); 1110 (s); 1070 (s); 987 (m); 955 (m); 932 (m); 894 (m); 840 (m); 

737 (s); 587 (w); 439 (w); 407 (w). Solution magnetic moment (D2O, 37 °C): χMT = 2.4(3) cm3 K 

mol−1. Slow diffusion of acetone into a pink solution of 1 in H2O over two weeks yielded single 

crystals of LCo·0.50C3H6O·9.05H2O (1′) suitable for X-ray structural analysis.  

Synthesis of LCoNa(NO3)·1.7H2O (2). To a stirring pink solution of 1 (30 mg, 0.046 mmol) in 

MeOH (5 mL), a solution of NaNO3 (4.3 mg, 0.051 mmol) in MeOH (0.5 mL) was added. The 

resulting pink solution was stirred for 5 min at ambient temperature and then filtered through 

diatomaceous earth. Slow diffusion of Et2O into the pink solution over three days resulted in pink 

crystalline solid, which was collected by filtration and dried in vacuo for 20 h to afford 2 (34 mg, 

95%). Anal. Calcd. for C26H37.4CoN5NaO12.7: C, 44.3; H, 5.35; N, 9.93%. Found: C, 44.3; H, 5.16; 

N, 10.1%. FT-IR (ATR, cm–1): 3356 (s, broad); 2921 (m); 2873 (m); 1666 (s); 1591 (m); 1564 

(m); 1476 (s); 1458 (s); 1302 (m); 1270 (m); 1231 (s); 1107 (s); 1086 (s); 987 (m); 956 (m); 930 

(m); 896 (m); 840 (m); 741 (s); 409 (m). Slow diffusion of acetone into a pink solution of 2 in H2O 

 

Figure 6.1 Synthesis and molecular structure of LCo.  
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over two weeks yielded single crystals of [LCoNa(H2O)](NO3)0.5(OH)0.5·5.8H2O  (2′) suitable for 

X-ray structural analysis. 

Synthesis of LCoCa(NO3)2·0.25Et2O·0.50H2O (3). To a stirring pink solution of 1 (30 mg, 

0.046 mmol) in MeOH (5 mL), a solution of Ca(NO3)2·4H2O (12 mg, 0.051 mmol) in H2O (0.5 

mL) was added. The resulting pink solution was stirred for 5 min at ambient temperature and then 

filtered through diatomaceous earth. Slow diffusion of Et2O into the pink solution over four days 

resulted in pink crystalline solid, which was collected by filtration and dried in vacuo for 20 h to 

afford 3 (30 mg, 83%). Anal. Calcd. for C27H37.5CaCoN6O14.75: C, 41.5; H, 4.84; N, 10.8%. Found: 

C, 41.5; H, 5.03; N, 10.9%. FT-IR (ATR, cm–1): 3341 (s, broad); 2922 (m); 2874 (m); 1662 (s); 

1600 (m); 1566 (m); 1475 (s); 1325 (s); 1303 (m); 1233 (s); 1105 (s); 1086 (s); 1071 (s); 1022 (m); 

983 (m); 958 (m); 942 (m); 843 (m); 828 (m); 738 (s); 444 (w); 431 (m). Slow diffusion of Et2O 

into a pink solution of 3 in MeOH over two weeks yielded single crystals of 

[LCoCa(NO3)(MeOH)](NO3)·MeOH (3′) suitable for X-ray structural analysis. 

X-ray Structure Determination. Single crystals of 1′, 2′, and 3′ were directly coated with 

Paratone-N oil and mounted on a MicroMounts rod. The crystallographic data were collected at 

100 K on a Bruker APEX II diffractometer equipped with a MoKα sealed tube source. Raw data 

were integrated and corrected for Lorentz and polarization effects using Bruker APEX2 v. 

2009.1.19 The program SADABS was used to apply absorption correction.20 Space group 

assignments were determined by examining systematic absences, E-statistics, and successive 

refinement of the structure. Structures were solved by SHELXT21a,b using direct methods and 

refined by SHELXL21a,b within the OLEX2 interface.20c All hydrogen atoms were placed at 

calculated positions using suitable riding models and refined using isotropic displacement 
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parameters derived from their parent atoms. Thermal parameters for all non-hydrogen atoms were 

refined anisotropically. The solvent mask procedure as implemented in OLEX2 was applied to the 

structures of 1′ and 2′ to account for severely disordered solvent molecules that could not be 

properly modeled. Void volumes of 9484.8 and 11161.8 Å3 with a total of 4060.8 and 3043.0 

electrons, respectively, were found per unit cell in the crystal structures of 1′and 2′, respectively. 

These were ascribed to 8.5 and 6.3 H2O molecules per LCo unit in the structures of 1′ and 2′, 

respectively. In the structure of 2′, the occupancies of Na+ and NO3
– ions within each asymmetric 

unit were found to be 1.0 and 0.5, respectively. As such, 0.5 OH– ion per LCo unit is likely present 

for charge balancing. Crystallographic data for 1′, 2′, and 3′ at 100 K and the details of data 

collection are listed in Table 6.3. 

Solid-State Magnetic Measurements. Magnetic measurements of 1, 2, and 3 were performed 

on polycrystalline samples dispensed in eicosane. Samples were loaded in quartz tubes under a 

dinitrogen atmosphere, attached to a sealable hose adapter, and flame sealed under vacuum on a 

Schlenk manifold. All data were collected using a Quantum Design MPMS-XL SQUID 

magnetometer. The reduced magnetization data were collected between 1.8 and 10 K at applied dc 

fields ranging from 0 to +7 T. The program PHI22 was employed to simulate and fit the reduced 

magnetization data using the following spin Hamiltonian:  

Ĥ = DŜz
2
 + gμBS·H         (6.1) 

In this Hamiltonian, D is the axial zero-field splitting parameter, Ŝz is the z component of the 

spin angular momentum operator, g is the electron spin g-factor, μB is the Bohr magneton, S is the 

spin angular momentum, and H is the applied magnetic field. Isotropic g values of 2.30(1), 2.28(1), 

and 2.33(1) were used for fitting the data for 1, 2, and 3, respectively, to extract the D values (see 
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Table 6.1 and Figure 6.2).  

Solution Magnetic Measurements. The solution magnetic moment of 1 was determined at 37 

°C using the Evans method23 by collecting 1H NMR spectra on an Agilent DD2 500 MHz (11.7 T) 

system. Samples contained 5 mM of 1 in a mixture of 0.5% (w/w) of dimethyl sulfoxide (DMSO) 

in D2O and were prepared under dinitrogen atmosphere to ensure no degradation due to oxidation 

by air. A capillary containing the same solvent mixture but without 1 was inserted into each NMR 

sample tube as a reference. Diamagnetic corrections were carried out based on the empirical 

formula of 1 using Pascal’s constants.24 The paramagnetic molar susceptibility χM
para (cm3 mol−1) 

was calculated using the following equation:23  

χM
para  = (3ΔMw)/(4π0m) − χM

dia         (6.2) 

In this equation, Δ  is the frequency difference (Hz) between the DMSO resonance in the 

sample and reference solutions, Mw is the molecular mass of the paramagnetic compound (g 

mol−1), 0 is the operating frequency of the NMR spectrometer (Hz), m is the concentration of the 

paramagnetic compound (g cm−3), and χM
dia is the diamagnetic contribution to the molar 

susceptibility (cm3 mol−1). The reported value of χMT is an average from three independent 

measurements. 

1H NMR Spectroscopy. 1H NMR spectra of H2L and ligand precursors were collected at 25 °C 

on an automated Agilent DD MR 400 MHz (9.4 T), an Agilent DD2 500 MHz (11.7 T), or on a 

Varian Inova 500 MHz (11.7 T) spectrometers. All 1H NMR spectra of cobalt complexes were 

recorded at 37 °C. Data for dissociation constant (Kd) measurements in D2O were collected on a 

Bruker Avance III HD Nanobay 400 MHz (9.4 T) system (for Na+ and K+) or on a Bruker Neo 
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600 MHz (14.1 T) system equipped with a QCI-F cryoprobe (for Mg2+ and Ca2+), and data for Kd 

measurements in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer 

solutions at pH 7.3–7.5 were collected on an Agilent DD2 500 MHz (11.7 T) system. 1H NMR 

spectra of samples of 1 in D2O and in 50 mM HEPES buffer solutions at pH 7.4 were collected on 

a Bruker Avance III HD Nanobay 400 MHz (9.4 T) system and on an Agilent DD2 500 MHz (11.7 

T) system, respectively. For the HEPES buffer solution samples, D2O was placed in an inner 

capillary within each NMR sample tube to lock the sample. Samples were prepared and stored 

under dinitrogen atmosphere to ensure no degradation due to oxidation by air. Note that the pH of 

the buffer solutions was adjusted to the desired values using aqueous HCl and (Me4N)OH solutions 

to avoid introduction of inorganic cations. Chemical shift values (δ) are reported in ppm and 

referenced to residual signals from the deuterated solvents (7.26 ppm for CDCl3, 3.31 ppm for 

MeOH-d4, and 2.50 ppm for DMSO-d6). For measurements of complexes in D2O or H2O, the 

chemical shift of the solvent signal was set to 0 ppm to simplify comparison between 1H NMR and 

CEST spectra (see Figures 6.6 and 6.7).  

CEST Experiments. All CEST experiments were performed at 37 °C on an Agilent DD2 500 

MHz (11.7 T) or a Varian Inova 500 MHz (11.7 T) systems.  Samples for measurements contained 

2.5–11 mM of 1 in 50 mM HEPES buffer solutions at pH 7.4, in the absence and presence of 

inorganic cations. All samples were prepared and stored under dinitrogen atmosphere to ensure no 

degradation due to oxidation by air. Z-spectra (CEST spectra) were obtained according to the 

following protocol. 1H NMR spectra were acquired from –100 to 100 ppm frequency offset 

(chemical shift with respect to the bulk H2O signal) with a step increase of 1 ppm using a 

presaturation pulse applied for 3 s at a power level (B1) of 21–22 μT. The B1 values were calculated 
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based on the calibrated 90° pulse on a linear amplifier. D2O was placed in an inner capillary within 

each NMR sample tube to lock the sample. The obtained 1H NMR spectra were plotted as 

normalized integrations of the H2O signal against frequency offset to produce a Z-spectrum. Direct 

saturation of the H2O signal was set to 0 ppm. CEST peak intensities from 20 to 40 ppm were 

fitted using a linear model to construct baselines, based on which the relevant CEST intensities 

were corrected. Exchange rate constants were calculated based on a reported method.25 In 

particular, 1H NMR spectra were acquired at various presaturation power levels ranging from 7.4 

to 21 μT applied for 6 s at 37 °C. 

Determination of Dissociation Constants (Kd) by 1H NMR Titration Experiments. 1H NMR 

titration experiments were performed following modified literature procedures.26 In order to obtain 

accurate chemical shift and peak integration values, samples were prepared in D2O under 

dinitrogen atmosphere. Reported values of Kd for each cation-bound complex are averages from 

two independent experiments. For [LCoM]+/2+ (M+/2+ = Na+, Mg2+, K+), values of Kd were 

estimated by monitoring changes in 1H NMR chemical shift for two different resonances (see 

Table 6.4) and averages from these data sets are reported in Table 6.2. To estimate Kd for the 

interaction between LCo and Na+ and Mg2+ ions, samples containing 2.5 or 1.0 mM of 1 were 

mixed with various amounts of NaNO3 or Mg(NO3)2 to give final concentrations of Na+ and Mg2+ 

ranging from 0 to 18.7 mM and 0 to 56.7 mM, respectively. The interconversion rate between 

{LCo + M+/2+} and [LCoM]+/2+ (M+/2+ = Na+, Mg2+) was fast compared to the 1H NMR acquisition 

time scale (ca. 10–3 s), as evidenced by the presence of a single set of NMR resonances for the 

whole series of spectra for both ions. The changes in chemical shift (Δδ) for the peaks at ca. 202 

and 123 ppm were monitored for each added ion (see Figures 6.3, left, and 6.8–6.10) and fitted 
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using the program Dynafit27 to extract values of Kd (see Section 6.5.1, and Tables 6.2 and 6.4). 

Representative fits of these data are shown in Figures 6.11–6.14. 

Because Kd for [LCoK]+ was expected to be lower than that for [LCoNa]+, 150 mM of Na+ was 

introduced to compete with K+ for binding to LCo, so an equilibrium could be established at a 

concentration of 1 high enough to be observed by 1H NMR. Samples containing 2.5 mM of 1 and 

150 mM of NaNO3 in D2O were mixed with various amounts of KNO3 to give final concentrations 

of K+ ranging from 0 to 18.6 mM. The interconversion rate between {[LCoNa]+ + K+} and 

{[LCoK]+ + Na+} was fast compared to the 1H NMR acquisition time scale (ca. 10–3 s), as 

evidenced by the presence of a single set of NMR resonances for the series of spectra. The changes 

in chemical shift (Δδ) for the peaks at ca. 212 and 133 ppm (see Figures 6.15 and 6.16) were fitted 

using Dynafit,27 using a competition model (see Section 6.5.1), to afford values of Kd (see Figures 

6.17 and 6.18, and Tables 6.2 and 6.4).  

To determine Kd for [LCoCa]2+, K+ was used as a competing ion. Samples containing 1.0 mM 

of 1 and 30 mM of KNO3 were mixed with various amounts of Ca(NO3)2 to give final 

concentrations of Ca2+ ranging from 0 to 3.65 mM. The increase in the intensity of the peak at 245 

ppm with increasing concentration of Ca2+ and the concomitant decrease in signal intensity for the 

peak at 207 ppm indicated a slow interconversion rate between {[LCoK]+ + Ca2+} and {[LCoCa]2+ 

+ K+} compared to the 1H NMR acquisition time scale (ca. 10–3 s). The integration values for the 

peaks at 207 and 245 ppm were normalized to represent the relative percentages of [LCoK]+ and 

[LCoCa]2+ in the samples (see Figure 6.19). The value of Kd for [LCoCa]2+ was estimated using 

the following equation (see Table 6.2): 

Kd (LCoCa) = Kd (LCoK) × [Ca2+]/[K+]        (6.3) 
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In this equation, Kd (LCoK) is the average Kd value obtained for [LCoK]+, and [Ca2+] and [K+] 

are the concentrations of free Ca2+ and K+ ions when [LCoK]+ : [LCoCa]2+ = 1 : 1. 

To investigate the effects of pH on cation binding to LCo and compare to the data obtained in 

D2O, 1H NMR titration experiments were repeated for Na+ in deoxygenated 50 mM HEPES buffer 

solutions at pH 7.3–7.5. Samples containing 5.0 mM of 1 and 50 mM of HEPES buffered at pH 

7.3, 7.4, and 7.5, respectively, were mixed with various amounts of NaNO3 to give final 

concentrations of Na+ ranging from 0 to 18.2 mM. The change in chemical shift (Δδ) for the peak 

at ca. 123 ppm was monitored and fitted using a non-competition model in Dynafit27 (see Section 

6.5.1) to obtain values of Kd as described above. These data are summarized in Figures 6.20–6.22 

and Table 6.5. 

Electrochemical Measurements. Cyclic voltammetry measurements were carried out in a 

standard one-compartment cell using CH Instruments 760c potentiostat under a humid dinitrogen 

atmosphere inside an MBraun LABstar glovebox at ambient temperature. The cell consisted of a 

glassy carbon electrode as a working electrode, a platinum wire as a counter electrode, and a 

saturated calomel electrode (SCE) as a reference electrode. The analyte solutions were prepared 

using 50 mM of HEPES buffered at pH 7.4 with either 100 mM of (Me4N)Cl or a mixture of 

inorganic cations at their physiological concentrations (150 mM of NaCl, 4 mM of KNO3, 2 mM 

of Ca(NO3)2, and 0.2 mM of Mg(NO3)2) as an electrolyte. The voltammograms were converted 

and referenced to the normal hydrogen electrode (NHE), using a literature conversion factor.28  

Other Physical Measurements. Infrared data were collected on a Bruker Alpha FTIR 

spectrometer equipped with an attenuated total reflectance accessory (ATR). Solution UV-Vis-

NIR spectra were obtained using an Agilent Cary 5000 spectrophotometer. Elemental analyses of 
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1, 2, and 3 were performed by Midwest Microlab Inc. 

6.3 Results and Discussion  

6.3.1 Syntheses and Structures 

An SN2 reaction between 2-bromoacetamide and a reduced salen precursor afforded the ligand 

H2L (see Scheme 6.1). The design and synthesis of this ligand were inspired by transition metal 

Schiff base complexes featuring an appended crown ether pocket precedent in the literature.16a,18,29 

However, in contrast with the tetradentate Schiff base ligands in these compounds, H2L features a 

crown ether moiety that is fused with a reduced salen-based hexadentate chelating ligand. The 

crown ether group is responsible for cation recognition, whereas the hexadentate chelating 

fragment features exchangeable carboxamide protons and accommodates an anisotropic metal 

center suitable for PARACEST. CoII is an ideal metal ion for these purposes owing to high 

magnetic anisotropy and fast electronic relaxation time.17 The crown ether moiety was expected to 

be well suited for selective and reversible binding of Ca2+ under physiological conditions as it 

mimics the organic molecule 18-crown-6, which is well known to bind cations with different 

affinities based on their size and charge.30 Furthermore, structural changes in the crown ether 

pocket caused by cation binding were envisioned to influence the coordination geometry of the 

hexadentate chelate, and thus affect the magnetic anisotropy of the paramagnetic CoII center. These 

changes in magnetic anisotropy of CoII were anticipated to impact the hyperfine shifts of 

carboxamide protons from the pendent donors, providing CEST peaks with cation-dependent 

frequencies. 
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Reaction of H2L with Co(CH3COO)2·4H2O
16a,18,29 afforded the pink compound LCo·3.1H2O 

(1) in 82% yield (see Figure 6.1). Subsequent addition of stoichiometric amounts of NaNO3 or 

Ca(NO3)2·4H2O yielded the compounds LCoNa(NO3)·1.7H2O (2) or 

LCoCa(NO3)2·0.25Et2O·0.50H2O (3), respectively. Slow diffusion of acetone into aqueous 

solutions of 1 or 2, or Et2O into a solution of 3 in MeOH, gave pink block-shaped crystals of 

LCo·0.50C3H6O·9.05H2O (1′), [LCoNa(H2O)](NO3)0.5(OH)0.5·5.8H2O (2′), and 

[LCoCa(NO3)(MeOH)](NO3)·MeOH (3′), respectively. Single-crystal X-ray diffraction analyses 

of 1′–3′ (see Table 6.3) revealed that the CoII ion resides in a distorted octahedral environment in 

all three structures, with the N2O2 pocket of L2− comprising the equatorial plane and the O atoms 

from the pendent carboxamide groups coordinating the axial sites (see Figure 6.2, top). In 2′, a 

 

Figure 6.2 Top: Crystal structures of LCo (left), [LCoNa(H2O)]+ (center), and [LCoCa(NO3)(MeOH)]+ 

(right), as observed in 1′, 2′, and 3′, respectively. Magenta, cyan, lilac, red, blue, and gray spheres represent 

Co, Ca, Na, O, N, and C atoms, respectively; H atoms are omitted for clarity. Bottom: Low-temperature 

magnetization data for 1 (left), 2 (center), and 3 (right), collected at selected dc fields (see legends). Colored 

circles and black solid lines represent experimental data and corresponding fits, respectively.  
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Na+ ion is ligated by four of the six O 

atoms from the crown ether unit of L2− 

and a H2O molecule to give an irregular 

five-coordinate complex. In stark 

contrast, 3′ features a nine-coordinate 

Ca2+ ion that induces only a minimal 

distortion to the crown ether, where all six Ca–Ocrown distances are shorter than 2.74 Å. The 

remaining three coordination sites of Ca2+ are occupied by a MeOH molecule and an η2-NO3
–
 ion. 

Because Ca2+ and Na+ have similar ionic radii,31 the less distorted structure in 3′ than 2′ likely 

stems from greater electrostatic attraction between Ca2+ and the O atoms. 

The conformational differences between the crown ether units in 1′, 2′, and 3′ caused 

significant structural differences at the CoII center in the three compounds. This effect can be 

quantified through the octahedral distortion parameter (Σ), which is defined as the sum of the 

absolute deviations from 90° for all 12 cis L–Co–L angles.32 Across the series, 1′ features the 

largest distortion from an octahedral geometry at CoII with Σ = 97.8(5)°, followed by 2′ with Σ = 

91.6(4)°, and 3′ with Σ = 66.3(2)° (see Table 6.1).  

6.3.2 Solid-State Magnetic Properties  

Given the significant differences in coordination geometry at CoII across the three compounds, 

one would expect associated changes in magnetic anisotropy. To probe the influence of 

coordination geometry on magnetic anisotropy in these compounds, low-temperature 

magnetization data were collected for polycrystalline samples of 1, 2, and 3 at selected dc fields 

(see Figure 6.2, bottom). The non-superimposability of the resulting isofield curves for all 

Table 6.1 Selected mean interatomic distances and 

octahedral distortion parameter (Σ)32 for 1′–3′, and axial 

zero-field splitting parameter (D) for 1–3. 

     1′ / 1     2′ / 2     3′ / 3 

 Co–Oamide (Å) 2.158(4) 2.15(3) 2.12(3) 

 Co–Ophenoxo (Å) 2.00(2) 2.009(8) 1.978(1) 

 Co–N (Å) 2.22(3) 2.18(3) 2.141(5) 

 Σ () 97.8(5) 91.6(4) 66.3(2) 

D (cm−1) −18.7(3) −20.8(2) −40.0(1) 
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compounds, along with their saturation magnetization values below M = 3 μB expected for an 

isotropic S = 3/2 CoII center, indicates the presence of significant zero-field splitting, which is a 

measure of magnetic anisotropy. This effect was quantified by fitting the data using Equation 6.1 

(see Section 6.2),22 giving axial zero-field splitting parameters of D = −18.7(3), −20.8(2), and 

−40.0(1) cm−1 for 1, 2, and 3, respectively. Here, the magnitude of D increases with decreasing 

distortion from octahedral geometry at CoII, which is in line with a progression toward orbital 

degeneracy in moving from 1 to 2 to 3. 

6.3.3 Solution 1H NMR Properties 

To probe how changes in magnetic anisotropy of CoII affect the NMR hyperfine shifts of ligand 

protons in 1, 2, and 3, 1H NMR spectra were collected at 37 °C for solutions containing 5 mM of 

1 and 50 mM of HEPES buffered at pH 7.4, in the absence and presence of 15 mM of NaNO3 or 

Ca(NO3)2. Note that excess amounts of Na+ and Ca2+ were used to ensure complete cation binding, 

and no further spectral changes were observed beyond this concentration. Spectra for all three 

solutions display sharp peaks spanning from −23 to 245 ppm vs H2O, consistent with high-spin 

CoII in all compounds (see Figure 6.6). Carboxamide resonances were observed at 77, 69, and 80 

ppm for 1, [LCoNa]+, and [LCoCa]2+, respectively, as evidenced by their disappearance in the 

spectra recorded in D2O (see Figure 6.7). The observation of a single carboxamide peak for all 

compounds suggests chemical equivalence of the two carboxamide groups in each molecule. 

Importantly, the difference in chemical shift of 11 ppm between the Ca2+- and Na+-bound 

compounds is more than two orders of magnitude greater than that of a diamagnetic analogue,18 

highlighting the high sensitivity of 1H NMR hyperfine shift toward structural and magnetic 

differences at CoII. Note that the carboxamide peak is not the most shifted resonance for any of the 
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three compounds. The most shifted resonances for 1, [LCoNa]+, and [LCoCa]2+ are located at 203, 

210, and 245 ppm, respectively. The increase in maximum hyperfine shift in moving from 1 to 

[LCoNa]+ to [LCoCa]2+ is in good agreement with the increase in magnetic anisotropy across the 

series, as evident from solid-state magnetic measurements. The 35 ppm difference in maximum 

hyperfine shift between [LCoCa]2+ and [LCoNa]+ represents even higher cation sensitivity, 

suggesting that there is a large room for improving the sensitivity of cation-sensing MR probes.  

6.3.4 Assessment of Cation Binding Affinities by 1H NMR 

While UV-Vis absorption spectroscopy is commonly used to determine dissociation constants, 

the UV-Vis spectra for aqueous solutions of 1, [LCoNa]+, and [LCoCa]2+ reveal no significant 

differences (see Figure 6.23). However, because notable changes were observed between the 1H 

NMR spectra for these compounds, and 1H NMR has been employed in studying cation binding 

 

Figure 6.3 Left: Change in 1H NMR chemical shift of a selected resonance for a 2.5 mM solution of 1 in 

D2O upon incremental addition of NaNO3. Right: Changes in 1H NMR signal intensities of selected 

resonances for a D2O solution containing 1.0 mM of 1 and 30 mM of KNO3 upon incremental addition of 

Ca(NO3)2. The resonances at 207 and 245 ppm correspond to [LCoK]+ and [LCoCa]2+, respectively. Data 

were collected at 37 °C at 9.4 and 14.1 T for Na+ and Ca2+, respectively. Numbers next to spectra denote 

the concentrations of respective added cations (mM). 
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for other crown ether-based systems,26 we 

decided to assess the binding affinities of 

1 toward Na+, Mg2+, K+, and Ca2+ through 

1H NMR titration experiments at 37 °C. 

Addition of Na+ or Mg2+ to solutions of 1 

in D2O resulted in downfield shifting of 1H NMR resonances. The resonances shifted non-linearly 

with increasing concentrations of Na+ or Mg2+, suggesting the presence of equilibrium (see Figures 

6.3, left, and 6.8–6.10). The changes in chemical shift for the peaks at ca. 202 and 123 ppm were 

most pronounced and could be modeled27 to provide average dissociation constants of Kd = 4.8(3) 

and 23(2) mM for [LCoNa]+ and [LCoMg]2+, respectively (see Figures 6.3, left, and 6.8–6.14, and 

Tables 6.2 and 6.4). Owing to the structural similarity between 18-crown-6 and the crown ether 

moiety of H2L, 1 was expected to display higher affinity toward K+ than toward the smaller ions 

Na+ and Mg2+.18,29 As such, Na+ was introduced to compete with K+ for binding to LCo, so an 

equilibrium could be established at a concentration of 1 high enough to be observed by 1H NMR. 

A similar non-linear shift of 1H resonances was observed upon incremental addition of KNO3 to a 

D2O solution of 1 containing 150 mM of NaNO3 as observed in the Na+ and Mg2+ titration 

experiments, albeit less pronounced (see Figures 6.15 and 6.16). A fit to the data gave an average 

value of Kd = 0.3(2) mM for [LCoK]+ (see Figures 6.17 and 6.18, and Tables 6.2 and 6.4).  

For the NMR titrations of LCo with Na+, Mg2+, and K+, only one set of 1H resonances was 

observed in each case, indicating fast cation exchange rates compared to the 1H NMR acquisition 

time scale (ca. 10−3 s). In contrast, when Ca2+ was added to a D2O solution of 1 containing K+ as 

a competing ion, two sets of 1H resonances were observed (see Figure 6.3, right). This observation 

Table 6.2 Summary of dissociation constants (Kd) for 

cation-bound complexes of 1 in D2O at 37 °C. 

 [LCoNa]+ [LCoMg]2+ [LCoK]+ [LCoCa]2+ 

Kd  

(mM) 

4.8(3)a 23(2)a 0.3(2)a 0. 01(1)b 

aAverage value from monitoring 1H NMR chemical shift 

changes upon cation addition for two different resonances. 
bEstimated by a method described in Section 6.2. 
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suggests a slow cation exchange between [LCoK]+ and [LCoCa]2+ in aqueous solutions. 

Integrations of the peaks at 207 and 245 ppm, corresponding to [LCoK]+ and [LCoCa]2+, 

respectively, could be employed to derive the mole fraction of [LCoCa]2+ as a function of [Ca2+] 

(see Figure 6.19). By using the previously determined Kd value for [LCoK]+ and [Ca2+] at 50% 

[LCoCa]2+ formation, a value of Kd = 0.01(1) mM was estimated for [LCoCa]2+ (see Equation 6.3). 

Average values of Kd for the different cation-bound complexes of 1 are summarized in Table 6.2. 

Cation affinity for 1 follows the order Ca2+ > K+ > Na+ > Mg2+. The tightest binding of Ca2+ to 1 

is likely a result of an optimal ionic radius in conjunction with a high positive charge. Most 

importantly, these Kd values suggest that 1 will near exclusively bind Ca2+ and Na+ over Mg2+ and 

K+ under physiological conditions owing to low affinities and/or low concentrations of the latter 

two ions. Furthermore, similar values of Kd = 1.8(9)–3.7(9) mM were obtained for [LCoNa]+ in 

HEPES solutions buffered at pH 7.3–7.5 as observed in D2O (see Figures 6.20–6.22 and Table 

6.5), indicating that ion binding to 1 is 

minimally affected by pH in the 

physiological range. 

6.3.5 CEST Properties 

To investigate the potential of 1 as a 

cation-responsive PARACEST probe, CEST 

spectra were collected at 37 °C for solutions 

containing 5 mM of 1 and 50 mM of HEPES 

buffered at pH 7.4, in the absence and 

presence of 15 mM of Na+ or Ca2+. For 

 

Figure 6.4 CEST spectra collected at 11.7 T and 37 °C 

using a 3 s presaturation pulse and B1 = 21 μT for 5 

mM aqueous solutions of 1 containing 50 mM of 

HEPES buffered at pH 7.4 (black), and with 15 mM of 

Na+ (red) or Ca2+ (blue). Inset: Expanded view of 

relevant CEST peaks. 
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solutions of 1, [LCoNa]+, and [LCoCa]2+, CEST peaks were observed at 77, 69, and 80 ppm, 

respectively, with 4.8, 3.9, and 8.5% H2O signal reduction, respectively (see Figure 6.4). These 

CEST peak frequencies are consistent with the assignment of carboxamide resonances from the 

1H NMR spectra. Despite the low signal intensities, the frequency difference between the three 

CEST peaks highlights the effectiveness of LCo to distinguish between Na+ and Ca2+ in solution. 

A second CEST peak was observed at 11 ppm in the spectrum for [LCoCa]2+, likely stemming 

from a coordinating H2O molecule. Exchange rates for the carboxamide protons were estimated 

by the Omega plot method at 37 °C and pH 7.4.25 Rate constants of kex = 4.0(5) × 102, 3.0(6) × 

102, and 2.4(2) × 102 s–1 were obtained for 1, [LCoNa]+, and [LCoCa]2+, respectively, (see Figure 

6.24). These values are in good agreement with those reported for other carboxamide-based 

PARACEST agents.9,10c,11a,c,h–k The stronger CEST effect observed for [LCoCa]2+ compared to that 

for [LCoNa]+, despite similar values of kex for the two complexes, could be due to the presence of 

a third pool of labile protons from the coordinating H2O molecule in HEPES buffer solutions of 

[LCoCa]2+. This hypothesis is supported by the observation of an additional peak at 11 ppm in the 

CEST spectrum for [LCoCa]2+. 

6.3.6 Quantitation of Ca2+ Concentration in Aqueous Solutions 

To evaluate the ability of 1 to enable a ratiometric quantitation of the concentration of Ca2+ 

under physiological conditions, CEST spectra were collected at 37 °C for a solution containing 2.0 

mM of 1, 150 mM of NaCl, and 50 mM of HEPES buffered at pH 7.4, upon incremental addition 

of Ca(NO3)2. In the absence of Ca2+, a single CEST peak at 69 ppm was observed, indicating 

complete formation of [LCoNa]+. However, upon addition of Ca2+, a new peak appeared at 80 

ppm, corresponding to [LCoCa]2+. The intensity of this peak increased monotonically until 
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reaching saturation at [Ca2+] = 3.13 mM. 

Due to partial overlap with the peak at 80 

ppm, the CEST peak intensity at 69 ppm first 

increased until [Ca2+] = 1.00 mM, but then 

decreased substantially with increasing 

[Ca2+], reaching a value of less than 1% at 

[Ca2+] = 3.13 mM (see Figure 6.5, top). The 

appearance of the CEST peak at 80 ppm 

demonstrates that 1 selectively binds Ca2+ 

over Na+ under physiological conditions.14 

Importantly, the intensity of the [LCoCa]2+ 

CEST peak at 80 ppm reached saturation at 

[Ca2+] = 3.13 mM rather than 2.00 mM, 

indicating that cation selectivity is modest 

enough to allow for an equilibrium between 

[LCoNa]+ and [LCoCa]2+, thus enabling 

ratiometric quantitation of [Ca2+]. These 

observations are consistent with the Kd 

values estimated for the two complexes.  

To assess the influence of probe concentration on the CEST properties of 1, variable-[Ca2+] 

CEST spectra were collected for various concentrations of 1 in analogy to the 2.0 mM sample (see 

Figures 6.25–6.27). The intensities of the CEST peaks at 80 and 69 ppm changed considerably as 

 

Figure 6.5 Top: CEST spectra collected at 11.7 T and 

37 °C using a 3 s presaturation pulse and B1 = 21 μT 

for 50 mM HEPES buffer solutions containing 2.0 mM 

of 1 and 150 mM of NaCl at pH 7.4 with increasing 

[Ca2+]. The legend denotes [Ca2+] (mM). Bottom: Ratio 

of CEST peak intensities from presaturation at 80 and 

69 ppm vs [Ca2+]. Inset: Expanded view of the relevant 

data. Circles and solid lines represent experimental 

data and fits, respectively. The legend denotes [1] 

(mM).  
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the concentration of 1 was varied, demonstrating the shortcoming of detecting [Ca2+] solely based 

on CEST peak intensities. However, the ratio of peak intensities at 80 and 69 ppm (CEST80 

ppm/CEST69 ppm) was only minimally affected by the concentration of 1 (see Figure 6.5, bottom). 

Note that the CEST effect at 69 ppm cannot be accurately determined when [Ca2+] > 3 mM owing 

to the low intensity (see Figure 6.5, top). As such, CEST80 ppm/CEST69 ppm values for [Ca2+] > 3 

mM may contain significant error. The correlation between CEST80 ppm/CEST69 ppm and [Ca2+] for 

[Ca2+] < 3 mM can be fitted using the following empirical exponential model: 

CEST80 ppm/CEST69 ppm = exp([Ca2+] – x)        (6.4) 

Fits of the CEST data to Equation 6.4 afforded x = 0.92(4), 0.90(6), 1.6(1), and 2.8(2) for 2.0, 

2.8, 5.6, and 11 mM of 1, respectively. Therefore, when only data for [Ca2+] < 3 mM are examined, 

the equations for 2.0 and 2.8 mM of 1 are statistically indistinguishable (see Figure 6.5, bottom, 

inset). However, the equations for 5.6 and 11 mM of 1 are significantly different, suggesting that 

[LCoNa]+ and [LCoCa]2+ are not in equilibrium at higher concentrations of 1 (≥ 5.6 mM), likely 

due to strong Ca2+ binding. These results establish the validity of using the CEST peak intensity 

ratio to quantitate [Ca2+] independent of the concentration of 1 within a regime where the 

concentration of 1 is sufficiently low (< 3 mM) to allow for an equilibrium between [LCoNa]+ and 

[LCoCa]2+. Accordingly, to expand the range of concentration-independent quantitation of [Ca2+] 

using PARACEST, the probe should exhibit weaker binding affinity toward Ca2+ and stronger 

CEST effects.  

To further test the feasibility of 1 to quantitate [Ca2+] in physiological environments, variable-

[Ca2+] CEST experiments were carried out at 37 °C for a pH 7.4 buffer solution containing 2.8 

mM of 1, 150 mM of Na+, 4 mM of K+, and 0.2 mM of Mg2+ to mimic their physiological 
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concentrations14 (see Figure 6.28). Prior to addition of Ca2+, a single CEST peak at 69 ppm was 

observed with 0.8% CEST effect, suggesting that LCo exclusively bound Na+. Upon incremental 

addition of Ca2+, the intensity of this peak first increased to 4% at [Ca2+] = 1.01 mM and then 

decreased monotonically with increasing [Ca2+], whereas a CEST signal at 80 ppm corresponding 

to [LCoCa]2+ appeared and reached a maximum intensity of 6.5% at [Ca2+] = 3.40 mM. These 

spectral changes are analogous to those observed in the absence of K+ and Mg2+. An equilibrium 

between [LCoCa]2+ and [LCoNa]+ was again established, as the CEST peak at 80 ppm reached a 

maximum intensity at [Ca2+] > 2.8 mM. However, both CEST peaks were noticeably broader 

compared to those observed in the absence of K+ and Mg2+. Specifically, the two peaks start to 

coalesce at [Ca2+] > 1 mM, as evidenced by the downfield and upfield shifting of the CEST peaks 

at 69 and 80 ppm, respectively. Together, these observations suggest an accelerated cation 

exchange between [LCoCa]2+ and [LCoNa]+, likely stemming from the presence of K+ and Mg2+.  

The plot of CEST80 ppm/CEST69 ppm vs [Ca2+], as depicted in Figure 6.29, reveals that CEST80 

ppm/CEST69 ppm increases with increasing [Ca2+], following a similar trend as the data shown in 

Figure 6.5, bottom. Fits of the data to Equation 6.4 using [Ca2+] < 2.5 mM gave x = 1.56(8) (see 

Figure 6.30), which is significantly higher than the value of x = 0.90(6) obtained for the 2.8 mM 

sample of 1 in the absence of K+ and Mg2+. This discrepancy can likely be attributed to the 

increased cation exchange rate between [LCoCa]2+ and [LCoNa]+ in the presence of K+ and Mg2+. 

Note that the empirical exponential model provided in Equation 6.4 does not fit the CEST80 

ppm/CEST69 ppm vs [Ca2+] data for the physiological ion mixture very well. However, an alternative 

exponential model given in Equation 6.5 affords much better agreement, providing parameters of 

a = 0.38(6) and b = 0.73(7) (see Figure 6.31).  
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CEST80 ppm/CEST69 ppm = a × exp(b × [Ca2+])       (6.5) 

Taken together, variable-[Ca2+] CEST experiments for solutions of 1 with different cations 

confirm that 1 selectively and reversibly binds Ca2+ and Na+ over the related cations K+ and Mg2+, 

verifying the feasibility of ratiometric quantitation of [Ca2+] under physiological conditions.14 

While interference from binding other cations is insignificant, the rate of cation exchange was 

found to influence the CEST peak intensity ratio, highlighting the necessity of constructing a 

calibration curve under conditions that strongly resemble the targeted environment. As such, the 

effects of cation exchange rates on the CEST properties of different cation-bound probes should 

be strongly considered in the design of future cation-responsive CEST probes. 

6.3.7 Stability Studies 

 Finally, we sought to investigate the stability of 1 in aqueous solutions. Cyclic voltammetry 

experiments were carried out for solutions of 1 with 50 mM of HEPES buffered at pH 7.4 in the 

absence and presence of a mixture of Na+, K+, Mg2+, and Ca2+ ions at their physiological 

concentrations.14 In the absence of the inorganic cations, 1 exhibits one pseudo-reversible redox 

process at 440 mV vs NHE that is assigned to the CoII/III potential (see Figure 6.32). Surprisingly, 

the pseudo-reversible CoII/III redox event was shifted cathodically to 374 mV vs NHE in the 

presence of the cation mixture (see Figure 6.33). The more reductive potential observed in the 

presence of the inorganic cations could be attributed to the different electrolytes in the sample 

solutions. Nevertheless, both potentials are more reductive than that for the reduction of O2 to H2O 

in a neutral solution,28 suggesting that 1 is susceptible to oxidation in air. To further study the 

stability of 1 under aerobic conditions, a solution of 1 buffered at pH 7.4 was prepared under 

dinitrogen atmosphere and exposed to air while a UV-Vis absorption spectrum was recorded at 
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regular intervals (see Figure 6.34). Over a 24 h period, the intensities of the absorption bands 

centered at 247 and 296 nm gradually decreased, verifying the oxidation of Co2+ to Co3+ in the 

course of hours.  

6.4 Conclusions 

The foregoing results demonstrate the feasibility of quantitating Ca2+ concentration in a 

ratiometric manner through cation-dependent CEST effects. Importantly, the LCo probe features 

both a selective and a reversible binding of Ca2+ and Na+ in the presence of similar cations. The 

CEST peaks for the Ca2+- and Na+-bound probes are highly shifted and can be distinctively 

addressed, thanks to the sensitivity of 1H NMR hyperfine shift and magnetic anisotropy to changes 

in the coordination environment at the paramagnetic CoII center. Moreover, variable-[Ca2+] CEST 

experiments confirmed the ability of LCo to quantitate [Ca2+], independent of the probe 

concentration when an equilibrium between [LCoCa2+] and [LCoNa+] was achieved ([LCo] < 3 

mM and [Ca2+] < 3 mM).  

The current proof-of-principle study represents a first step toward practical quantitation of 

[Ca2+], and potentially other physiologically relevant cations, in a concentration-independent 

manner. While the weak CEST effects and air-sensitivity may preclude the practical use of the 

current LCo probe, we have established that the combination of magnetic anisotropy modulation 

and cation recognition by a crown ether moiety is a promising cation-sensing strategy. Future 

efforts will be directed toward tuning the transition metal and pendent CEST-active groups to 

optimize sensitivity, cation binding affinities, CEST peak intensities, and probe stability, as well 

as modifying the crown ether unit toward sensing cations of different sizes.  
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6.5 Supporting Information  

6.5.1 Supplementary Experimental Details 

Synthesis of 1,8-ditosyl-3,6-dioxaoctane.33 Triethylene glycol (20 g, 0.13 mol) and p-

toluenesulfonyl chloride (51 g, 0.27 mol) were dissolved in 150 mL of CH2Cl2. The resulting 

colorless solution was cooled to 0 °C by an ice/H2O bath. To this solution, KOH (60 g, 1.1 mol) 

was added in small portions with vigorous stirring. After 12 h of stirring, cold H2O (300 mL) was 

added and the CH2Cl2 layer was collected. The aqueous layer was then extracted with CH2Cl2 (3 

× 150 mL). The combined CH2Cl2 solution was washed with H2O (2 × 50 mL) and dried over 

MgSO4. Evaporation of the solvent under reduced pressure afforded the title compound as a white 

solid (55 g, 92%). 1H NMR (CDCl3, 25 °C): δ 7.79 (d, 4H), 7.34 (d, 4H), 4.14 (t, 4H), 3.65 (t, 4H), 

3.52 (s, 4H), 2.44 (s, 6H). 

Synthesis of 3,3′-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde).16a Under a dry 

dinitrogen atmosphere, 2,3-dihydroxybenzaldehyde (7.0 g, 0.051 mol) was dissolved in anhydrous 

dimethyl sulfoxide (DMSO) (30 mL). The resulting dark yellow solution was slowly transferred 

via cannula (ca. 1 drop per second) to a suspension of NaH (2.6 g, 0.11 mol) in anhydrous DMSO 

(30 mL), which was cooled to 0 °C by an ice/H2O bath. After the addition was complete, the 

resulting dark brown mixture was stirred for 1 h at ambient temperature. Under a dry dinitrogen 

atmosphere, 1,8-ditosyl-3,6-dioxaoctane (11 g, 0.024 mol) was added, and the dark brown mixture 

was stirred for 20 h at ambient temperature. The resulting dark brown solution was added to H2O 

(400 mL) and washed with CHCl3 (2 × 200 mL). The pH of the aqueous layer was adjusted to 1 

by addition of 6 M HCl solution in H2O. The brown slurry was then extracted with CHCl3 (3 × 

100 mL). The combined organic layers were washed with 1 M HCl solution in H2O (5 × 200 mL), 



 

503 

 

dried over MgSO4, filtered, and evaporated to dryness under reduced pressure. The resulting brown 

oil was purified by column chromatography using silica gel. CH2Cl2 was passed through the 

column until no by-product was present in the eluent, as judged by thin-layer chromatography 

(TLC). Then 2% (v/v) MeOH in CH2Cl2 was used to elute the desired product (Rf = 0.35 in 2% 

(v/v) MeOH/CH2Cl2). Evaporation of the yellow solution under reduced pressure gave the title 

compound as a yellow solid (4.5 g, 48%). 1H NMR (CDCl3, 25 °C): δ 10.87 (s, 2H), 9.95 (s, 2H), 

7.23 (d, 2H), 7.19 (d, 2H), 6.94 (t, 2H), 4.24 (t, 4H), 3.92 (t, 4H), 3.79 (s, 4H). 

Synthesis of (13,16,19,22-tetraoxa-3,6-diazatricyclo[21.3.1.18,12]octacosa-1(27),2,6,8,10,

12(28),23,25-octaene-27,28-diol)barium(2+) diperchlorate.16a Ba(ClO4)2 (1.7 g, 5.1 mmol) was 

dissolved in MeOH (80 mL) and the resulting solution was heated at reflux. To the colorless 

solution, a solution of 3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde) (2.0 g, 5.1 

mmol) in MeOH (20 mL) was added to give a yellow solution. After stirring at reflux for 15 min, 

a solution of ethylenediamine (0.31 g, 5.1 mmol) in MeOH (100 mL) was added dropwise to the 

yellow solution over the course of 4 h. The resulting yellow solution was heated at reflux for 

additional 2 h and then cooled to ambient temperature. The yellow solution was filtered, and the 

solvent was slowly evaporated in air to afford the desired product as a yellow crystalline solid. The 

solid was collected by filtration and dried with suction on the filter for 20 h (2.3 g, 59%). 1H NMR 

(DMSO-d6, 25 °C): δ 15.12 (s, 2H), 8.78 (d, 2H), 7.05 (d, 2H), 6.65 (t, 2H), 4.15 (d, 4H), 3.97 (s, 

4H), 3.86 (d, 4H), 3.72 (s, 4H). 

Synthesis of 13,16,19,22-tetraoxa-3,6-diazatricyclo[21.3.1.18,12]octacosa-1(27),2,6,8,10,

12(28),23,25-octaene-27,28-diol.16a (13,16,19,22-Tetraoxa-3,6-diazatricyclo[21.3.1.18,12]

octacosa-1(27),2,6,8,10,12(28),23,25-octaene-27,28-diol)barium(2+) diperchlorate (1.3 g, 1.7 
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mmol) was suspended in CH2Cl2 (50 mL). To the resulting white slurry, a solution of guanidinium 

sulfate (1.8 g, 17 mmol) in H2O (50 mL) was added. The mixture was stirred vigorously for 1 h at 

ambient temperature. The CH2Cl2 layer was collected and dried over MgSO4. Evaporation of the 

solvent under reduced pressure and subsequent drying in vacuo for 20 h afforded the title 

compound as a yellow solid (0.61 g, 89%). 1H NMR (DMSO-d6, 25 °C): δ 14.08 (s, 2H), 8.65 (s, 

2H), 6.99 (m, 2H), 6.73 (t, 2H), 4.06 (m, 4H), 3.87 (s, 4H), 3.69 (m, 4H), 3.60 (s, 4H). 

Synthesis of 13,16,19,22-tetraoxa-3,6-diazatricyclo[21.3.1.18,12]octacosa-1(27),8,10,12(28),

23,25-hexaene-27,28-diol. 13,16,19,22-Tetraoxa-3,6-diazatricyclo[21.3.1.18,12]octacosa-1(27),2,

6,8,10,12(28),23,25-octaene-27,28-diol (0.61 g, 1.5 mmol) was dissolved in CH2Cl2 (20 mL) and 

the resulting yellow solution was cooled to 0 °C by an ice/H2O bath. MeOH (50 mL) was added 

to this stirring solution and subsequently tetramethylammonium borohydride (0.26 g, 3.0 mmol) 

was added as a solid in small portions. Small amount of bubbles formed during the addition and 

the solution became a pale slurry. The mixture was stirred in the ice/H2O bath for 1 h and then 

warmed to ambient temperature and stirred for additional 20 min. The pH of the off-white mixture 

was adjusted to 1 by addition of 5 M HCl solution in H2O. The mixture was then evaporated to 

dryness under reduced pressure to give a colorless oil. The oil was dissolved in H2O (50 mL) and 

the pH of the solution was adjusted to 8 by addition of 1 M tetramethylammonium hydroxide 

solution in H2O. The resulting slurry was extracted with CH2Cl2 (3 × 50 mL). The combined 

organic layers were dried over MgSO4, filtered, and evaporated to dryness under reduced pressure. 

Further drying in vacuo for 20 h afforded the title compound as an off-white solid (0.44 g, 71%). 

1H NMR (CDCl3, 25 °C): δ 6.70–6.72 (m, 2H), 6.66–6.67 (m, 4H), 4.10 (m, 4H), 3.87 (s, 4H), 

3.85 (m, 4H), 3.74 (s, 4H), 2.90 (s, 4H). 
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Script for determining Kd from non-competitive 1H NMR titrations. 

[task] 

 task = fit 

 data = equilibrium 

 

[mechanism] 

 LCo + Cation <=> LCoCation : Kd dissoc 

 

[constants] ; units: M 

 Kd = [estimated Kd] ? 

 

[concentrations] ; units: M 

 LCo = “concentration of complex without cations” 

 

[responses] 

 LCoCation = “estimated response for LCoCation” ? 

 LCo = 0 

 

[data] 

 variable “Cation” ; “Cation” is the concentration of added cation in the   

 unit of M 

 

 set LCo 

 

[output] 

 directory ./fit/kd 

 

[set:LCo] 

 

“data showing the concentration of cation in the first column and responses in the second column” 

 

[end] 

 

 

 

Script for determining Kd from competitive 1H NMR titrations. 

[task] 
 task = fit 

 data = equilibrium 

 

[mechanism] 

 LCo + Cation1 <=> LCoCation1 : Kd1 dissoc 

 LCo + Cation2 <=> LCoCation2 : Kd2 dissoc 

 

[constants] ; units: M 
 Kd1 = [Kd for LCoCation1]  

 Kd2 = [estimated Kd for LCoCation2] ? 
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[concentrations] ; units: M 

 LCo = “concentration of complex without cations” 

 Cation1 = “concentration of competing cation” 

 

[responses] 

 LCoCation2 = “estimated response for LCoCation2” ? 

 LCoCation1 = 0 

 LCo = 0 

 

[data] 

 variable “Cation2” ; “Cation2” is the concentration of Cation2 in the  

 unit of M 

 set LCo 

 

[output] 

 directory ./fit/kd 

 

[set:LCo] 

 

“data showing the concentration of cation in the first column and responses in the second column” 

 

[end] 
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6.5.2 Supplementary Scheme 

 

  

 
 

Scheme 6.1 Syntheses of H2L and 1. 
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6.5.3 Supplementary Figures 

 

 

 

  

 

Figure 6.6 Stacked 1H NMR spectra collected at 37 °C and 11.7 T for solutions containing 5 mM of 1 

and 50 mM of HEPES buffered at pH 7.4 in the absence of inorganic cations (black), and in the presence 

of 15 mM of NaNO3 (red) or 15 mM of Ca(NO3)2 (blue). 
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Figure 6.7 Stacked 1H NMR spectra collected at 37 °C and 9.4 T for solutions containing 2.5 mM of 1 

in D2O in the absence of inorganic cations (black), and in the presence of 7.5 mM of NaNO3 (red) or 7.5 

mM of Ca(NO3)2 (blue). 
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Figure 6.8 Stacked 1H NMR spectra for a series of solutions containing 2.5 mM of 1 in D2O with various 

concentrations of NaNO3 ranging from 0 to 18.7 mM, collected at 37 °C and 9.4 T, highlighting the 

change in chemical shift for the resonance at ca. 123 ppm. The numbers next to spectra denote [Na+] 

(mM). 
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Figure 6.9 Stacked 1H NMR spectra for a series of solutions containing 1.0 mM of 1 in D2O with various 

concentrations of Mg(NO3)2 ranging from 0 to 56.7 mM, collected at 37 °C and 14.1 T, highlighting the 

change in chemical shift for the resonance at ca. 202 ppm. The numbers next to spectra denote [Mg2+] 

(mM). 
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Figure 6.10 Stacked 1H NMR spectra for a series of solutions containing 1.0 mM of 1 in D2O with 

various concentrations of Mg(NO3)2 ranging from 0 to 56.7 mM, collected at 37 °C and 14.1 T, 

highlighting the change in chemical shift for the resonance at ca. 123 ppm. The numbers next to spectra 

denote [Mg2+] (mM). 
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Figure 6.11 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 202 ppm vs [Na+] for a 

series of solutions containing 2.5 mM of 1 in D2O with various concentrations of NaNO3 ranging from 

0 to 18.7 mM, collected at 37 °C and 9.4 T (see Figure 6.3, left). Black circles represent experimental 

data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.12 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 123 ppm vs [Na+] for a 

series of solutions containing 2.5 mM of 1 in D2O with various concentrations of NaNO3 ranging from 

0 to 18.7 mM, collected at 37 °C and 9.4 T (see Figure 6.8). Black circles represent experimental data 

and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.13 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 202 ppm vs [Mg2+] for a 

series of solutions containing 1.0 mM of 1 in D2O with various concentrations of Mg(NO3)2 ranging 

from 0 to 56.7 mM, collected at 37 °C and 14.1 T (see Figure 6.9). Black circles represent experimental 

data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.14 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 123 ppm vs [Mg2+] for a 

series of solutions containing 1.0 mM of 1 in D2O with various concentrations of Mg(NO3)2 ranging 

from 0 to 56.7 mM, collected at 37 °C and 14.1 T (see Figure 6.10). Black circles represent experimental 

data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.15 Stacked 1H NMR spectra for a series of solutions containing 2.5 mM of 1 and 150 mM of 

NaNO3 in D2O with various concentrations of KNO3 ranging from 0 to 18.6 mM, collected at 37 °C and 

9.4 T, highlighting the change in chemical shift for the resonance at ca. 212 ppm. The numbers next to 

spectra denote [K+] (mM). 
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Figure 6.16 Stacked 1H NMR spectra for a series of solutions containing 2.5 mM of 1 and 150 mM of 

NaNO3 in D2O with various concentrations of KNO3 ranging from 0 to 18.6 mM, collected at 37 °C and 

9.4 T, highlighting the change in chemical shift for the resonance at ca. 133 ppm. The numbers next to 

spectra denote [K+] (mM). 
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Figure 6.17 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 212 ppm vs [K+] for a series 

of solutions containing 2.5 mM of 1 and 150 mM of NaNO3 in D2O with various concentrations of KNO3 

ranging from 0 to 18.6 mM, collected at 37 °C and 9.4 T (see Figure 6.15). Black circles represent 

experimental data and the red line represents a fit (see Section 6.2 for details). 

 



 

520 

 

  

 

Figure 6.18 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 133 ppm vs [K+] for a series 

of solutions containing 2.5 mM of 1 and 150 mM of NaNO3 in D2O with various concentrations of KNO3 

ranging from 0 to 18.6 mM, collected at 37 °C and 9.4 T (see Figure 6.16). Black circles represent 

experimental data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.19 Change in mole fraction of [LCoCa]2+ vs [Ca2+], as determined from the ratio of integration 

values of 1H NMR peaks at 245 and 207 ppm (I245 ppm/I207 ppm) for a series of solutions containing 1.0 

mM of 1 and 30 mM of KNO3 in D2O with various concentrations of Ca(NO3)2 ranging from 0 to 3.65 

mM, collected at 37 °C and 14.1 T (see Figure 6.3, right). 
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Figure 6.20 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 123 ppm vs [Na+] for a 

series of solutions containing 5.0 mM of 1 and 50 mM of HEPES buffered at pH 7.3 with various 

concentrations of NaNO3 ranging from 0 to 18.2 mM, collected at 37 °C and 11.7 T. Black circles 

represent experimental data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.21 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 123 ppm vs [Na+] for a 

series of solutions containing 5.0 mM of 1 and 50 mM of HEPES buffered at pH 7.4 with various 

concentrations of NaNO3 ranging from 0 to 18.2 mM, collected at 37 °C and 11.7 T. Black circles 

represent experimental data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.22 Change in 1H NMR chemical shift (Δδ) for the resonance at ca. 123 ppm vs [Na+] for a 

series of solutions containing 5.0 mM of 1 and 50 mM of HEPES buffered at pH 7.5 with various 

concentrations of NaNO3 ranging from 0 to 18.2 mM, collected at 37 °C and 11.7 T. Black circles 

represent experimental data and the red line represents a fit (see Section 6.2 for details). 
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Figure 6.23 UV-Vis spectra collected at ambient temperature for 1 in 1 mM HEPES solutions buffered 

at pH 7.4 in the absence of inorganic cations (black), and in the presence of 3.0 equivalents of NaNO3 

(red) or 3.0 equivalents of Ca(NO3)2 (blue). Note that the sample solutions were prepared and measured 

under dinitrogen atmosphere. 
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Figure 6.24 Omega plots of the CEST effects from application of 6 s presaturation pulses at 77, 69, and 

80 ppm for samples containing 5 mM of 1 and 50 mM of HEPES buffered at pH 7.4 in the absence of 

inorganic cations (black), and in the presence of 15 mM of NaNO3 (red) or 15 mM of Ca(NO3)2 (blue), 

respectively. The data were collected at 37 °C and 11.7 T using B1 = 7.4–21 μT. 
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Figure 6.25 Stacked CEST spectra collected at 11.7 T and 37 °C using a 3 s presaturation pulse and B1 

= 21 μT for solutions containing 2.8 mM of 1, 150 mM of NaCl, and 50 mM of HEPES buffered at pH 

7.4 with various concentrations of Ca(NO3)2 ranging from 0 to 5.19 mM. The legend denotes [Ca2+] 

(mM). 
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Figure 6.26 Stacked CEST spectra collected at 11.7 T and 37 °C using a 3 s presaturation pulse and B1 

= 21 μT for solutions containing 5.6 mM of 1, 150 mM of NaCl, and 50 mM of HEPES buffered at pH 

7.4 with various concentrations of Ca(NO3)2 ranging from 0 to 5.19 mM. The legend denotes [Ca2+] 

(mM). 
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Figure 6.27 Stacked CEST spectra collected at 11.7 T and 37 °C using a 3 s presaturation pulse and B1 

= 21 μT for solutions containing 11 mM of 1, 150 mM of NaCl and 50 mM of HEPES buffered at pH 

7.4 with various concentrations of Ca(NO3)2 ranging from 0 to 5.19 mM. The legend denotes [Ca2+] 

(mM). 
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Figure 6.28 Stacked CEST spectra collected at 11.7 T and 37 °C using a 3 s presaturation pulse and B1 

= 22 μT for solutions containing 2.8 mM of 1, 150 mM of NaCl, 4 mM of KNO3, 0.2 mM of Mg(NO3)2, 

and 50 mM of HEPES buffered at pH 7.4 with various concentrations of Ca(NO3)2 ranging from 0 to 

3.40 mM. The legend denotes [Ca2+] (mM). 
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Figure 6.29 Ratio of CEST peak intensities at 80 and 69 ppm (CEST80 ppm/CEST69 ppm) vs [Ca2+] for data 

collected at 11.7 T and 37 °C using a 3 s presaturation pulse and B1 = 22 μT for solutions containing 2.8 

mM of 1, 150 mM of NaCl, 4 mM of KNO3, 0.2 mM of Mg(NO3)2, and 50 mM of HEPES buffered at 

pH 7.4 with various concentrations of Ca(NO3)2 ranging from 0 to 3.40 mM (see Figure 6.28). 
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Figure 6.30 Expanded view of the ratio of CEST peak intensities at 80 and 69 ppm (CEST80 ppm/CEST69 

ppm) vs [Ca2+] for data shown in Figure 6.29 with [Ca2+] ranging from 0 to 2.47 mM. Black circles 

represent experimental data and the red line represents a fit to the data using Equation 6.4. 
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Figure 6.31 Expanded view of the ratio of CEST peak intensities at 80 and 69 ppm (CEST80 ppm/CEST69 

ppm) vs [Ca2+] for data shown in Figure 6.29 with [Ca2+] ranging from 0 to 2.47 mM. Black circles 

represent experimental data and the red line represents a fit to the data using Equation 6.5.  
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Figure 6.32 Cyclic voltammogram of 1 in an aqueous solution containing 100 mM of (Me4N)Cl and 50 

mM of HEPES buffered at pH 7.4. Measurements were carried out using a scan rate of 100 mV s–1. The 

black arrow denotes the scan direction. 
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Figure 6.33 Cyclic voltammogram of 1 in an aqueous solution containing 150 mM of NaCl, 4 mM of 

KNO3, 2 mM of Ca(NO3)2, 0.2 mM of Mg(NO3)2, and 50 mM of HEPES buffered at pH 7.4. 

Measurements were carried out using a scan rate of 100 mV s–1. The black arrow denotes the scan 

direction. 



 

536 

 

  

 

Figure 6.34 UV-Vis spectra collected at ambient temperature for 1 in an aqueous solution containing 1 

mM of HEPES buffered at pH 7.4 after different hours of air exposure. Note that the sample solution 

was prepared and initially measured under dinitrogen atmosphere and then exposed to air. The legend 

denotes the time (in hours) that the sample solution had been exposed to air before data collection and 

the inset shows an expanded view of the relevant absorption peaks. 
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6.5.4 Supplementary Tables 

  

Table 6.3 Crystallographic data for 1′–3′ at 100 K. 

 1′ 2′ 3′ 

Empirical formula  C55H76.4Co2N8O18.1 C52H72Co2N9Na2O21 C29H46CaCoN6O17 

Formula weight, g mol−1  1257.12 1323.02 849.73 

Crystal system  Cubic Cubic Orthorhombic 

Space group  Ia–3 Ia–3 Pbca 

Wavelength, Å  0.7103 0.71073 0.71073 

Temperature, K 100 100 100 

a, Å  35.066(7) 34.793(3) 10.7639(7) 

b, Å  35.066(7) 34.793(3) 21.7165(14) 

c, Å  35.066(7) 34.793(3) 31.819(2) 

, ° 90 90 90 

β, ° 90 90 90 

γ, ° 90 90 90 

V, Å3 43118(27) 42117(11) 7437.9(8) 

Z 24 24 8 

ρcalcd, g cm−3 1.162 1.252 1.518 

μ, mm−1  0.526 0.556 0.681 

Reflections coll./unique  7358/5013 7229/5967 11030/9688 

R(int)  0.1111 0.1046 0.0990 

R1 (I >2σ(I))a 0.0805 0.1523 0.1350 

wR2 (all)b 0.2755 0.4885 0.2880 

GoF  1.064 2.320 1.204 

a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 6.4 Summary of dissociation constants (Kd) estimated for [LCoNa]+, [LCoMg]2+, and [LCoK]+ 

at 37 °C in D2O by monitoring 1H NMR chemical shift changes upon addition of Na+, Mg2+, or K+ to 

solutions of LCo for different resonances. The data were collected at 9.4 T for [LCoNa]+ and [LCoK]+, 

and at 14.1 T for [LCoMg]2+ (see Figures 6.3, left, and 6.8–6.18). 

    [LCoNa]+                    [LCoMg]2+    [LCoK]+ 

Kd, 200–220 ppm (mM) 4.0(3)          22(3) 0.4(2) 

Kd, 120–140 ppm (mM) 5.5(5)          24(2) 0.1(1) 

Kd, average (mM) 4.8(3)          23(2) 0.3(2) 
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Table 6.5 Summary of average dissociation constants (Kd) for [LCoNa]+ at 37 °C in different aqueous 

solutions. The data were collected at 9.4 and 11.7 T for the D2O and 50 mM HEPES buffer solutions, 

respectively.  

    D2O       pH 7.3     pH 7.4    pH 7.5 

    Kd (mM)    4.8(3)  3.7(9) 1.8(9) 2(1) 
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Chapter 7: Minimal Impact of Ligand Substitution on Magnetic Coupling in a 

Series of Semiquinoid Radical-Bridged Fe2 Single-Molecule Magnets 

Thorarinsdottir, A. E.; Harris, T. D. In preparation.  

This work was performed in collaboration with the co-author listed above. 
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7.1 Introduction  

Molecule-based magnetic materials, ranging from mono- and multinuclear metal complexes1 

to higher-dimensional frameworks,2–9 have garnered tremendous interest over the past few decades 

as alternatives to conventional inorganic solid-state magnets. Specifically, the employment of 

molecular building blocks, typically paramagnetic metal ions and mono- or multiatom bridging 

ligands, enables the rational design of compounds with targeted structures and magnetic properties. 

Such synthetic bottom-up approach allows for the development of unique multifunctional 

materials, including those that exhibit coexisting magnetic order and electrical 

conductivity6g,8d,9b,c,e,10–13 or luminescence properties.14 Owing to their low density and high 

chemical tunability and processability, molecule-based magnetic materials may find use as 

lightweight permanent magnets, and in applications such as high-density information storage and 

processing, magnetic sensing, and gas separation.8,15,16 However, despite significant recent 

advances, the operating temperatures of molecule-based magnets must be increased in order to 

realize these applications at practical temperatures.  

In targeting molecule-based magnets with high operating temperatures, the strength of 

magnetic exchange interactions between spin centers is of critical importance. To illustrate, the 

strength of this interaction between paramagnetic centers is directly related to the isolation of the 

spin ground state of single-molecule magnets,17 the thermal relaxation barrier of single-chain 

magnets,18 and the magnetic ordering temperature of 2D and 3D permanent magnets.19 As such, 

increasing the strength of magnetic exchange coupling between spin centers represents an 

attractive route toward increasing the operating temperatures of molecule-based magnets of all 

dimensions. Nevertheless, the vast majority of molecule-based magnets feature multiple 
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paramagnetic metal centers that interact through diamagnetic bridging ligands via a superexchange 

mechanism. While such superexchange interactions through short oxo and cyano ligands can be 

strong enough to afford room-temperature 3D magnets,5c,d,6b the coupling strength decreases 

dramatically as the number of atoms in the bridging ligand increases.8b,c Therefore, in order to 

achieve room-temperature molecule-based magnets featuring organic multiatom bridging ligands 

that provide much greater synthetic programmability and chemical tunability than oxo- and cyano-

bridged analogues, stronger coupling between metal centers must be realized.  

Two strategies to promote strong magnetic coupling have recently received increasing interest. 

The first approach centers on using mixed-valence compounds for which electron delocalization 

through a diamagnetic bridging ligand promotes a double-exchange interaction between metal 

centers, which can be significantly stronger than superexchange.20 Alternatively, incorporation of 

an organic radical bridging ligand between paramagnetic metal ions can engender strong direct 

magnetic exchange coupling due to the direct overlap of the metal- and radical-based magnetic 

orbitals.1u,21 In fact, the latter approach has been particularly successful, as exemplified by 

extensive studies on systems featuring nitroxide,1u,2a,e,p,21a,b,e,22 organonitrile,4,10,23 

perchlorotriphenylmethyl,24 triplet carbene25, and pyrazine26 radical ligands. Despite this progress, 

the low charges and monodentate binding mode of each of the coordinating functional group of 

these ligands limit the strength of metal–ligand interactions and prevent the assembly of 

compounds with well-defined structures.  

Benzoquinoid ligands offer an ideal platform for the construction of radical-bridged molecule-

based magnets with strong magnetic coupling, as these ligands (i) undergo facile redox chemistry 

to generate the semiquinoid radical (see Scheme 7.1), (ii) form strong metal–ligand bonds and 



 

543 

 

compounds with predictable 

structures thanks to their bis-

bidentate binding mode and high 

negative charge, and (iii) display 

high functionalization capacity 

where a wide range of donor atoms and ring substituents can be introduced. Indeed, a number of 

dinuclear complexes,27,28 a chain compound,2w and several extended frameworks9,29 featuring 

semiquinoid radical bridging ligands have been shown to exhibit strong metal–radical interactions. 

In particular, the magnetic coupling between paramagnetic metal ions and semiquinoid radicals is 

exceptionally strong when nitrogen- or sulfur-based donors are employed in place of the more 

common oxygen-based donors owing to their more diffuse orbitals.28 The strong magnetic 

coupling interactions in semiquinoid-bridged systems have led to fascinating discoveries in the 

field of molecular magnetism such as the single-molecule magnet that exhibits the strongest 

magnetic coupling yet observed,28a and a 2D electrically conductive permanent magnet that orders 

well above liquid nitrogen temperature.9c  

Despite the tremendous potential of quinoid-based ligands in furnishing magnetic materials 

with emerging properties and improved performances, studies that probe the effects of ring 

substituents on the magnetic coupling strength in semiquinoid-bridged systems are still lacking. 

Such analysis is essential to provide a clear understanding of the factors that govern the strength 

of magnetic interactions in radical-bridged quinoid-based materials and thus facilitate the rational 

design of new molecule-based magnets that function at high temperatures.   

 

Scheme 7.1 Redox series of deprotonated benzoquinoid ligands 

with substituents R.  
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The observation of a linear correlation between the magnetic coupling strength and the 

electronegativity of the substituents on diamagnetic benzoquinoid bridging ligands for CuII
2 

complexes30 and 2D ferrimagnets,12,31 where the least electronegative substituents gave rise to the 

strongest coupling, prompted us to investigate the role that ring substituents play in determining 

the magnetic properties of FeII
2 complexes bearing semiquinoid radical bridging ligands. 

Specifically, we sought to examine whether, and to what extent, the electron density on the 

semiquinoid ring can be tuned by introducing substituents of varying electronic nature to modulate 

the magnetic exchange interactions in these systems. Accordingly, we herein report a series of new 

benzoquinoid-bridged FeII
2 complexes [(Me3TPyA)2Fe2(

RLx−)]n+ (x = 2, n = 2: R = OMe, Cl, NO2; 

x = 0, n = 4: R = SMe2; Me3TPyA = tris(6-methyl-2-pyridylmethyl)amine) and the radical 

semiquinoid-bridged congeners [(Me3TPyA)2Fe2(
RLx−•)]n+ (x = 3, n = 1: R = OMe, Cl, NO2; x = 

1, n = 3: R = SMe2), and demonstrate that the effects of ligand substitution on the magnetic 

coupling strength are highly dependent on the redox state of the bridging ligand. To our knowledge, 

this series of semiquinoid-bridged complexes enables the first investigation of the influence of 

ligand substituents on magnetic interactions between paramagnetic metals and quinoid radicals. 

7.2 Experimental Section 

General Considerations. Unless otherwise specified, the manipulations described below were 

carried out under a dry dinitrogen atmosphere in a Vacuum Atmospheres Nexus II glovebox at 

ambient temperature. Syntheses of unreduced metal complexes were carried out in an MBraun 

LABstar glovebox, operated under a humid dinitrogen atmosphere. Synthesis of Me3TPyA was 

performed using standard Schlenk line techniques. Glassware was oven-dried at 150 °C for at least 

4 h and allowed to cool in an evacuated antechamber prior to use in the gloveboxes. Acetonitrile 
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(MeCN), dichloromethane (CH2Cl2), diethyl ether (Et2O), N,N-diisopropylethylamine (DIPEA), 

methanol (MeOH), and tetrahydrofuran (THF) were dried using a commercial solvent purification 

system from Pure Process Technology and stored over 3 Å molecular sieves prior to use. H2O was 

obtained from a purification system from EMD Millipore. Deuterated solvents were purchased 

from Cambridge Isotope Laboratories. All other reagents and solvents were purchased from 

commercial vendors and used without further purification. Experimental details on the syntheses 

of ligands and organic precursors are provided in the Section 7.5.1.  

Synthesis of [(Me3TPyA)2Fe2(
OMeL)](BF4)2 (1-OMe). A suspension of Fe(BF4)2·6H2O (191 

mg, 0.566 mmol) in MeCN (4 mL) was added dropwise to a stirring pale yellow solution of 

Me3TPyA  (188 mg, 0.566 mmol) in MeCN (5 mL) to give a dark yellow solution. In a separate 

vial, DIPEA (73.1 mg, 0.566 mmol) was added to a suspension of H2(
OMeL) (56.6 mg, 0.283 mmol) 

in MeCN (5 mL) to give a dark purple solution. This solution was added dropwise to the stirring 

dark yellow solution of Fe(BF4)2·6H2O and Me3TPyA to give a black solution. After stirring at 45 

°C for 4.5 h, the reaction solution was filtered, and the filtrate was evaporated to dryness to give a 

dark green residue. The residue was washed with THF (8 × 20 mL) by stirring for 30–60 min for 

each wash and the resulting dark green solid was dried under reduced pressure for 1 h. Diffusion 

of Et2O vapor into a concentrated solution of the dark green solid in MeCN (10 mL) afforded dark 

green crystalline needles that were washed with Et2O (50 mL), dried under reduced pressure for 5 

min, and washed with THF (8 × 10 mL) by stirring for 30 min for each wash. The resulting dark 

green solid was dried under reduced pressure for 1 h and recrystallized using diffusion of Et2O 

vapor into a concentrated MeCN solution as previously described. The obtained dark green 

crystalline needles were washed with Et2O (50 mL) and dried under reduced pressure for 24 h to 
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give 1-OMe (106 mg, 33%). Anal. Calcd. for C50H54B2F8Fe2N8O6: C, 52.30; H, 4.74; N, 9.76%. 

Found: C, 52.14; H, 4.59; N, 9.56%. UV-Vis-NIR absorption spectrum (MeCN, 298 K): 261 nm 

( = 29500 M−1 cm−1), 348 nm ( = 31300 M−1 cm−1), 643 nm ( = 1240 M−1 cm−1). FT-IR (ATR, 

cm−1): 3084 (w, broad), 3004 (w, broad), 2950 (w), 2925 (w), 2843 (w), 1604 (m), 1579 (w), 1523 

(s), 1462 (w), 1445 (s), 1441 (s), 1375 (w), 1348 (s), 1280 (w), 1225 (w), 1192 (w), 1167 (m), 

1095 (m), 1031 (s, broad), 963 (w), 935 (m), 902 (w), 887 (w), 780 (s), 760 (w), 718 (w), 688 (w), 

640 (m), 558 (w), 521 (m). Slow diffusion of Et2O vapor into a concentrated solution of 1-OMe 

in MeCN afforded dark orange plate-shaped crystals of 1-OMe∙4.0MeCN suitable for single-

crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
ClL)](BF4)2∙0.3H2O (1-Cl). A suspension of Fe(BF4)2·6H2O (185 

mg, 0.548 mmol) in MeCN (4 mL) was added dropwise to a stirring pale yellow solution of 

Me3TPyA  (182 mg, 0.548 mmol) in MeCN (5 mL) to give a dark yellow solution. To this stirring 

solution, an orange suspension of 2,5-dihydroxy-3,6-dichloro-p-benzoquinone (H2(
ClL); 57.3 mg, 

0.274 mmol) in MeCN (5 mL) was added dropwise to give a black solution. After stirring at 45 °C 

for 4 h, the reaction solution was filtered, and the filtrate was evaporated to dryness to give a black 

residue. The residue was washed with THF (10 × 20 mL) by stirring for 30–60 min for each wash 

and the resulting dark gray solid was dried under reduced pressure for 1 h. Diffusion of Et2O vapor 

into a concentrated solution of the dark gray solid in MeCN (10 mL) afforded dark green crystalline 

needles that were washed with Et2O (50 mL), dried under reduced pressure for 5 min, and washed 

with THF (8 × 10 mL) by stirring for 30 min for each wash. The resulting dark green solid was 

dried under reduced pressure for 1 h and recrystallized using diffusion of Et2O vapor into a 

concentrated MeCN solution as previously described. The obtained dark green crystalline needles 



 

547 

 

were washed with Et2O (50 mL) and dried under reduced pressure for 24 h to give 1-Cl (56.2 mg, 

18%). Anal. Calcd. for C48H48.6B2Cl2F8Fe2N8O4.3: C, 49.59; H, 4.21; N, 9.64%. Found: C, 49.61; 

H, 4.34; N, 9.44%. UV-Vis-NIR absorption spectrum (MeCN, 298 K): 261 nm ( = 28700 M−1 

cm−1), 350 nm ( = 34700 M−1 cm−1), 695 nm ( = 1170 M−1 cm−1). FT-IR (ATR, cm−1): 3080 (w, 

broad), 2923 (w, broad), 2872 (w, broad), 1606 (m), 1577 (w), 1527 (s), 1451 (s), 1371 (m), 1355 

(w), 1291 (w, broad), 1241 (w), 1225 (w), 1168 (m), 1093 (m), 1049 (s, broad), 1031 (s, broad), 

1009 (s, broad), 968 (m), 916 (w), 885 (w), 852 (s), 782 (s), 758 (w), 747 (w), 718 (w), 605 (w), 

578 (m), 521 (m). Slow diffusion of Et2O vapor into a concentrated solution of 1-Cl in MeCN 

afforded dark orange plate-shaped crystals of 1-Cl∙0.7H2O suitable for single-crystal X-ray 

diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
NO2L)](BF4)2 (1-NO2). A suspension of Fe(BF4)2·6H2O (187 mg, 

0.554 mmol) in MeCN (4 mL) was added dropwise to a stirring pale yellow solution of Me3TPyA  

(185 mg, 0.556 mmol) in MeCN (5 mL) to give a dark yellow solution. To this stirring solution, 

an orange suspension of Na2(
NO2L) (76.0 mg, 0.278 mmol) in MeCN (5 mL) was added dropwise 

to give a dark green solution. After stirring at 45 °C for 4.5 h, the reaction solution was filtered, 

and the filtrate was evaporated to dryness to give a dark green residue. The residue was washed 

with THF (10 × 20 mL) by stirring for 30–60 min for each wash and the resulting dark green solid 

was dried under reduced pressure for 1 h. Diffusion of Et2O vapor into a concentrated solution of 

the dark green solid in MeCN (10 mL) afforded dark purple crystalline blocks that were washed 

with Et2O (50 mL), dried under reduced pressure for 5 min, washed with THF (2 × 10 mL), and 

further dried under reduced pressure for 1 h. The resulting dark green solid was recrystallized using 

diffusion of Et2O vapor into a concentrated MeCN solution as previously described. The obtained 
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dark green crystalline blocks were washed with Et2O (50 mL) and dried under reduced pressure 

for 24 h to give 1-NO2 as dark green blocks (122 mg, 37%). Anal. Calcd. for C48H48B2F8Fe2N10O8: 

C, 48.93; H, 4.11; N, 11.89%. Found: C, 48.79; H, 4.07; N, 11.89%. UV-Vis-NIR absorption 

spectrum (MeCN, 298 K): 262 nm ( = 29700 M−1 cm−1), 321 nm ( = 29000 M−1 cm−1), 735 nm 

( = 1510 M−1 cm−1). FT-IR (ATR, cm−1): 3090 (w, broad), 2919 (w, broad), 2855 (w, broad), 

1637 (w), 1604 (m), 1571 (s, broad), 1495 (m), 1451 (s), 1390 (w), 1334 (m, broad), 1309 (m), 

1239 (w), 1227 (w), 1165 (w), 1095 (m), 1048 (s, broad), 1031 (s, broad), 1009 (s, broad), 967 

(m), 918 (m), 889 (m), 782 (s), 745 (m), 558 (w, broad), 521 (m). Slow diffusion of Et2O vapor 

into a concentrated solution of 1-NO2 in MeCN afforded dark orange plate-shaped crystals of 1-

NO2∙4.0MeCN suitable for single-crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
SMe2L)](BF4)4 (1-SMe2). A suspension of Fe(BF4)2·6H2O (182 

mg, 0.539 mmol) in MeCN (4 mL) was added dropwise to a stirring pale yellow solution of 

Me3TPyA  (179 mg, 0.538 mmol) in MeCN (5 mL) to give a dark yellow solution. To this stirring 

solution, a yellow suspension of (SMe2L)·2.0AcOH (86.2 mg, 0.227 mmol) in MeCN (5 mL) was 

added dropwise to give a dark green solution. After stirring at 45 °C for 4 h, the reaction solution 

was filtered, and the filtrate was evaporated to dryness to give a dark green residue. The residue 

was washed with THF (10 × 20 mL) by stirring for 30–60 min for each wash and the resulting dark 

green solid was dried under reduced pressure for 1 h. Diffusion of Et2O vapor into a concentrated 

solution of the dark green solid in MeCN (10 mL) afforded dark green crystalline needles that 

were washed with Et2O (50 mL), dried under reduced pressure for 5 min, and washed with THF 

(8 × 10 mL) by stirring for 30 min for each wash. The resulting dark green solid was dried under 

reduced pressure for 1 h and recrystallized using diffusion of Et2O vapor into a concentrated MeCN 
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solution as previously described. The obtained dark green crystalline material was washed with 

Et2O (40 mL), dried under reduced pressure for 5 min, and the recrystallization step was repeated 

one more time to afford 1-SMe2 as dark green blocks after drying under reduced pressure for 24 h 

(132 mg, 42%). Anal. Calcd. for C52H60B4F16Fe2N8O4S2: C, 45.12; H, 4.37; N, 8.10%. Found: C, 

45.15; H, 4.29; N, 8.01%. UV-Vis-NIR absorption spectrum (MeCN, 298 K): 263 nm ( = 37600 

M−1 cm−1), 298 nm ( = 28600 M−1 cm−1), 309 nm ( = 25800 M−1 cm−1), 383 nm ( = 2450 M−1 

cm−1), 587 nm ( = 290 M−1 cm−1). FT-IR (ATR, cm−1): 3088 (w), 3036 (w), 2942 (w), 1628 (w), 

1606 (m), 1546 (s), 1470 (w), 1455 (m), 1418 (w), 1396 (w, broad), 1355 (w), 1311 (w, broad), 

1299 (w, broad), 1248 (w), 1223 (w), 1169 (w), 1118 (m), 1046 (s, broad), 1029 (s, broad), 1011 

(s, broad), 968 (m), 947 (w), 916 (w), 891 (w), 844 (w), 791 (m), 780 (m), 760 (w), 743 (w), 718 

(w), 663 (w), 595 (w), 576 (w), 519 (m). Slow diffusion of Et2O vapor into a concentrated solution 

of 1-SMe2 in MeCN afforded dark orange plate-shaped crystals of 1-SMe2∙4.0MeCN suitable for 

single-crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
OMeL)](BF4) (2-OMe). An orange solution of cobaltocene (3.9 

mg, 0.021 mmol) in MeCN (3 mL) was added dropwise to a stirring dark green solution of 1-OMe 

(23.7 mg, 0.0206 mmol) in MeCN (4 mL) to give a red-brown solution. After stirring at 25 °C for 

1 h, the reaction solution was filtered. Diffusion of Et2O vapor into the filtrate afforded a mixture 

of red-orange plates and polycrystalline red-brown solid that was washed with Et2O (30 mL) and 

dried under reduced pressure for 1.5 h to give 2-OMe (16.9 mg, 77%). Anal. Calcd. for 

C50H54BF4Fe2N8O6: C, 56.57; H, 5.13; N, 10.56%. Found: C, 56.58; H, 4.98; N, 10.57%. UV-Vis-

NIR absorption spectrum (MeCN, 298 K): 261 nm ( = 29500 M−1 cm−1), 324 nm ( = 12000 M−1 

cm−1), 478 nm ( = 11100 M−1 cm−1), 540 nm ( = 3960 M−1 cm−1). FT-IR (ATR, cm−1): 3057 (w, 
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broad), 3006 (w, broad), 2966 (w), 2923 (w), 2892 (w, broad), 2814 (w), 1600 (m), 1575 (m), 1497 

(w), 1441 (s, broad), 1415 (s, broad), 1348 (m), 1318 (m), 1270 (m), 1221 (w), 1194 (w), 1161 

(m), 1106 (w), 1068 (m), 1050 (s, broad), 1005 (s), 972 (m), 935 (m), 912 (m), 885 (w, broad), 

791 (m), 776 (s), 747 (w), 716 (w), 679 (w), 626 (w), 553 (w), 539 (w), 498 (m, broad). Slow 

diffusion of Et2O vapor into a concentrated solution of 2-OMe in MeCN afforded red-orange plate-

shaped crystals of 2-OMe∙2.0MeCN suitable for single-crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
ClL)](BF4) (2-Cl). An orange solution of cobaltocene (4.4 mg, 

0.023 mmol) in MeCN (3 mL) was added dropwise to a stirring dark green solution of 1-Cl (27.1 

mg, 0.0233 mmol) in MeCN (4 mL) to give a red-brown solution. After stirring at 25 °C for 1 h, 

the reaction solution was filtered. Diffusion of Et2O vapor into the filtrate afforded a mixture of 

red-orange plates and polycrystalline red-brown solid that was washed with Et2O (30 mL) and 

dried under reduced pressure for 1.5 h to give 2-Cl (13.9 mg, 57%). Anal. Calcd. for 

C48H48BCl2F4Fe2N8O4: C, 53.86; H, 4.52; N, 10.47%. Found: C, 53.66; H, 4.78; N, 10.52%. UV-

Vis-NIR absorption spectrum (MeCN, 298 K): 261 nm ( = 29100 M−1 cm−1), 334 nm ( = 16700 

M−1 cm−1), 474 nm ( = 10200 M−1 cm−1), 540 nm ( = 2900 M−1 cm−1). FT-IR (ATR, cm−1): 3086 

(w), 3065 (w), 2915 (w, broad), 2847 (w, broad), 2731 (w), 1602 (m), 1575 (m), 1443 (s, broad), 

1348 (m), 1295 (w), 1250 (m), 1221 (w), 1163 (m), 1118 (w), 1093 (m), 1054 (s), 1033 (s, broad), 

1005 (s, broad), 974 (m), 949 (m), 914 (m), 887 (m), 832 (s), 780 (s), 758 (m), 746 (m), 570 (m), 

518 (w). Slow diffusion of Et2O vapor into a concentrated solution of 2-Cl in MeCN afforded red-

orange plate-shaped crystals of 2-Cl∙0.5Et2O suitable for single-crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
NO2L)](BF4) (2-NO2). An orange solution of cobaltocene (10.0 

mg, 0.0529 mmol) in MeCN (3 mL) was added dropwise to a stirring dark green solution of 1-
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NO2
 (62.0 mg, 0.0526 mmol) in MeCN (3 mL) to give a red-brown solution. After stirring at 25 

°C for 1 h, the reaction solution was filtered. Diffusion of Et2O vapor into the filtrate afforded red-

orange plates that were washed with Et2O (30 mL) and dried under reduced pressure for 30 min to 

give 2-NO2
 (44.1 mg, 77%). Anal. Calcd. for C48H48BF4Fe2N10O8: C, 52.82; H, 4.43; N, 12.83%. 

Found: C, 52.65; H, 4.52; N, 12.71%. UV-Vis-NIR absorption spectrum (MeCN, 298 K): 262 nm 

( = 29100 M−1 cm−1), 313 nm ( = 15600 M−1 cm−1), 406 nm ( = 13800 M−1 cm−1), 525 nm ( = 

1930 M−1 cm−1), 684 nm ( = 710 M−1 cm−1). FT-IR (ATR, cm−1): 3071 (w, broad), 2960 (w), 2913 

(w, broad), 2744 (w, broad), 1604 (m), 1577 (w), 1519 (s, broad), 1466 (s, broad), 1447 (s), 1388 

(w), 1350 (m), 1295 (w), 1244 (m, broad), 1165 (m), 1108 (m), 1095 (m), 1050 (s, broad), 1007 

(s), 968 (m), 916 (w), 900 (w), 887 (w), 784 (s), 772 (s), 745 (w), 719 (w), 659 (w), 546 (w, broad), 

519 (w). Slow diffusion of Et2O vapor into a concentrated solution of 2-NO2 in MeCN afforded 

red-orange plate-shaped crystals of 2-NO2 suitable for single-crystal X-ray diffraction analysis. 

Synthesis of [(Me3TPyA)2Fe2(
SMe2L)](BF4)3 (2-SMe2). An orange solution of cobaltocene (5.2 

mg, 0.027 mmol) in MeCN (3 mL) was added dropwise to a stirring dark green solution of 1-SMe2
 

(41.3 mg, 0.0298 mmol) in MeCN (3 mL) to give a green-brown solution. After stirring at 25 °C 

for 1 h, the reaction solution was filtered. Diffusion of Et2O vapor into the filtrate afforded red-

orange plates that were washed with Et2O (30 mL) and dried under reduced pressure for 1 h to 

give 2-SMe2
 (31.0 mg, 88%). Anal. Calcd. for C52H60B3F12Fe2N8O4S2: C, 48.14; H, 4.66; N, 

8.64%. Found: C, 48.05; H, 4.78; N, 8.51%. UV-Vis-NIR absorption spectrum (MeCN, 298 K): 

263 nm ( = 37700 M−1 cm−1), 353 nm ( = 16900 M−1 cm−1), 369 nm ( = 21000 M−1 cm−1), 608 

nm ( = 1770 M−1 cm−1). FT-IR (ATR, cm−1): 3039 (w, broad), 2936 (w, broad), 2921 (w, broad), 

1604 (m), 1577 (w), 1488 (s), 1466 (m, broad), 1453 (s, broad), 1344 (w, broad), 1324 (w), 1276 
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(m), 1196 (m), 1167 (w), 1047 (s, broad), 1029 (s, broad), 971 (m), 943 (m), 912 (m), 885 (w), 

832 (w), 784 (s), 745 (w), 721 (w), 673 (w, broad), 576 (w), 558 (w), 519 (m). Slow diffusion of 

Et2O vapor into a concentrated solution of 2-SMe2 in MeCN afforded orange plate-shaped crystals 

of 2-SMe2∙0.9MeCN∙0.5Et2O suitable for single-crystal X-ray diffraction analysis. 

X-ray Structure Determination. Single crystals of 1-OMe∙4.0MeCN, 1-Cl∙0.7H2O, 1-

NO2∙4.0MeCN, 1-SMe2∙4.0MeCN, 2-OMe∙2.0MeCN, 2-Cl∙0.5Et2O, 2-NO2, and 2-

SMe2∙0.9MeCN∙0.5Et2O suitable for X-ray analysis were directly coated with deoxygenated 

Paratone-N oil, mounted on a MicroMounts rod, and frozen under a stream of dinitrogen during 

data collection. The crystallographic data were collected at 100–106 K on Bruker Kappa APEX II 

diffractometers equipped with APEX II CCD detectors and a MoKα IμS microsource with MX 

Optics (1-Cl∙0.7H2O, 2-OMe∙2.0MeCN, 2-NO2, 2-SMe2∙0.9MeCN∙0.5Et2O), or a MoKα sealed 

tube source with a Triumph monochromator (1-NO2∙4.0MeCN, 1-SMe2∙4.0MeCN, 2-Cl∙0.5Et2O), 

or a CuKα IμS microsource with MX Optics (1-OMe∙4.0MeCN). Note that owing to temperature 

instability during the mounting of a crystal of 2-NO2, the data were collected at a slightly higher 

temperature than for the other compounds to ensure a stable temperature over the course of the 

data collection. Raw data were integrated and corrected for Lorentz and polarization effects with 

Bruker APEX2 version 2014.11–0.32 Absorption corrections were applied using the program 

SADABS.33 Space group assignments were determined by examining systematic absences, E-

statistics, and successive refinement of the structures. Structures were solved using direct methods 

in SHELXT and refined by SHELXL34 operated within the OLEX2 interface.35 All hydrogen 

atoms were placed at calculated positions using suitable riding models and refined using isotropic 

displacement parameters derived from their parent atoms. Thermal parameters for all non-
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hydrogen atoms were refined anisotropically.   

In the crystal structures of 1-NO2∙4.0MeCN and 2-SMe2∙0.9MeCN∙0.5Et2O, one (BF4)
− anion 

per Fe2 complex is disordered over two positions and the occupancies of these (BF4)
− ions were 

freely refined over the two positions. In the crystal structure of 2-OMe∙2.0MeCN, the (BF4)
− anion 

is positioned close to an inversion center. As such, it was modeled as two closely spaced ions, each 

with a fixed occupancy of 0.5. In the crystal structure of 2-SMe2∙0.9MeCN∙0.5Et2O, MeCN and 

Et2O solvent molecules were modeled with partial occupancies. Specifically, a MeCN molecule 

with an occupancy of 0.5 was positioned very close to a disordered Et2O molecule with an 

occupancy of 0.5. The positional disorder of the Et2O molecule was modeled by applying the 

SIMU restraint. In the crystal structure of 2-Cl∙0.5Et2O, the solvent molecules are severely 

disordered and positioned close to an inversion center and, therefore, could not be modeled 

properly. As such, the solvent masking procedure as implemented in OLEX2 was used. A void 

volume of 134.9 Å3 with 40.5 electrons was estimated per unit cell, which was ascribed to 0.5 Et2O 

molecules per Fe2 complex. Crystallographic data for all compounds and the details of data 

collection are listed in Tables 7.4–7.7. 

Magnetic Measurements. Magnetic measurements for 1-R and 2-R (R = OMe, Cl, NO2, SMe2) 

were obtained for finely ground microcrystalline powders restrained in a frozen eicosane matrix. 

Samples were loaded into quartz tubes under a dry dinitrogen atmosphere, attached to a sealable 

hose adapter, frozen in liquid nitrogen, and flame-sealed under vacuum on a Schlenk manifold. 

All data were collected using a Quantum Design MPMS-XL SQUID magnetometer. Direct current 

(dc) magnetic susceptibility measurements were performed in the temperature range 2–300 K 

under an applied dc field of 1 T. Dc magnetization data were collected between 2 and 10 K under 
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applied dc fields of 1–7 T in 1 T increments. Alternating current (ac) magnetic susceptibility data 

were collected in the temperature range 2–8 K under zero applied dc field using a 4 Oe ac field 

oscillating at frequencies ranging from 1 to 1488 Hz. Ac susceptibility data for 2-R (R = OMe, Cl, 

NO2, SMe2) were used to construct Cole–Cole plots, which were then fit using a generalized Debye 

model36 for temperatures between 3.75 and 6.75 K, 2.00 and 6.50 K, 2.00 and 6.25 K, and 2.00 

and 7.00 K for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively, to estimate relaxation times (τ). 

Linear fits to the highest 7–9 temperature data points (gave R2 > 0.995) in the Arrhenius plots for 

2-R (R = OMe, Cl, NO2, SMe2) afforded an effective spin-reversal barrier of Ueff ranging from 

33(1) to 50(1) cm−1 and a pre-exponential factor of τ0 in the range 3.3(6) × 10−9 – 1.1(3) × 10−7 s 

(see Figures 7.8, 7.91, 7.93, and 7.95, and Table 7.3). All magnetic susceptibility data were 

corrected for diamagnetic contributions from the eicosane matrix and the core diamagnetism of 

each sample, estimated from Pascal’s constants.37 For 1-R (R = OMe, Cl, NO2, SMe2), significant 

amount of eicosane was located above the measuring window of the quartz tube. As a result, χMT 

vs T plots for these compounds showed a slight positive slope in the high-temperature regime. To 

correct for this mass error, the mass of eicosane was decreased until a constant value of χMT was 

achieved between 200 and 300 K. Note that this adjustment of the mass of eicosane was verified 

by opening the quartz tube and scraping out and weighing the eicosane that was located above the 

measuring window of the tube. Prior to full characterization, variable-field magnetization data 

were collected at 100 K. The excellent linearity of the M vs H curves (gave R2 = 1.00), constructed 

from data collected under applied dc fields ranging from 0 to 3 T, confirmed the absence of 

ferromagnetic impurities in all samples. These data are plotted as magnetization in units of Bohr 

magneton (μB) per mol of Fe2 complex against magnetic field in T (see Figures 7.50–7.57). Note 



 

555 

 

that corrections for the magnetic moment of the eicosane matrix were applied. The coherence of 

the collected magnetic data was checked across different measurements.  

Fits and simulations of dc magnetic susceptibility and low-temperature magnetization data 

were performed with the program PHI38 and the MagProp package within the program DAVE 

2.5.39 For 1-R (R = OMe, Cl, NO2, SMe2), these data were fit to the Van Vleck equation according 

to the following spin Hamiltonian:40 

          Ĥ = −2J(ŜFe1∙ŜFe2) + gμBH(ŜFe1 + ŜFe2) + D[ŜFe1,z
2 + ŜFe2,z

2 − 2S(S+1)/3]  (7.1) 

In this spin Hamiltonian, the first term is the exchange coupling term, the second term denotes 

the Zeeman interaction, and the last term denotes the axial zero-field interaction. The parameter J 

is the magnetic exchange coupling constant, ŜFe1 and ŜFe2 are the spin angular momentum operators 

for the two FeII centers, g is the isotropic electron spin g-factor (g = gFe1 = gFe2), μB is the Bohr 

magneton, H is the applied magnetic field, D is the axial zero-field splitting parameter (D = DFe1 = 

DFe2), ŜFe1,z and ŜFe2,z are the z components of the spin angular momentum operators for the two 

FeII centers, and S is the total spin quantum number.  

To fit and simulate the low-temperature magnetization data for 2-R (R = OMe, Cl, NO2, SMe2), 

an additional term corresponding to the radical bridging ligand was introduced into Equation 7.1 

to afford the following spin Hamiltonian:40  

   Ĥ = −2J[Ŝrad∙(ŜFe1 + ŜFe2)] + gμBH(ŜFe1 + ŜFe2 + Ŝrad) + D[ŜFe1,z
2 + ŜFe2,z

2 − 2S(S+1)/3]      (7.2) 

In this Hamiltonian, Ŝrad corresponds to the spin angular momentum operator for the radical 

bridging ligand and the other terms are as defined for Equation 7.1. The dc magnetic susceptibility 

data for 2-R (R = OMe, Cl, NO2, SMe2) were fit to the Van Vleck equation according to the spin 

Hamiltonian provided in Equation 7.3, where the axial zero-field interaction was neglected as only 
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the high-temperature data (60–300 K) were employed for fitting. 

             Ĥ = −2J[Ŝrad∙(ŜFe1 + ŜFe2)] + gμBH(ŜFe1 + ŜFe2 + Ŝrad)      (7.3) 

Note that we assume that the g-factor in Equations 7.1–7.3 is isotropic and g = gFe1 = gFe2 = 

grad. Furthermore, we assume that the axial zero-field splitting parameter D is identical for the two 

FeII centers in 1-R and 2-R (R = OMe, Cl, NO2, SMe2). These assumptions are validated by 

crystallographic analysis of these compounds as the two FeII sites within each Fe2 complex are 

related through a crystallographic inversion center or a pseudo-inversion center (see below). Also 

note that introduction of a rhombic zero-field splitting parameter E to the spin Hamiltonians given 

in Equations 7.1 and 7.2 did not provide significant improvements to the fits and simulations of 

the magnetic data for 1-R and 2-R (R = OMe, Cl, NO2, SMe2). Specifically, the value of E was an 

order of magnitude smaller than the value of D for all compounds and thus the rhombic zero-field 

splitting term was omitted to avoid overparameterization.  

To estimate the values of J, g, and D for 1-R (R = OMe, Cl, NO2, SMe2), a simultaneous fit to 

the low-temperature magnetization data and the variable-temperature dc magnetic susceptibility 

data was performed in the program PHI.38 Summary of the parameters obtained from these fits are 

provided in Table 7.3. Note that for 1-OMe and 1-Cl no reasonable fits were obtained when the 

low-temperature (<15 K) dc magnetic susceptibility data were included, presumably owing to 

intermolecular interactions that are not accounted for in the spin Hamiltonian in Equation 7.1, 

which can be significant at low temperatures. Furthermore, we noticed that the simultaneous fit to 

the low-temperature magnetization data and the variable-temperature dc magnetic susceptibility 

data for 1-SMe2 overestimated the magnitude of D, as indicated by individual fits to the two data 

sets. As such, to get a better estimate of D, we fixed g and J to the values obtained from the 
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simultaneous fit to the data and allowed D to freely refine for the two datasets (see Table 7.8).  

In contrast to the observations for 1-R, simulations of the low-temperature magnetization data 

for 2-R (R = OMe, Cl, NO2, SMe2) indicated that the data were not significantly affected by the 

magnitude of J (only the sign), as expected for the much stronger magnetic coupling in the radical-

bridged complexes. Accordingly, simultaneous fits to the low-temperature magnetization data and 

the variable-temperature dc magnetic susceptibility data for 2-R (R = OMe, Cl, NO2, SMe2) did 

not afford any reasonable results. Therefore, the values of J and g were estimated from fits to the 

high-temperature range of the dc magnetic susceptibility data using the spin Hamiltonian in 

Equation 7.3. Specifically, the temperature range 60–300 K was used for fitting because the data 

were found to be insensitive to D in that range. Low-temperature magnetization data were 

employed to estimate the values of D and g, using fixed values of J, as determined from the dc 

magnetic susceptibility data. We performed a survey of the sum of the squared residuals (χ2) by 

varying J from 0 to −1000 cm−1 for each reduced Fe2 complex to demonstrate the insensitivity of 

the low-temperature magnetization data to J for 2-R (R = OMe, Cl, NO2, SMe2) and to justify the 

J values obtained from fits to the dc magnetic susceptibility data (see Tables 7.9–7.12). The errors 

in D values were estimated from the variations observed in these surveys for near constant values 

of χ2 (Δχ2 = ±0.0005). The values of g obtained from fits to the low-temperature magnetization 

data agree well with those obtained from fits to the dc magnetic susceptibility data (see Section 

7.3.4 and Table 7.3). 

Note that the variable-temperature dc magnetic susceptibility data for 2-R (R = OMe, Cl, NO2, 

SMe2) can be modeled fairly well using J > 0 (J ~ 22–25 cm−1), however, those fits give 

unreasonably low values of g (g < 1.98) for high-spin FeII centers in pseudo-octahedral geometry, 
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along with large positive D values (D > 30 cm−1), which are in disagreement with the low-

temperature magnetization data. The observed frequency dependence of χM′′ for 2-R (R = OMe, 

Cl, NO2, SMe2) in the absence of an applied dc field further supports the negative values of D (see 

below). As such, we place trust in the fitting procedures detailed above, which indicate 

antiferromagnetic exchange interactions between the FeII centers and radical bridging ligand in 2-

R (R = OMe, Cl, NO2, SMe2). 

NMR Spectroscopy. 1H NMR spectra for ligands and organic precursors were collected at 298 

K at 500 MHz frequency on an automated Bruker Avance III  500 MHz (11.7 T) system equipped 

with a DCH CryoProbe or on an automated Bruker Avance III 500 MHz (11.7 T) HD system 

equipped with a TXO Prodigy probe. 13C{1H} NMR spectra for the ligands were collected at 126 

MHz frequency using an automated Bruker Avance III 500 MHz (11.7 T) system equipped with a 

DCH CryoProbe. 1H NMR spectra for Fe2 complexes 1-R and 2-R (R = OMe, Cl, NO2, SMe2) in 

MeCN-d3 were collected at 295 K on a Bruker Avance III HD Nanobay 400 MHz (9.4 T) system 

(1-R, 2-NO2, 2-SMe2) or on a Bruker Neo 600 MHz (14.1 T) system equipped with a QCI-F 

cryoprobe (2-OMe, 2-Cl). Samples for all Fe2 complexes were prepared and stored under a dry 

dinitrogen atmosphere to ensure no degradation due to oxidation by air. All chemical shift values 

(δ) are reported in ppm and coupling constants (J) are reported in hertz (Hz). 1H and 13C{1H} NMR 

spectra are referenced to residual proton and carbon signals, respectively, from the deuterated 

solvents (1H: 7.26 ppm for CDCl3, 4.79 ppm for D2O, 2.50 ppm for DMSO-d6, 1.94 ppm for 

MeCN-d3;
 13C{1H}: 77.16 ppm for CDCl3, 39.52 ppm for DMSO-d6). The MestReNova 10.0 NMR 

data processing software was used to analyze and process all recorded NMR spectra.  

Mössbauer Spectroscopy. Zero-field 57Fe Mössbauer spectra were collected for 1-R and 2-R 
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(R = OMe, Cl, NO2, SMe2) with a constant acceleration spectrometer and a 57Co/Rh source over a 

4 mm s−1 window at 80 K. Prior to the measurements, the spectrometer was calibrated at 295 K 

with a 30 µm-thick α-Fe foil. The experimental errors in the isomer shift values (δ) estimated from 

calibration fitting were 0.002 mm s−1, and those for quadrupole splitting values (ΔEQ) and the 

widths of the right and left line of each doublet (ΓR and ΓL) were estimated to be 0.7% of their 

respective absolute values. Samples were prepared and stored under a dry dinitrogen atmosphere. 

A typical sample contained 17–52 mg of Fe2 complex (1.6–4.9 mg of natural Fe/cm2) and was 

prepared by adding polycrystalline material to a circular polyethylene holder of 1 cm2 area and 

squeezing another holder with a slightly smaller diameter that had been covered with deoxygenated 

Paratone-N oil into the previous sample holder to completely encapsulate the solid sample. The 

sample was frozen in liquid nitrogen prior to handling in air. Collected spectra were analyzed using 

the WMOSS Mössbauer Spectral Analysis Software.41 Isomer shifts (δ) are reported relative to the 

centroid of the Fe metal spectrum recorded at 295 K. All spectra were fit with Lorentzian doublets 

and statistical fitting errors were estimated from Monte Carlo simulations. Reported uncertainties 

in δ, ΔEQ, ΓR, and ΓL are the square root of the sum of the squared experimental and statistical 

fitting errors.  

UV-Vis-NIR Absorption Spectroscopy. Solution and solid-state UV-Vis-NIR spectra were 

collected at 298 K in the 200–1200 and 200–800 nm ranges, respectively, on an Agilent Cary 5000 

UV-Vis-NIR spectrophotometer equipped with an integrating sphere for diffuse reflectance 

measurements. Solution spectra were collected for samples of ligands Me3TPyA, H2(
OMeL), 

H2(
ClL), Na2(

NO2L), and (SMe2L)·2.0AcOH, and Fe2 complexes 1-R and 2-R (R = OMe, Cl, NO2, 

SMe2) in MeCN. Samples for all Fe2 complexes were prepared and stored under a dry dinitrogen 
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atmosphere to ensure no degradation due to oxidation by air. Diffuse reflectance spectra were 

collected on microcrystalline samples of 1-R and 2-R (R = OMe, Cl, NO2, SMe2). Samples for 

measurements were prepared by mixing microcrystalline samples of the compounds with dry 

BaSO4 powder for a 3-fold dilution to give smooth, homogeneous powders. The data were treated 

with a background correction of BaSO4 and the spectra are reported as normalized Kubelka-Munk 

transformation F(R) of the raw diffuse reflectance spectra, where F(R) for each compound was 

normalized with the strongest absorbance set to F(R) = 1. 

Electrochemical Measurements. Cyclic voltammetry measurements were carried out in a 

standard one-compartment cell under a dry dinitrogen atmosphere at 298 K using CH Instruments 

760c potentiostat. The cell consisted of a platinum electrode as a working electrode, a platinum 

wire as a counter electrode, and a silver wire as a pseudo-reference electrode. Ferrocene (Cp2Fe) 

was added to the analyte solutions at the end of each measurement and used as an internal standard. 

Analytes were measured in MeCN solutions (ca. 1 mM) with 100 mM (Bu4N)(PF6) supporting 

electrolyte at variable scan rates (25–1000 mV s−1). Note that owing to the steric bulk of the +SMe2 

substituent, the electron transfer kinetics for 1-SMe2 are significantly slower than those for 1-

OMe, 1-Cl, and 1-NO2. Therefore, greater reversibility for the SMe2L/SMe2L−• redox couple was 

observed at slower scan rates. All potentials were converted and referenced to the [Cp2Fe]0/1+ redox 

couple. 

Other Physical Measurements. Elemental analyses of all Fe2 complexes were conducted by 

Midwest Microlab Inc. Infrared spectra were recorded for solid samples of ligands Me3TPyA, 

H2(
OMeL), H2(

ClL), Na2(
NO2L), and (SMe2L)·2.0AcOH, and Fe2 complexes 1-R and 2-R (R = OMe, 

Cl, NO2,
 SMe2) on Bruker Tensor 37 and Bruker Alpha II FTIR spectrometers equipped with 
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attenuated total reflectance (ATR) accessories. Samples for all Fe2 complexes were prepared and 

measured under a dry dinitrogen atmosphere. The IR spectra for the Fe2 complexes are provided 

in Figures 7.9–7.14. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

used to quantify the concentration of Fe2 complexes in solution samples. These measurements 

were performed on a Thermo iCAP 7600 dual view ICP-OES instrument equipped with a CETAC 

ASX520 240-position autosampler. Samples were dissolved in a 3% aqueous nitric acid solution 

and the emissions for Fe compared to standard solutions.  

7.3 Results and Discussion  

7.3.1 Syntheses, Structures, and Electrochemistry 

With the goal of better understanding the effects of ligand substituents on electron 

delocalization and magnetic coupling in semiquinoid radical-bridged magnets, we employed 

dinuclear complexes as model systems owing to their structural simplicity and ease of magnetic 

characterization. Specifically, we targeted a series of isostructural FeII
2 complexes bridged by 

benzoquinoid ligands featuring an array of substituents with different electronic properties, 

ranging from electron-donating OMe groups to strongly electron-withdrawing +SMe2 groups. 

 

Figure 7.1 Synthesis of compounds [(Me3TPyA)2Fe2(RL)]n+
 (R = OMe, Cl, NO2, SMe2), as observed in 1-

OMe (n = 2), 1-Cl (n = 2), 1-NO2 (n = 2), and 1-SMe2 (n = 4).  
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Reaction of RLx− (x = 2: R = OMe, Cl, NO2; x = 0: R = SMe2) with two equivalents each of 

Fe(BF4)2·6H2O and Me3TPyA in MeCN, followed by purification and subsequent crystallization, 

afforded the Fe2 complexes [(Me3TPyA)2Fe2(
OMeL)](BF4)2 (1-OMe), 

[(Me3TPyA)2Fe2(
ClL)](BF4)2∙0.3H2O (1-Cl), [(Me3TPyA)2Fe2(

NO2L)](BF4)2 (1-NO2), and 

[(Me3TPyA)2Fe2(
SMe2L)](BF4)4 (1-SMe2) as dark green crystalline materials (see Figure 7.1). Slow 

diffusion of Et2O vapor into concentrated MeCN solutions of 1-R (R = OMe, Cl, NO2, SMe2) gave 

dark orange plate-shaped crystals of 1-OMe∙4.0MeCN, 1-Cl∙0.7H2O, 1-NO2∙4.0MeCN, and 1-

SMe2∙4.0MeCN suitable for single-crystal X-ray diffraction analysis. All compounds crystallized 

in the triclinic space group P1̅, aside from 1-SMe2∙4.0MeCN, which crystallized in the monoclinic 

space group P21/c (see Tables 7.4–7.7). In general, the structures of [(Me3TPyA)2Fe2(
RL)]n+ (n = 

Table 7.1 Selected mean interatomic distances (Å) and octahedral distortion parameter (Σsum) for 1-R 

∙solvent and 2-R∙solvent (R = OMe, Cl, NO2, SMe2).
a,b 

 
1-OMe 

∙4.0MeCN 

2-OMe 

∙2.0MeCN 

1-Cl 

∙0.7H2O 

2-Cl 

∙0.5Et2O 

1-NO2 

∙4.0MeCN 
2-NO2 

1-SMe2 

∙4.0MeCN 

2-SMe2 

∙0.9MeCN 

∙0.5Et2O 

Fe–N  2.210(2) 2.2466(6) 2.195(3) 2.234(2) 2.1998(5) 2.2223(7) 2.196(2) 2.227(1) 

Fe–O1 2.003(3) 1.992(1) 2.051(5) 1.991(3) 2.0372(8) 2.010(2) 2.039(2) 2.038(2) 

Fe–O2 2.203(3) 2.112(1) 2.187(3) 2.130(3) 2.1782(9) 2.143(1) 2.210(3) 2.140(2) 

Fe–O 2.103(3) 2.052(1) 2.119(3) 2.060(2) 2.1077(6) 2.076(1) 2.125(2) 2.084(1) 

O1–C1 1.294(5) 1.313(2) 1.269(6) 1.304(5) 1.258(2) 1.293(2) 1.254(4) 1.292(3) 

O2–C2 1.245(5) 1.294(2) 1.238(8) 1.283(5) 1.240(2) 1.278(2) 1.240(3) 1.280(3) 

O–C 1.270(4) 1.304(2) 1.254(5) 1.293(4) 1.249(1) 1.285(2) 1.247(3) 1.286(2) 

C1–C2 1.516(6) 1.470(2) 1.532(9) 1.468(5) 1.532(2) 1.465(2) 1.526(4) 1.465(3) 

C2–C3 1.429(6) 1.407(2) 1.409(7) 1.403(5) 1.411(2) 1.404(2) 1.404(4) 1.416(3) 

C3–C1A 1.363(6) 1.389(2) 1.389(9) 1.395(6) 1.386(2) 1.396(2) 1.388(4) 1.408(3) 

C–C 1.436(4) 1.422(1) 1.443(5) 1.422(3) 1.443(1) 1.422(2) 1.439(3) 1.430(2) 

Fe∙∙∙Fe c  7.996(3) 7.8652(9) 8.018(2) 7.823(2) 8.0219(8) 7.9330(9) 8.017(3) 7.9972(6) 

Σ sum
d 106.3(5) 125.8(2) 110.2(7) 112.3(4) 109.8(2) 111.7(2) 111.2(3) 110.1(3) 

a See Figure 7.2 for the atomic numbering scheme. b Average distances for specific types of bonds are shown in bold. 
c Intramolecular Fe···Fe distance. d Octahedral distortion parameter (Σsum) = sum of the absolute deviation from 90° for the 

12 cis angle in [FeN4O2].46 
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2: R = OMe, Cl, NO2; n = 4: R = SMe2) consist of two crystallographically equivalent 

[(Me3TPyA)Fe]2+ moieties connected by a deprotonated RLx− (x = 2: R = OMe, Cl, NO2; x = 0: R 

= SMe2) bridging ligand with a crystallographic site of inversion located at the center of the 

bridging ligand (see Figure 7.2). Each FeII center resides in a distorted octahedral coordination 

environment comprised of two cis-oriented O atoms from RLx− (x = 2: R = OMe, Cl, NO2; x = 0: 

R = SMe2) and four N atoms from the Me3TPyA capping ligand.  

The mean Fe–N and Fe–O bond distances across the series fall in the ranges of 2.195(3)–

2.210(2) Å and 2.103(3)–2.125(2) Å, respectively, consistent with reported distances for high-spin 

S = 2 FeII centers in similar coordination environments (see Table 7.1).27d,42,43 Within the bridging 

ligand, the average C–O distance ranges from 1.247(3) to 1.270(4) Å across the series, which falls 

between the value expected for a single and a double bond.44 Moreover, the mean C1–C2 bond 

distance of 1.516(6)–1.532(9) Å, typical for a single bond, is substantially longer than the average 

C2–C3 and C3–C1A bond distances, which range from 1.404(4) to 1.429(6) Å and 1.363(6) to 

1.389(9) Å, respectively, across the series. These collective distances strongly suggest that the 

bridging ligand in 1-OMe∙4.0MeCN, 1-Cl∙0.7H2O, 1-NO2∙4.0MeCN, and 1-SMe2∙4.0MeCN is 

best described as two localized 6-π-electron fragments connected by two C–C single bonds. The 

observation of two drastically different Fe–O bond distances, namely shorter Fe–O1 distances of 

2.003(3)–2.051(5) Å and longer Fe–O2 distances of 2.1782(9)–2.210(3) Å further supports the 

formulation of the bridging ligand in these compounds as the diamagnetic benzoquinone RLx− (x = 

2: R = OMe, Cl, NO2; x = 0: R = SMe2). Finally, the FeII
2 complexes in 1-OMe∙4.0MeCN, 1-

Cl∙0.7H2O, 1-NO2∙4.0MeCN, and 1-SMe2∙4.0MeCN feature a mean intramolecular Fe···Fe 

distance ranging from 7.996(3) to 8.0219(8) Å, in accord with values reported for other 
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benzoquinoid-bridged FeII
2 compounds.27d,28a,43 Notably, the similar structural metrics for 1-OMe 

 

Figure 7.2 Crystal structures of the cationic complexes [(Me3TPyA)2Fe2(RL)]4+/2+ (left) and 

[(Me3TPyA)2Fe2(RL)]3+/1+ (right), as observed in 1-R∙solvent and 2-R∙solvent (R = OMe, Cl, NO2, SMe2), 

respectively. Orange, green, yellow, red, blue, and gray spheres represent Fe, Cl, S, O, N, and C atoms, 

respectively; H atoms are omitted for clarity. 
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∙4.0MeCN, 1-Cl∙0.7H2O, 1-NO2∙4.0MeCN, 

and 1-SMe2∙4.0MeCN indicate that the solid-

state structure of this family of FeII
2 complexes 

is minimally affected by the nature of the 

benzoquinoid substituents.  

To probe the effects of benzoquinone 

substitution on the electronic structure of 1-R 

(R = OMe, Cl, NO2, SMe2) and explore the 

feasibility of isolating the semiquinoid radical-

bridged congeners, cyclic voltammetry 

experiments were carried out for MeCN 

solutions of these compounds at 298 K. The 

cyclic voltammograms of 1-R (R = OMe, Cl, 

NO2, SMe2) are depicted in Figure 7.3. Each 

voltammogram exhibits two reversible 

processes at E1/2 = +0.22 and −1.11 V, +0.33 

and −0.86 V, +0.41 and −0.58 V, and +0.45 and 

−0.47 V vs [Cp2Fe]0/1+ for 1-OMe, 1-Cl, 1-

NO2, and 1-SMe2, respectively. Based on precedent in other benzoquinoid-bridged Fe2 complexes, 

we assign the wave at negative potential to the ligand-centered redox process RLx−/(x+1)−• (x = 2: R 

= OMe, Cl, NO2; x = 0: R = SMe2) and the wave at positive potential to the metal-based 

FeIIFeII/FeIIFeIII couple.27d,28a,b,43 The variance of E1/2 on substituent identity for both ligand- and 

 

Figure 7.3 Cyclic voltammograms for solutions of 

1-R in MeCN containing 100 mM (Bu4N)(PF6) 

supporting electrolyte, collected at 298 K; R = OMe 

(red), Cl (green), NO2 (blue), SMe2 (gold). Scan rate 

= 100 mV s−1 for R = OMe, Cl, and NO2, and 25 mV 

s−1 for R = SMe2. Black vertical lines and arrows 

denote the open circuit potential and scan direction, 

respectively. Each vertical scale bar represents a 

current of 3 μA. 
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metal-based processes correlates linearly with the Hammett substituent constant (σp), which 

quantifies the electronic properties of substituents by considering both inductive and resonance 

effects (see Figures 7.15 and 7.16).45 In particular, E1/2 for the FeIIFeII/FeIIFeIII couple shifts 

positively by 0.23 V when the benzoquinoid substituents are varied from electron-donating OMe 

groups to strongly electron-withdrawing +SMe2 groups, while the concurrent positive shift in the 

ligand-centered potential is 0.64 V. The more pronounced change in E1/2 for RLx−/(x+1)−• (x = 2: R 

= OMe, Cl, NO2; x = 0: R = SMe2) is consistent with the substituents primarily affecting the energy 

levels of the benzoquinoid ligand, however, the clear variation in the metal-based potential 

indicates that the electronic properties of the substituents significantly modulate the metal–ligand 

interactions as well. The remaining oxidation event at +0.56 V vs [Cp2Fe]0/1+ for 1-OMe is 

assigned to the metal-based FeIIFeIII/FeIIIFeIII oxidation, whereas the additional reversible redox 

event at E1/2 = −1.17 V vs [Cp2Fe]0/1+ for 1-SMe2 is assigned to the ligand-based SMe2L −•/2− couple. 

Together, the cyclic voltammetry measurements suggest that the radical-bridged FeII
2 

complexes [(Me3TPyA)2Fe2(
RLx−•)]n+ (x = 3, n = 1: R = OMe, Cl, NO2; x = 1, n = 3: R = SMe2) 

should be chemically accessible. Toward this end, dark green MeCN solutions of 1-R (R = OMe, 

Cl, NO2, SMe2) were treated with stoichiometric amounts of the reductant cobaltocene (Cp2Co) to 

give red-brown (R = OMe, Cl, NO2) or green-brown (R = SMe2) solutions. 1H NMR analysis 

revealed the formation of new paramagnetic species (see Figures 7.17–7.30). Subsequent diffusion 

of Et2O vapor into these solutions afforded red-orange (R = OMe, Cl, NO2) or orange (R = SMe2) 

plate-shaped crystals of the one-electron reduced compounds 

[(Me3TPyA)2Fe2(
OMeL)](BF4)∙2.0MeCN  (2-OMe∙2.0MeCN), 

[(Me3TPyA)2Fe2(
ClL)](BF4)∙0.5Et2O  (2-Cl∙0.5Et2O), [(Me3TPyA)2Fe2(

NO2L)](BF4) (2-NO2), and 
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[(Me3TPyA)2Fe2(
SMe2L)](BF4)3∙0.9MeCN∙0.5Et2O (2-SMe2∙0.9MeCN∙0.5Et2O). Subsequent 

drying of these crystals under reduced pressure gave the desolvated forms 2-R (R = OMe, Cl, NO2, 

SMe2) in moderate yields of 57–88%. 

The structures of the cationic complexes [(Me3TPyA)2Fe2(
OMeL)]+, [(Me3TPyA)2Fe2(

NO2L)]+, 

and [(Me3TPyA)2Fe2(
SMe2L)]3+ in 2-R∙solvent (R = OMe, NO2, SMe2) are very similar to those in 

1-R∙solvent (R = OMe, Cl, NO2, SMe2), with the two FeII sites in each molecule related through a 

crystallographic inversion center, whereas the FeII centers in [(Me3TPyA)2Fe2(
ClL)]+ are slightly 

inequivalent due to crystal packing of the (BF4)
− counterion. The near identical values of the 

octahedral distortion parameter (Σsum)46 for 1-R∙solvent and 2-R∙solvent (R = OMe, Cl, NO2, 

SMe2) illustrate that the coordination geometry at FeII is not significantly affected by the 

substituents and redox state of the bridging ligand.  

In contrast, close comparison of the bond distances in the two series of compounds reveals 

several key differences. First, the mean C–C bond distance decreases slightly by 0.6–1.5%, from 

1.436(4)–1.443(5) to 1.422(1)–1.430(2) Å, in moving from 1-R∙solvent to 2-R∙solvent (R = OMe, 

Cl, NO2, SMe2). Moreover, the mean C–O bond distance for 2-R∙solvent varies from 1.285(2) to 

1.304(2) Å across the series, which represents a 2.7–3.1% increase, as compared to the values 

obtained for the unreduced analogues. These structural changes upon reduction reflect a net 

increase in C–C bond order and a net decrease in C–O bond order, in agreement with a ligand-

centered reduction from RLx− to RL(x+1)−• (x = 2: R = OMe, Cl, NO2; x = 0: R = SMe2), as has been 

observed for similar benzoquinoid-bridged metal complexes.27d,28a,b Furthermore, the mean Fe–O 

bond distance of 2.052(1)–2.084(1) Å in the 2-R∙solvent series is 1.5–2.8% shorter than the 

corresponding distances in 1-R∙solvent, and the mean intramolecular Fe···Fe distance decreases to 
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a similar degree in moving from 1-R∙solvent to 2-R∙solvent (R = OMe, Cl, NO2, SMe2). Together 

these observations highlight the stronger Fe–O interactions in the semiquinoid radical-bridged 

complexes [(Me3TPyA)2Fe2(
RLx−•)]n+ (x = 3, n = 1: R = OMe, Cl, NO2; x = 1, n = 3: R = SMe2) 

than in the diamagnetic benzoquinoid-bridged analogues [(Me3TPyA)2Fe2(
RLx−)]n+ (x = 2, n = 2: 

R = OMe, Cl, NO2; x = 0, n = 4: R = SMe2) owing to the increase in negative charge. As a result 

of the stronger interactions between the FeII centers and the bridging ligand in 2-R∙solvent, the 

average Fe–N bond distance increases slightly by 1.0–1.8% in moving from 1-R∙solvent to 2-

R∙solvent (R = OMe, Cl, NO2, SMe2).  

7.3.2 Mössbauer Spectroscopy 

To confirm the presence of a bridging ligand-centered reduction and further probe the effects 

 

Figure 7.4 Zero-field 57Fe Mössbauer spectra for polycrystalline samples of 1-R (top) and 2-R (bottom) at 

80 K; R = OMe (red), Cl (green), NO2 (blue), SMe2 (gold). Black crosses represent experimental data and 

colored lines correspond to Lorentzian fits to the data. Each vertical scale bar represents an absorption of 

1%. 



 

569 

 

of benzoquinoid substituents on the electronic structures of 1-R and 2-R (R = OMe, Cl, NO2, 

SMe2), zero-field 57Fe Mössbauer spectra were collected for polycrystalline samples at 80 K. The 

Mössbauer spectra for 1-R (R = OMe, Cl, NO2, SMe2) each exhibit a single sharp doublet (see 

Figure 7.4, top). Lorentzian fits to the data give an isomer shift of δ = 1.076(3)–1.111(3) mm s−1 

and a quadrupole splitting of ΔEQ = 2.36(2)–2.61(2) mm s−1 across the series (see Table 7.2). These 

parameters are consistent with high-spin FeII centers in pseudo-octahedral geometry and agree well 

with values reported for dinuclear complexes28,43,47 and coordination polymers48 featuring FeII ions 

in similar coordination environments.  

The spectra for 2-R (R = OMe, Cl, NO2, SMe2) display a similar quadrupole doublet (see 

Figure 7.4, bottom), with an isomer shift of δ = 1.108(3)–1.121(3) mm s−1 and a quadrupole 

splitting of ΔEQ = 2.28(2)–2.33(2) mm s−1 for the series (see Table 7.2). The near identical isomer 

shifts in 1-R and 2-R (R = OMe, Cl, NO2, SMe2) confirm the one-electron reduction from 1-R to 

2-R to be centered on the benzoquinoid bridging ligand. Notably, compounds 2-R (R = OMe, Cl, 

NO2, SMe2) exhibit a smaller quadrupole splitting than their corresponding unreduced analogues 

1-R. This difference is especially pronounced for the OMe- and Cl-substituted derivatives (see 

Table 7.2) and likely stems from the change in ligand field at the FeII centers associated with the 

Table 7.2 Summary of parameters obtained from fits to zero-field 57Fe Mössbauer spectra for 1-R and 2-

R (R = OMe, Cl, NO2, SMe2)  at 80 K.a 

 1-OMe 2-OMe 1-Cl 2-Cl 1-NO2 2-NO2 1-SMe2  2-SMe2 

δ (mm s−1) 1.081(3) 1.108(3) 1.076(3) 1.118(3) 1.087(3) 1.108(3) 1.111(3) 1.121(3) 

ΔEQ (mm s−1) 2.61(2) 2.28(2) 2.57(2) 2.31(2) 2.36(2) 2.33(2) 2.38(2) 2.30(2) 

ΓL (mm s−1)b  0.263(3) 0.330(3) 0.249(2) 0.286(3) 0.371(4) 0.274(3) 0.302(4) 0.319(3) 

ΓR (mm s−1)c  0.306(3) 0.256(3) 0.240(2) 0.243(3) 0.362(4) 0.253(3) 0.315(4) 0.291(3) 

a See Figure 7.4 for the experimental data and corresponding fits using Lorentzian doublets. The uncertainties in the parameter 

values were estimated from a combination of experimental and statistical fitting errors as described in Section 7.2. b ΓL denotes 

the width of the left line of a quadrupole doublet. cΓR denotes the width of the right line of a quadrupole doublet. 
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reduction of the bridging ligand. The slight asymmetry of the quadrupole doublets for 1-OMe and 

2-R (R = OMe, Cl, NO2, SMe2) may be attributed to several effects, including slow magnetic 

relaxation,49 preferred orientation of crystallites,49a,50 and lattice vibrational anisotropy.49a,50 

Complete understanding of the origin of this asymmetry requires detailed variable-temperature 

analysis that is beyond the scope of this work. Overall, Mössbauer spectroscopic analysis 

corroborates the assignment of the Fe2 complexes in 1-R and 2-R as the benzoquinoid-bridged 

[(Me3TPyA)2Fe2(
RLx−)]n+ (x = 2, n = 2: R = OMe, Cl, NO2; x = 0, n = 4: R = SMe2) and the 

semiquinoid-bridged [(Me3TPyA)2Fe2(
RLx−•)]n+ (x = 3, n = 1: R = OMe, Cl, NO2; x = 1, n = 3: R 

= SMe2), respectively, as evident from single-crystal X-ray diffraction analysis. 

7.3.3 UV-Vis-NIR Spectroscopy 

To gain further insight into the electronic 

structures of 1-R and 2-R (R = OMe, Cl, 

NO2, SMe2), UV-Vis-NIR absorption 

spectra were collected for MeCN solutions 

at 298 K. The spectra for all compounds 

show an intense absorption band centered at 

261–263 nm (εmax = 28700–37700 cm−1), as 

depicted in Figure 7.5. Considering the 

identical feature in the spectrum for 

Me3TPyA (see Figure 7.31) and the 

invariance of λmax and εmax on the redox state 

of the bridging ligand, we assign this 

 

Figure 7.5 UV-Vis spectra for solutions of 1-R (top) 

and 2-R (bottom) in MeCN at 298 K.  
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absorption to a π–π* transition occurring within the Me3TPyA capping ligand.51 The spectra for 1-

R (R = OMe, Cl, NO2, SMe2) display an additional strong band in the near-UV region that exhibits 

a progressive red shift (λmax = 298–350 nm; εmax = 25800–34700 cm−1) as the electron-donating 

ability of the benzoquinoid substituents increases (see Figure 7.5, top). Based on the similarity 

with the spectra for the free ligands (see Figures 7.32–7.35) and literature precedent for other 

complexes bearing quinoid-type ligands,52 this band is ascribed to a π–π* transition within the 

bridging ligand. Notably, the spectra for 2-OMe, 2-Cl, and 2-NO2 feature two broad 

benzoquinoid-centered π–π* bands27e at λmax = 313–334 nm (εmax = 12000–16700 cm−1) and 406–

478 nm (εmax = 10200–13800 cm−1) for the series, which are significantly weaker than those for 

the unreduced analogues (see Figure 7.5, bottom). In contrast, the spectrum for 2-SMe2 exhibits a 

markedly different profile than those for 2-OMe, 2-Cl, and 2-NO2. Specifically, multiple 

overlapping benzoquinoid-centered π–π* bands are observed in the 300–500 nm range, with λmax 

= 369 nm (εmax = 21000 cm−1). This discrepancy most likely arises from the different charges of 

the FeII
2 complexes in these compounds. 

Close comparison of the Vis-NIR region of the spectra obtained for 1-R and 2-R (R = OMe, 

Cl, NO2, SMe2) reveals that compounds 1-R generally feature stronger absorption in the NIR 

region than 2-R, while additional bands are observed between 525 and 650 nm in the spectra for 

2-R (see Figures 7.36–7.41). We tentatively assign these new bands to charge transfer transitions 

based on the molar absorptivity values (εmax = 1770–3960 cm−1). Taken together, the spectral 

changes observed upon reduction of the benzoquinoid bridging ligand are in good agreement with 

the associated color change from dark green for 1-R (R = OMe, Cl, NO2, SMe2) to red-brown (R 

= OMe, Cl, NO2) or green-brown (R = SMe2) for 2-R. Furthermore, these studies demonstrate that 
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the solution electronic structures of 1-R and 2-R (R = OMe, Cl, NO2, SMe2) are significantly 

affected by the nature of the benzoquinoid substituents, although the establishment of a clear trend 

is complicated by broad features and differences in overall charges. Along these lines, the diffuse 

reflectance spectra collected for microcrystalline samples of 1-R and 2-R (R = OMe, Cl, NO2, 

SMe2) (see Figures 7.42–7.49) show similar features as the solution spectra, suggesting that the 

benzoquinoid substituents also plays an important role in determining the electronic properties of 

these compounds in the solid state. 

7.3.4 Static Magnetic Properties 

To probe and compare magnetic interactions in 1-R and 2-R (R = OMe, Cl, NO2, SMe2), 

variable-temperature dc magnetic susceptibility data were collected for microcrystalline samples 

under an applied field of 1 T. The resulting plots of χMT vs T for 1-R (R = OMe, Cl, NO2, SMe2) 

are shown in Figure 7.6. At 300 K, the values of χMT are 6.90, 7.25, 7.32, and 7.47 cm3 K mol−1 

for 1-OMe, 1-Cl, 1-NO2, and 1-SMe2, 

respectively, corresponding to two 

magnetically non-interacting S = 2 FeII 

centers with g = 2.14, 2.20, 2.21, and 2.23, 

respectively. As the temperature is 

decreased, the data for 1-OMe and 1-Cl 

undergo a gradual then rapid increase, 

reaching maximum values of 9.29 and 9.82 

cm3 K mol−1 at 10 K, respectively. This 

increase in χMT with decreasing temperature 

 

Figure 7.6 Variable-temperature dc magnetic 

susceptibility data for 1-R (R = OMe, Cl, NO2, SMe2), 

collected under an applied field of 1 T. Colored circles 

represent experimental data and black lines correspond 

to fits to the data.    
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is indicative of weak ferromagnetic coupling between the FeII centers via an indirect 

superexchange mechanism through the diamagnetic bridging ligand to give an S = 4 ground state. 

Below 10 K, χMT decreases sharply to minimum values of 4.54 and 4.76 cm3 K mol−1 at 2.0 K for 

1-OMe and 1-Cl, respectively, likely the result of Zeeman splitting, zero-field splitting, and 

potentially weak intermolecular interactions.  

In contrast, the temperature dependence of χMT for 1-NO2 and 1-SMe2 is not as prominent as 

observed for 1-OMe and 1-Cl. Rather, the χMT data for 1-NO2 show a gradual increase to a 

maximum value of χMT = 7.52 cm3 K mol−1 at 15 K and then undergo a sharp decline to a minimum 

value of 3.79 cm3 K mol−1 at 2.0 K. Similarly, the value of χMT for 1-SMe2 is relatively constant 

above 60 K but then decreases gradually as the temperature is decreased from 60 K, and more 

sharply below 10 K, to a minimum value of 3.93 cm3 K mol−1 at 2.0 K. The different profiles for 

1-NO2 and 1-SMe2 than for 1-OMe and 1-Cl likely stems from weaker magnetic exchange 

interactions through diamagnetic benzoquinoid bridging ligands bearing electron-withdrawing 

substituents, as has been previously observed,12,30,31 and/or larger zero-field splitting. 

Table 7.3 Summary of parameters obtained from fits to magnetic data for 1-R and 2-R (R = OMe, Cl, 

NO2, SMe2).  

 1-OMe 1-Cl 1-NO2
 1-SMe2

 2-OMe             2-Cl 2-NO2 2-SMe2 

D (cm−1) −4.8a −8.0a −7.0a −15.2b −16.9(2)c −12.4(1)c −20.7(3)c −19.9(3)c 

g 2.11a 2.16a 2.20a 2.22a 2.11c 2.14c 2.23c 2.36c 

J (cm−1) +1.2a +1.2a +0.3a +0.3a −57d −60d −58d −65d 

Ueff  (cm−1)e – – – – 50(1) 41(1) 38(1) 33(1) 

τ0 (s)e – – – – 3.3(6) × 10−9 1.0(2) × 10−8 1.8(3) × 10−8 1.1(3) × 10−7 

aThese values were obtained from a simultaneous fit to low-temperature magnetization and dc magnetic susceptibility data as 

described in Section 7.2. bThis value of D was obtained from an individual fit to low-temperature magnetization data using 

fixed values of g and J as described in Section 7.2 and Table 7.8. cThese values were obtained from fitting low-temperature 

magnetization data as described in Section 7.2 . dThese values of J were obtained from fitting dc magnetic susceptibility data 

in the temperature range 60–300 K using the spin Hamiltonian provided in Equation 7.3. eThese values were obtained from ac 

magnetic susceptibility measurements collected under zero applied dc field. 
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To assess the presence of magnetic anisotropy and confirm the spin ground states in 1-R (R = 

OMe, Cl, NO2, SMe2), low-temperature magnetization data were collected at selected dc fields 

(see Figures 7.58–7.61). The saturation magnetization values of the resulting isofield curves fall 

in the range of M = 5.26–6.37 μB mol−1 across the series, in accord with the presence of an S = 4 

ground state and significant magnetic anisotropy for all compounds.20b  

To quantify the magnetic exchange interactions and magnetic anisotropy in 1-R (R = OMe, Cl, 

NO2, SMe2), the variable-temperature dc magnetic susceptibility data and low-temperature 

magnetization data were simultaneously fit to the Van Vleck equation according to the spin 

Hamiltonian provided in Equation 7.1 (see Section 7.2) using the program PHI.38 Fits to the data 

give an exchange constant of J = +1.2, +1.2, +0.3, and +0.3 cm−1 for 1-OMe, 1-Cl, 1-NO2, and 1-

SMe2, respectively, along with values of the axial zero-field splitting parameter D ranging from 

−4.8 to −15.2 cm−1 and g = 2.11–2.22 across the series. These parameters are summarized in Table 

7.3. Note that the values of g obtained from these fits are in excellent agreement with those 

estimated from the χMT values at 300 K. Furthermore, the magnitude and sign of J for 1-R (R = 

OMe, Cl, NO2, SMe2) are consistent with other examples of benzoquinoid-bridged FeII
2 

complexes.20b,27d Importantly, note, that the value of J is identical for 1-OMe and 1-Cl, and this 

value is four times larger than the value of J = +0.3 cm−1 obtained for both 1-NO2 and 1-SMe2, 

demonstrating that strongly electron-withdrawing ligand substituents decrease the magnetic 

coupling strength through a diamagnetic benzoquinoid bridge. The lack of a linear correlation 

between J and the Hammett substituent constant σp for the 1-R series may be attributed to the 

ability of halogens to donate a lone pair of electrons. Specifically, the electron-donating resonance 

effects may outweigh the electron-withdrawing inductive effects for the Cl substituent and thus 
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render the electronic properties of ClL2− 

similar to that of OMeL2− when coordinated to 

metal ions. Indeed, the similar UV-Vis 

absorption spectra and Mössbauer 

parameters obtained for 1-OMe and 1-Cl 

support this hypothesis. 

The plots of χMT vs T for 2-R (R = OMe, 

Cl, NO2, SMe2) exhibit a markedly different 

profile than those for 1-R (see Figure 7.7). 

The values of χMT at 300 K are 6.10, 6.41, 

6.59, and 7.00 cm3 K mol−1 for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively. As the temperature 

is decreased to 150 K, χMT undergoes a gradual increase and then increases nearly linearly upon 

further decreasing the temperature to reach maximum values of 8.04, 8.44, 8.60, and 9.41 cm3 K 

mol−1 at 30, 35, 35, and 35 K for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively. This upturn in 

χMT with decreasing temperature suggests significant magnetic coupling between the two FeII 

centers and semiquinoid radical via direct exchange mechanism. To quantify this interaction and 

determine whether it is ferromagnetic or antiferromagnetic in nature, the data collected in the 

temperature range 60–300 K were fit to the Van Vleck equation according to the spin Hamiltonian 

provided in Equation 7.3 (see Section 7.2) to give exchange constants of J = −57, −60, −58, and 

−65 cm−1 for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively (see Table 7.3), and g = 2.09, 2.14, 

2.17, 2.23, respectively. Interestingly, the magnitude of J for 2-Cl is over three times greater than 

that observed for an isostructural FeII
2 complex featuring a ClL3−• radical bridging ligand and a 

 

Figure 7.7 Variable-temperature dc magnetic 

susceptibility data for 2-R (R = OMe, Cl, NO2, SMe2), 

collected under an applied field of 1 T. Colored circles 

represent experimental data and black lines correspond 

to fits to the data.    



 

576 

 

TPyA capping ligand.27d Moreover, that complex exhibits ferromagnetic metal–radical coupling, 

in contrast with the antiferromagnetic interactions observed for 2-R. This different magnetic 

behavior may stem from the presence of a bulkier Me3TPyA capping ligand in 2-R rather than the 

unsubstituted TPyA ligand. 

The rapid decline in χMT below 30 K can be attributed to Zeeman splitting, zero-field splitting, 

and possibly weak intermolecular interactions. Indeed, low-temperature magnetization data for 2-

R (R = OMe, Cl, NO2, SMe2) reveal the presence of substantial zero-field splitting, with fits to the 

data giving parameters of D = −16.9(2), −12.4(1), −20.7(3), and −19.9(3) cm−1 for 2-OMe, 2-Cl, 

2-NO2, and 2-SMe2, respectively, and g = 2.11, 2.14, 2.23, 2.36, respectively (see Figures 7.62–

7.65 and Table 7.3). Note that the values of g obtained from the low-temperature magnetization 

data agree well with those obtained from the variable-temperature dc-susceptibility data. 

Interestingly, for both the 1-R and 2-R series of compounds, the value of g follows the trend R = 

OMe < Cl < NO2 < SMe2. This increase in g across the series may stem from increasing electron-

withdrawing ability of the bridging ligand substituents, however, other effects such as those arising 

from crystal packing cannot be ruled out. 

The values of J for 2-R (R = OMe, Cl, NO2, SMe2) are 48–217-fold greater than those observed 

for the 1-R series (see Table 7.3), demonstrating the much stronger magnetic exchange between 

metal centers through a radical bridge, as has been previously observed for dinuclear benzoquinoid 

complexes.27d,28a,b However, the substituents on the semiquinoid ring do not significantly affect 

the magnitude of the metal–radical coupling for 2-R. This is in contrast with the clearly distinct 

χMT vs T profiles and values of J for R = OMe, Cl and R = NO2, SMe2, observed for the 1-R series. 

These results suggest that the effects of ligand substituents on magnetic coupling strength in 
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benzoquinoid-bridged compounds are highly dependent on the redox state of the bridging ligand. 

Accordingly, the contributions from substituent-based orbitals to the frontier orbitals of 

diamagnetic benzoquinoid ligands are significantly greater than such contributions to radical 

semiquinoid-based orbitals. This discrepancy may be attributed to the more favorable donation of 

electron density into the dianionic benzoquinoid ring than into the trianionic semiquinoid ring, 

owing to the greater negative charge and electron delocalization in the latter.   

7.3.5 Dynamic Magnetic Properties 

Finally, the presence of large negative values of D for 1-R and 2-R (R = OMe, Cl, NO2, SMe2) 

prompted us to probe single-molecule magnet behavior for these compounds. Accordingly, 

variable-frequency ac magnetic susceptibility data were collected under zero applied dc field in 

the temperature range 2.00–8.00 K. For 1-R (R = OMe, Cl, NO2, SMe2), only onsets of peaks in 

the out-of-phase component (χM′′) of the ac susceptibility are observed above 2.00 K and below 

1488 Hz, indicating too fast magnetic 

relaxation (see Figures 7.66–7.73). In stark 

contrast, compounds 2-R (R = OMe, Cl, 

NO2, SMe2), exhibit pronounced 

temperature- and frequency-dependent 

peaks in both the in-phase (χM′) and out-of-

phase component (χM′′) of the ac 

susceptibility (see Figures 7.8, left, and 

7.74–7.88), which demonstrates that the 

radical-bridged compounds are indeed 

 

Figure 7.8 Left: Variable-frequency out-of-phase ac 

susceptibility data for 2-OMe, collected under zero 

applied dc field in the temperature range 2.00–6.75 K. 

Right: Arrhenius plot of relaxation time. Circles denote 

experimental data. Colored lines are a guide to the eye 

and the black line corresponds to a linear fit to the data.  
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single-molecule magnets. These data were employed to construct Cole–Cole plots (see Figures 

7.89, 7.90, 7.92, 7.94), which were fit using the generalized Debye model36 to estimate relaxation 

times (τ). The corresponding Arrhenius plots of relaxation times exhibit linear regions at higher 

temperatures, between 4.75 and 6.75 K, 4.75 and 6.50 K, 4.25 and 6.25 K, and 5.50 and 7.00 K 

for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively (see Figures 7.8, right, and 7.91, 7.93, and 

7.95), indicating a thermally activated relaxation process for all compounds. Fits to the data in 

these temperature ranges afford a spin relaxation barrier of Ueff = 50(1), 41(1), 38(1), and 33(1) 

cm−1 for 2-OMe, 2-Cl, 2-NO2, and 2-SMe2, respectively, with a pre-exponential factor of τ0 = 

3.3(6) × 10−9, 1.0(2) × 10−8, 1.8(3) × 10−8, and 1.1(3) × 10−7 s, respectively (see Table 7.3). These 

values are similar to those obtained for related semiquinoid-bridged FeII
2 complexes featuring 

exclusively nitrogen donors.28a,b Interestingly, 2-OMe exhibits the largest relaxation barrier, albeit 

it displays the weakest metal–radical coupling. Moreover, the plot of Ueff vs the Hammett 

substituent constant σp for the 2-R series reveals a good linear relationship (see Figure 7.96). A 

detailed understanding of this comparison is not immediately forthcoming, however, it suggests 

that while the ligand substituents do not act to significantly vary the energy levels of the spin 

ground and excited states directly in these compounds, they may affect the efficiency of competing 

relaxation processes.  

At lower temperatures, the data begin to deviate from linearity and finally reach a plateau 

below 3.00, 2.75, and 4.00 K for 2-Cl, 2-NO2, and 2-SMe2, respectively, suggesting the presence 

of additional fast relaxation processes, such as quantum tunneling and/or spin–spin relaxation, that 

shortcut the energy barrier. These additional relaxation processes are most prominent for 2-SMe2, 

as the temperature-dependent features in the plot of χM′′ vs  are observed at much higher 
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frequencies than those for 2-OMe, 2-Cl, and 2-NO2. This discrepancy may arise from the different 

charges of the FeII
2 complexes in these compounds and/or the steric bulk of the +SMe2 groups.  

7.4 Conclusions 

The foregoing results demonstrate the modest effects of ligand substitution on the metal–

radical exchange coupling in semiquinoid-bridged FeII
2 single-molecule magnets. Specifically, the 

radical-bridged complexes [(Me3TPyA)2Fe2(
RLx−•)]n+ (x = 3, n = 1: R = OMe, Cl, NO2; x = 1, n = 

3: R = SMe2) were synthesized and shown to exhibit single-molecule magnet behavior and similar 

exchange coupling constants of J = −57, −60, −58, and −65 cm−1 for R = OMe, Cl, NO2, and SMe2, 

respectively. In stark contrast, the analogous complexes featuring diamagnetic benzoquinoid 

bridging ligands showed 4-fold higher values of J for the compounds with R = OMe, Cl than for 

the derivatives with R = NO2, SMe2, demonstrating that the electronic effects of ligand substituents 

on the magnetic properties in benzoquinoid systems are highly dependent on the redox state of the 

bridging ligand. This first systematic investigation of the influence of ligand substituents on 

magnetic interactions in radical-bridged quinoid systems with paramagnetic metal centers provides 

important knowledge for the design of semiquinoid-based FeII magnets with targeted properties. 

Specifically, rather than selecting ligand derivatives based on the electronic properties of the ring 

substituents, factors such as steric effects, charge, and ability to participate in intermolecular 

interactions should be considered. Current work is geared toward performing computational 

analysis of these compounds, in an effort to better understand the magnetic properties of 

benzoquinoid-based systems and establish design principles for higher dimensional quinoid-based 

magnets that operate at high temperatures.   
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7.5 Supporting Information 

7.5.1 Supplementary Experimental Details 

Synthesis of tris(6-methyl-2-pyridylmethyl)amine (Me3TPyA). This compound was synthesized 

following a modified literature procedure.53 6-Methyl-pyridine-2-carboxaldehyde (1.19 g, 9.82 

mmol) was added to a stirred colorless solution of 2-aminomethylpyridine (0.600 g, 4.91 mmol) 

in CH2Cl2 (100 mL) at 25 °C. The resulting pale yellow solution was stirred at 25 °C for additional 

10 min and sodium triacetoxyborohydride (2.08 g, 9.82 mmol) was subsequently added. The 

resulting white suspension was heated at reflux under a dinitrogen atmosphere for 6 h, then cooled 

to 25 °C and a saturated solution of sodium hydrogencarbonate in H2O (50 mL) was added. The 

mixture was stirred for 20 min and then extracted with ethyl acetate (200 mL). The combined 

organic layer was dried over MgSO4, filtered, and the solvent removed under reduced pressure. 

The light orange residue was extracted with pentane (2 × 100 mL) and filtered while hot. The 

solvent was removed under reduced pressure and the residue dried in vacuo for 12 h to give 

Me3TPyA as a white solid (1.20 g, 70%). UV-Vis-NIR absorption spectrum (MeCN, 298 K): 266 

nm (ε = 12700 M−1 cm−1), 273 nm (shoulder; ε = 10300 M−1 cm−1). FT-IR (ATR, cm−1): 3071 (w), 

2999 (w), 2959 (w), 2916 (w), 2877 (w), 2821 (m), 1593 (s), 1576 (s), 1463 (s), 1442 (m), 1362 

(m), 1273 (m), 1233 (w), 1226 (w), 1161 (w), 1120 (m), 1035 (w), 1016 (w), 995 (w), 976 (w), 

963 (w), 907 (w), 896 (w), 869 (w), 803 (s), 794 (s), 758 (s), 729 (w), 624 (m). 1H NMR (500 

MHz, CDCl3, 298 K): δ 7.53 (t, J = 7.7 Hz, 3H), 7.44 (d, J = 7.7 Hz, 3H), 6.98 (d, J = 7.5 Hz, 3H), 

3.85 (s, 6H), 2.51 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3, 298 K): δ 157.77, 136.97, 121.71, 

119.82, 60.21, 24.48. 

Synthesis of tetramethoxy-p-benzoquinone. This compound was synthesized following a 
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modified literature procedure.54 Under an atmosphere of dinitrogen, a sodium methoxide solution 

was prepared by slowly adding sodium (0.930 g, 40.4 mmol) to MeOH (20 mL) cooled to −78 °C. 

After a complete reaction, the sodium methoxide solution was slowly added to a suspension of 

tetrachloro-p-benzoquinone (2.46 g, 10.0 mmol) in MeOH (5 mL). The resulting deep red reaction 

mixture was heated at 85 °C with stirring under a dinitrogen atmosphere for 6 h and then cooled 

to 25 °C. The resulting orange precipitate was collected by vacuum filtration, washed with 

deionized H2O (50 mL), and dried with suction on the filter for 30 min. Further drying in vacuo 

for 16 h afforded the title compound as orange needles (1.42 g, 62%). 1H NMR (500 MHz, CDCl3, 

298 K): δ 3.98 (s, 12H). 13C{1H} NMR (126 MHz, CDCl3, 298 K): δ 180.47, 142.78, 61.38. 

Synthesis of 2,5-dihydroxy-3,6-dimethoxy-p-benzoquinone (H2(
OMeL)). This compound was 

synthesized following a modified literature procedure.55 Tetramethoxy-p-benzoquinone (0.374 g, 

1.64 mmol) was mixed with a 2 M solution of hydrochloric acid in H2O (10 mL) and the resulting 

orange suspension was stirred at reflux under a dinitrogen atmosphere for 1 h. The reaction mixture 

was then cooled to 25 °C and the resulting purple solid was collected by vacuum filtration, washed 

with deionized H2O (25 mL), and dried with suction on the filter for 1 h. The obtained solid was 

further dried in vacuo for 14 h to give H2(
OMeL) as a dark purple solid (0.225 g, 69%). UV-Vis-

NIR absorption spectrum (MeCN, 298 K): 299 nm (ε = 14900 M−1 cm−1), 491 nm (ε = 210 M−1 

cm−1). FT-IR (ATR, cm−1): 3348 (m, broad), 3016 (w), 2966 (w), 2863 (w), 1643 (s), 1617 (s), 

1531 (w), 1455 (m), 1444 (w), 1368 (w), 1264 (s), 1200 (m), 1069 (s), 1017 (s), 900 (w), 745 (m), 

636 (s), 630 (s). 1H NMR (500 MHz, DMSO-d6, 298 K): δ 10.63 (s, 2H), 3.71 (s, 6H). 13C{1H} 

NMR (126 MHz, DMSO-d6, 298 K): δ 135.27, 59.87. 

Synthesis of 2,5-dihydroxy-3,6-dinitro-p-benzoquinone disodium salt (Na2(
NO2L)). This 
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compound was synthesized following a modified literature procedure.56 Sodium nitrite (5.02 g, 

72.8 mmol) was dissolved in deionized H2O (200 mL) to give a colorless solution. To this stirring 

solution, tetrachloro-p-benzoquinone (2.00 g, 8.13 mmol) was added in a single portion and the 

resulting orange suspension was heated at reflux for 2 h, during which an orange solution was 

formed. The solution was filtered while hot and slowly cooled to 25 °C. The solution was then 

cooled to 4 °C and left at that temperature for 12 h to afford orange crystalline needles. The orange 

needles were collected by vacuum filtration, washed with deionized H2O (30 mL), and dried with 

suction on the filter for 20 min. Further drying in vacuo for 14 h afforded Na2(
NO2L) as orange 

crystalline needles (1.67 g, 75%). UV-Vis-NIR absorption spectrum (MeCN, 298 K): 299 nm, 315 

nm (shoulder), 385 nm (shoulder). FT-IR (ATR, cm−1): 3537 (m), 3435 (m), 1682 (w), 1620 (s), 

1596 (s), 1541 (m), 1434 (m), 1288 (m), 1239 (s, broad), 1020 (m), 821 (w), 773 (m), 680 (s), 668 

(s). 13C{1H} NMR (126 MHz, DMSO-d6, 298 K): δ 168.61, 133.07. 

Synthesis of 2,5-dihydroxy-3,6-dimethylsulfonium-p-benzoquinone diylide bis(acetic acid) 

(( SMe2L)·2.0AcOH). This compound was synthesized following a modified literature procedure.57 

2,5-Dihydroxy-p-benzoquinone (1.97 g, 14.1 mmol) was mixed with dimethylsulfoxide (DMSO; 

24 mL) and acetic anhydride (12 mL). The resulting brown suspension was heated to 60 °C and 

left at that temperature for 1.5 h, during which a yellow precipitate was formed. The reaction 

mixture was then cooled to 25 °C, the yellow solid was collected by vacuum filtration, washed 

with DMSO (5 mL) and acetic acid (10 mL), and dried with suction on the filter for 1 h. 

Recrystallization from acetic acid (200 mL) and drying in vacuo for 12 h afforded 

(SMe2L)·2.0AcOH as yellow crystalline needles (1.22 g, 23%). UV-Vis-NIR absorption spectrum 

(MeCN, 298 K): 284 nm, 303 nm (shoulder), 369 nm. FT-IR (ATR, cm−1): 2831 (w, broad), 2564 
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(w), 2468 (w), 1764 (w), 1701 (s), 1656 (m, broad), 1611 (w), 1530 (s, broad), 1420 (m), 1390 (s), 

1346 (m), 1316 (m), 1270 (s), 1241 (s), 1040 (m), 1021 (m), 1012 (m), 965 (m), 943 (m, broad), 

929 (m), 880 (m), 837 (m), 677 (w), 611 (s). 1H NMR (500 MHz, D2O, 298 K): δ 2.99 (s, 12H), 

2.00 (s, 6H). 13C{1H} NMR (126 MHz, D2O, 298 K): δ 176.67, 176.11, 93.37, 24.43, 20.29. 
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7.5.2 Supplementary Scheme 

  

 
 

Scheme 7.2 Syntheses of ligands. 
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7.5.3 Supplementary Figures 

  
 

 

Figure 7.9 Stacked FT-IR spectra for solid samples of 1-R at 298 K; R = OMe (red), Cl (green), NO2 

(blue), SMe2 (gold). 



 

586 

 

  

 

 

Figure 7.10 Stacked FT-IR spectra for solid samples of 2-R at 298 K; R = OMe (red), Cl (green), NO2 

(blue), SMe2 (gold). 
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Figure 7.11 Stacked FT-IR spectra for solid samples of 1-OMe (red) and 2-OMe (black) at 298 K, 

highlighting the lower energy range 400–1800 cm−1. 
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Figure 7.12 Stacked FT-IR spectra for solid samples of 1-Cl (green) and 2-Cl (black) at 298 K, 

highlighting the lower energy range 400–1800 cm−1. 



 

589 

 

  

 

 

Figure 7.13 Stacked FT-IR spectra for solid samples of 1-NO2 (blue) and 2-NO2 (black) at 298 K, 

highlighting the lower energy range 400–1800 cm−1. 
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Figure 7.14 Stacked FT-IR spectra for solid samples of 1-SMe2 (gold) and 2-SMe2 (black) at 298 K, 

highlighting the lower energy range 400–1800 cm−1. 
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Figure 7.15 Plot of E1/2 for the ligand-based redox process RLx−/(x+1)−• (x = 2: R = OMe, Cl, NO2; x = 0: 

R = SMe2) against the Hammett substituent constant σp for 1-R (R = OMe, Cl, NO2, SMe2). The cyclic 

voltammograms, from which the values of E1/2 are derived, were collected at 298 K for MeCN solutions 

of 1-R (R = OMe, Cl, NO2, SMe2) with 100 mM (Bu4N)(PF6) as a supporting electrolyte, using a scan 

rate of 100 mV s−1 (R = OMe, Cl, NO2) or 25 mV s−1 (R = SMe2). The black line denotes a linear fit to 

the data, giving R2 = 0.993. 
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Figure 7.16 Plot of E1/2 for the metal-based redox process FeIIFeII/FeIIFeIII against the Hammett 

substituent constant σp for 1-R (R = OMe, Cl, NO2, SMe2). The cyclic voltammograms, from which the 

values of E1/2 are derived, were collected at 298 K for MeCN solutions of 1-R (R = OMe, Cl, NO2, 

SMe2) with 100 mM (Bu4N)(PF6) as a supporting electrolyte, using a scan rate of 100 mV s−1 (R = OMe, 

Cl, NO2) or 25 mV s−1 (R = SMe2). The black line denotes a linear fit to the data, giving R2 = 0.984. 
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Figure 7.17 1H NMR spectrum for 1-OMe in MeCN-d3 at 295 K. The asterisk denotes the residual 

proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.18 1H NMR spectrum for 1-Cl in MeCN-d3 at 295 K. The asterisk denotes the residual proton 

signal from the deuterated solvent at 1.94 ppm. 



 

595 

 

  

 

 

Figure 7.19 1H NMR spectrum for 1-NO2 in MeCN-d3 at 295 K. The asterisk denotes the residual proton 

signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.20 1H NMR spectrum for 1-SMe2 in MeCN-d3 at 295 K. The asterisk denotes the residual 

proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.21 Stacked 1H NMR spectra for 1-R in MeCN-d3 at 295 K; R = OMe (red), Cl (green), NO2 

(blue), SMe2 (gold). The asterisk denotes the residual proton signal from the deuterated solvent at 1.94 

ppm. 
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Figure 7.22 1H NMR spectrum for 2-OMe in MeCN-d3 at 295 K. The asterisk denotes the residual 

proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.23 Stacked 1H NMR spectra for 1-OMe (red) and 2-OMe (black) in MeCN-d3 at 295 K. The 

asterisk denotes the residual proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.24 1H NMR spectrum for 2-Cl in MeCN-d3 at 295 K. The asterisk denotes the residual proton 

signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.25 Stacked 1H NMR spectra for 1-Cl (green) and 2-Cl (black) in MeCN-d3 at 295 K. The 

asterisk denotes the residual proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.26 1H NMR spectrum for 2-NO2 in MeCN-d3 at 295 K. The asterisk denotes the residual proton 

signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.27 Stacked 1H NMR spectra for 1-NO2 (blue) and 2-NO2 (black) in MeCN-d3 at 295 K. The 

asterisk denotes the residual proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.28 1H NMR spectrum for 2-SMe2 in MeCN-d3 at 295 K. The asterisk denotes the residual 

proton signal from the deuterated solvent at 1.94 ppm. 
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Figure 7.29 Stacked 1H NMR spectra for 1-SMe2 (gold) and 2-SMe2 (black) in MeCN-d3 at 295 K. The 

asterisk denotes the residual proton signal from the deuterated solvent at 1.94 ppm. 



 

606 

 

  

 

Figure 7.30 Stacked 1H NMR spectra for 2-R in MeCN-d3 at 295 K; R = OMe (red), Cl (green), NO2 

(blue), SMe2 (gold). The asterisk denotes the residual proton signal from the deuterated solvent at 1.94 

ppm. 
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Figure 7.31 UV-Vis absorption spectrum for Me3TPyA in MeCN at 298 K. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 7.32 UV-Vis-NIR absorption spectrum for H2(OMeL) in MeCN at 298 K. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 7.33 UV-Vis-NIR absorption spectrum for H2(ClL) in MeCN at 298 K. Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 7.34 UV-Vis-NIR absorption spectrum for Na2(NO2L) in MeCN at 298 K.  
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Figure 7.35 UV-Vis-NIR absorption spectrum for (SMe2L)·2.0AcOH in MeCN at 298 K. 
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Figure 7.36 UV-Vis-NIR absorption spectra for 1-R in MeCN at 298 K, highlighting the lower energy 

range 350–1150 nm; R = OMe (red), Cl (green), NO2 (blue), SMe2 (gold). Note that the molar 

absorptivity ( ) is plotted against wavelength. 
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Figure 7.37 UV-Vis-NIR absorption spectra for 2-R in MeCN at 298 K, highlighting the lower energy 

range 450–1150 nm; R = OMe (red), Cl (green), NO2 (blue), SMe2 (gold). Inset: Expanded view of the 

550–1150 nm range. Note that the molar absorptivity ( ) is plotted against wavelength. 
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Figure 7.38 UV-Vis-NIR absorption spectra for 1-OMe (red) and 2-OMe (black) in MeCN at 298 K. 

Inset: Expanded view of the 450–1150 nm range. Note that the molar absorptivity ( ) is plotted against 

wavelength. 
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Figure 7.39 UV-Vis-NIR absorption spectra for 1-Cl (green) and 2-Cl (black) in MeCN at 298 K. Inset: 

Expanded view of the 450–1150 nm range. Note that the molar absorptivity ( ) is plotted against 

wavelength. 
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Figure 7.40 UV-Vis-NIR absorption spectra for 1-NO2 (blue) and 2-NO2 (black) in MeCN at 298 K. 

Inset: Expanded view of the 450–1150 nm range. Note that the molar absorptivity ( ) is plotted against 

wavelength. 
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Figure 7.41 UV-Vis-NIR absorption spectra for 1-SMe2 (gold) and 2-SMe2 (black) in MeCN at 298 K. 

Inset: Expanded view of the 325–1150 nm range. Note that the molar absorptivity ( ) is plotted against 

wavelength. 
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Figure 7.42 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 1-OMe diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.43 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 1-Cl diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.44 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 1-NO2 diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.45 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 1-SMe2 diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.46 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 2-OMe diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.47 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 2-Cl diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.48 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 2-NO2 diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.49 Diffuse reflectance UV-Vis spectrum for a microcrystalline sample of 2-SMe2 diluted with 

BaSO4 powder at 298 K. The spectrum is plotted as normalized Kubelka-Munk transformation F(R). 

The sharp feature at 350 nm denoted with an asterisk is an instrument-derived artifact arising from a 

detector change. 
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Figure 7.50 Variable-field magnetization of 1-OMe collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The red circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.51 Variable-field magnetization of 1-Cl collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The green circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.52 Variable-field magnetization of 1-NO2 collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The blue circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.53 Variable-field magnetization of 1-SMe2 collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The gold circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.54 Variable-field magnetization of 2-OMe collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The red circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.55 Variable-field magnetization of 2-Cl collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The green circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.56 Variable-field magnetization of 2-NO2 collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The blue circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.57 Variable-field magnetization of 2-SMe2 collected at 100 K for a microcrystalline sample 

restrained in a frozen eicosane matrix. The gold circles correspond to experimental data and the black 

line denotes a linear fit to the data. Note that the excellent linearity illustrates the absence of 

ferromagnetic impurities. 
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Figure 7.58 Low-temperature magnetization data for 1-OMe collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.1 and the procedure detailed in Section 7.2. 
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Figure 7.59 Low-temperature magnetization data for 1-Cl collected at selected dc fields (see inset) for 

a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.1 and the procedure detailed in Section 7.2. 
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Figure 7.60 Low-temperature magnetization data for 1-NO2 collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.1 and the procedure detailed in Section 7.2. 
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Figure 7.61 Low-temperature magnetization data for 1-SMe2 collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.1 and the procedure detailed in Section 7.2. 
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Figure 7.62 Low-temperature magnetization data for 2-OMe collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.2 and the procedure detailed in Section 7.2. 
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Figure 7.63 Low-temperature magnetization data for 2-Cl collected at selected dc fields (see inset) for 

a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.2 and the procedure detailed in Section 7.2. 
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Figure 7.64 Low-temperature magnetization data for 2-NO2 collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.2 and the procedure detailed in Section 7.2. 
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Figure 7.65 Low-temperature magnetization data for 2-SMe2 collected at selected dc fields (see inset) 

for a microcrystalline sample restrained in a frozen eicosane matrix. The colored circles correspond to 

experimental data and the black lines denote fits to the data using the spin Hamiltonian given in Equation 

7.2 and the procedure detailed in Section 7.2. 
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Figure 7.66 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 1-OMe. The data 

were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.67 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 1-OMe. The 

data were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field 

of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.68 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 1-Cl. The data were 

collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.69 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 1-Cl. The data 

were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.70 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 1-NO2. The data 

were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.71 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 1-NO2. The data 

were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.72 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 1-SMe2. The data 

were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.73 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 1-SMe2. The 

data were collected from 2.00 to 8.00 K (blue to red) under zero applied dc field and an oscillating field 

of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.74 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 2-OMe. The data 

were collected from 2.00 to 6.75 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.75 Plot of in-phase ac magnetic susceptibility (χM′) against temperature for 2-OMe. The data 

were collected from 2.00 to 6.75 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.76 Plot of out-of-phase ac magnetic susceptibility (χM′′) against temperature for 2-OMe. The 

data were collected from 2.00 to 6.75 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.77 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 2-Cl. The data were 

collected from 2.00 to 6.50 K (blue to red) under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.78 Plot of in-phase ac magnetic susceptibility (χM′) against temperature for 2-Cl. The data were 

collected from 2.00 to 6.50 K under zero applied dc field and an oscillating field of 4 Oe at frequencies 

ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.79 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 2-Cl. The data 

were collected from 2.00 to 6.50 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.80 Plot of out-of-phase ac magnetic susceptibility (χM′′) against temperature for 2-Cl. The data 

were collected from 2.00 to 6.50 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.81 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 2-NO2. The data 

were collected from 2.00 to 6.25 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.82 Plot of in-phase ac magnetic susceptibility (χM′) against temperature for 2-NO2. The data 

were collected from 2.00 to 6.25 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.83 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 2-NO2. The data 

were collected from 2.00 to 6.25 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
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Figure 7.84 Plot of out-of-phase ac magnetic susceptibility (χM′′) against temperature for 2-NO2. The 

data were collected from 2.00 to 6.25 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.85 Plot of in-phase ac magnetic susceptibility (χM′) against frequency for 2-SMe2. The data 

were collected from 2.00 to 7.00 K (blue to red) under zero applied dc field and an oscillating field of 4 

Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The colored circles correspond to experimental data and the colored lines are a guide to the eye. 
 



 

662 

 

  

 

Figure 7.86 Plot of in-phase ac magnetic susceptibility (χM′) against temperature for 2-SMe2. The data 

were collected from 2.00 to 7.00 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.87 Plot of out-of-phase ac magnetic susceptibility (χM′′) against frequency for 2-SMe2. The 

data were collected from 2.00 to 7.00 K (blue to red) under zero applied dc field and an oscillating field 

of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.88 Plot of out-of-phase ac magnetic susceptibility (χM′′) against temperature for 2-SMe2. The 

data were collected from 2.00 to 7.00 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz (blue to red) for a microcrystalline sample restrained in a frozen 

eicosane matrix. The colored circles correspond to experimental data and the colored lines are a guide 

to the eye. 
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Figure 7.89 Cole–Cole plots for 2-OMe generated from the in-phase (χM′) and out-of-phase (χM′′) ac 

magnetic susceptibility data collected from 3.75 to 6.75 K (blue to red) under zero applied dc field and 

an oscillating field of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample 

restrained in a frozen eicosane matrix. The colored circles correspond to experimental data and the 

colored lines denote fits to the data using the generalized Debye model.36 The data were fit to obtain 

values of the relaxation time (τ) that were then used to construct the Arrhenius plot depicted in Figure 

7.8, right. Values of α ranged from 0.22 at 3.75 K to 0 at 6.75 K, indicative of the distribution in 

relaxation processes at low temperature. 
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Figure 7.90 Cole–Cole plots for 2-Cl generated from the in-phase (χM′) and out-of-phase (χM′′) ac 

magnetic susceptibility data collected from 2.00 to 6.50 K (blue to red) under zero applied dc field and 

an oscillating field of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample 

restrained in a frozen eicosane matrix. The colored circles correspond to experimental data and the 

colored lines denote fits to the data using the generalized Debye model.36 The data were fit to obtain 

values of the relaxation time (τ) that were then used to construct the Arrhenius plot depicted in Figure 

7.91. Values of α ranged from 0.48 at 2.00 K to 0.10 at 6.50 K, indicative of the distribution in relaxation 

processes at low temperature.  



 

667 

 

  

 

Figure 7.91 Arrhenius plot of relaxation time (τ) for 2-Cl. The green circles correspond to values of τ 

obtained from fits to the Cole–Cole plots in Figure 7.90, which were constructed from data collected in 

the temperature range 2.00–6.50 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The black line corresponds to a linear fit to the data between 4.75 and 6.50 K, providing values 

of Ueff = 41(1) cm−1 and τ0 = 1.0(2) × 10−8 s; R2 = 0.999. 
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Figure 7.92 Cole–Cole plots for 2-NO2 generated from the in-phase (χM′) and out-of-phase (χM′′) ac 

magnetic susceptibility data collected from 2.00 to 6.25 K (blue to red) under zero applied dc field and 

an oscillating field of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample 

restrained in a frozen eicosane matrix. The colored circles correspond to experimental data and the 

colored lines denote fits to the data using the generalized Debye model.36 The data were fit to obtain 

values of the relaxation time (τ) that were then used to construct the Arrhenius plot depicted in Figure 

7.93. Values of α ranged from 0.53 at 2.00 K to 0.14 at 6.25 K, indicative of the distribution in relaxation 

processes at low temperature. 
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Figure 7.93 Arrhenius plot of relaxation time (τ) for 2-NO2. The blue circles correspond to values of τ 

obtained from fits to the Cole-Cole plots in Figure 7.92, which were constructed from data collected in 

the temperature range 2.00–6.25 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The black line corresponds to a linear fit to the data between 4.25 and 6.25 K, providing values 

of Ueff = 38(1) cm−1 and τ0 = 1.8(3) × 10−8 s; R2 = 0.999. 
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Figure 7.94 Cole–Cole plots for 2-SMe2 generated from the in-phase (χM′) and out-of-phase (χM′′) ac 

magnetic susceptibility data collected from 2.00 to 7.00 K (blue to red) under zero applied dc field and 

an oscillating field of 4 Oe at frequencies ranging from 1 to 1488 Hz for a microcrystalline sample 

restrained in a frozen eicosane matrix. The colored circles correspond to experimental data and the 

colored lines denote fits to the data using the generalized Debye model.36 The data were fit to obtain 

values of the relaxation time (τ) that were then used to construct the Arrhenius plot depicted in Figure 

7.95. Values of α ranged from 0.19 at 4.25 K to 0.07 at 7.00 K, indicative of the distribution in relaxation 

processes in this temperature range. Note that the value of α (0.17–0.19) was near constant in the 

temperature range 2.00–4.25 K. 
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Figure 7.95 Arrhenius plot of relaxation time (τ) for 2-SMe2. The gold circles correspond to values of τ 

obtained from fits to the Cole–Cole plots in Figure 7.94, which were constructed from data collected in 

the temperature range 2.00–7.00 K under zero applied dc field and an oscillating field of 4 Oe at 

frequencies ranging from 1 to 1488 Hz for a microcrystalline sample restrained in a frozen eicosane 

matrix. The black line corresponds to a linear fit to the data between 5.50 and 7.00 K, providing values 

of Ueff = 33(1) cm−1 and τ0 = 1.1(3) × 10−7 s; R2 = 0.995. 
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Figure 7.96 Plot of Ueff against the Hammett substituent constant σp for 2-R (R = OMe, Cl, NO2, SMe2). 

The black line denotes a linear fit to the data, giving R2 = 0.912. 
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7.5.4 Supplementary Tables 

 

 

  

Table 7.4 Crystallographic data for 1-OMe∙4.0MeCN and 2-OMe∙2.0MeCN. 

 
1-OMe∙4.0MeCN 2-OMe∙2.0MeCN 

Empirical formula  C58H66B2F8Fe2N12O6 C54H60BF4Fe2N10O6 

Formula weight, g mol−1  1312.54 1143.63 

Crystal system  Triclinic Triclinic 

Space group  P1̅ P1̅ 

Wavelength, Å  1.54178 0.71073 

Temperature, K 100.01 100.04 

a, Å  8.698(3) 9.249(2) 

b, Å  12.199(4) 9.937(2) 

c, Å  15.287(5) 15.874(2) 

, ° 84.96(2) 88.085(6) 

β, ° 73.87(2) 81.585(7) 

γ, ° 79.59(2) 67.895(6) 

V, Å3 1531.3(8) 1336.7(3) 

Z 1 1 

ρcalcd, g cm−3 1.423 1.421 

μ, mm−1  4.521 0.617 

Reflections coll./unique  7122/4030 62878/9053 

R(int)  0.0630 0.0640 

R1 (I >2σ(I))a 0.0641 0.0373 

wR2 (all)b 0.1830 0.0957 

GoF  1.039 1.043 

  a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 7.5 Crystallographic data for 1-Cl∙0.7H2O and 2-Cl∙0.5Et2O. 

 
1-Cl∙0.7H2O 2-Cl∙0.5Et2O 

Empirical formula  C48H50B2Cl2F8Fe2N8O5 C50H53BCl2F4Fe2N8O4.5 

Formula weight, g mol−1  1175.18 1107.41 

Crystal system  Triclinic Triclinic 

Space group  P1̅ P1̅ 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100.3 99.98 

a, Å  9.383(2) 8.710(2) 

b, Å  9.664(1) 16.120(4) 

c, Å  15.326(2) 19.143(4) 

, ° 98.675(8) 111.331(4) 

β, ° 91.366(9) 98.205(4) 

γ, ° 112.451(7) 102.357(4) 

V, Å3 1264.7(3) 2372.6(9) 

Z 1 2 

ρcalcd, g cm−3 1.543 1.498 

μ, mm−1  0.764 0.794 

Reflections coll./unique  47922/6420 65713/9712 

R(int)  0.1156 0.1041 

R1 (I >2σ(I))a 0.0918 0.0596 

wR2 (all)b 0.2350 0.1719 

GoF  1.086 1.019 

  a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 7.6 Crystallographic data for 1-NO2∙4.0MeCN and 2-NO2. 

 
1-NO2∙4.0MeCN 2-NO2 

Empirical formula  C56H60B2F8Fe2N14O8 C48H48BF4Fe2N10O8 

Formula weight, g mol−1  1342.50 1091.47 

Crystal system  Triclinic Triclinic 

Space group  P1̅ P1̅ 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100.08 105.51 

a, Å  12.325(2) 8.8796(7) 

b, Å  12.414(2) 8.8815(7) 

c, Å  21.150(3) 16.548(2) 

, ° 73.021(4) 102.937(4) 

β, ° 85.291(4) 102.908(5) 

γ, ° 88.876(4) 98.248(4) 

V, Å3 3084.5(8) 1213.8(2) 

Z 2 1 

ρcalcd, g cm−3 1.445 1.493 

μ, mm−1  0.559 0.678 

Reflections coll./unique  155203/23750 55853/7477 

R(int)  0.0311 0.0414 

R1 (I >2σ(I))a 0.0501 0.0350 

wR2 (all)b 0.1443 0.0845 

GoF  1.036 1.059 

  a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 7.7 Crystallographic data for 1-SMe∙4.0MeCN and  

2-SMe2∙0.9MeCN∙0.5Et2O. 

 
1-SMe∙4.0MeCN 2-SMe2∙0.9MeCN∙0.5Et2O 

Empirical formula  C60H72B4F16Fe2N14O4S2 C55.8H67.7B3F12Fe2N8.9O4.5S2 

Formula weight, g mol−1  1548.35 1371.33 

Crystal system  Monoclinic Triclinic 

Space group  P21/c P1̅ 

Wavelength, Å  0.71073 0.71073 

Temperature, K 100.31 99.99 

a, Å  22.104(9) 8.9682(5) 

b, Å  9.936(4) 15.1529(8) 

c, Å  31.76(2) 24.184(2) 

, ° 90 74.482(3) 

β, ° 98.796(8) 87.505(3) 

γ, ° 90 84.178(3) 

V, Å3 6894(5) 3149.8(3) 

Z 4 2 

ρcalcd, g cm−3 1.492 1.446 

μ, mm−1  0.580 0.615 

Reflections coll./unique  232154/15272 129250/17928 

R(int)  0.1224 0.0612 

R1 (I >2σ(I))a 0.0611 0.0602 

wR2 (all)b 0.1660 0.1808 

GoF  1.026 1.033 

  a R1 = Σ||F0| – |FC||/Σ|F0|, b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2. 
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Table 7.8 Determination of the axial zero-field splitting parameter D for 1-SMe2 from individual fits 

to the low-temperature magnetization data and variable-temperature dc magnetic susceptibility data. 

The values of g and J were fixed to those obtained from a simultaneous fit to the two data sets and 

the value of D was freely refined. Iterations were performed until no change in the squared residuals 

(χ2) was observed. The MagProp package within DAVE 2.539 was employed for the individual fits to 

the magnetic data sets, using the spin Hamiltonian provided in Equation 7.1. 

 
Simultaneous  

fit 

Fit to low-temperature 

magnetization data 

Fit to dc magnetic 

susceptibility data 

J (cm−1) +0.30 +0.30a +0.30a 

g 2.22 2.22a 2.22a 

D (cm−1) −16.68 −15.22 −15.43 

aThese values were fixed to those obtained from a simultaneous fit to low-temperature magnetization and dc 

magnetic susceptibility data as described above and in Section 7.2. 
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Table 7.9 Determination of the axial zero-field splitting parameter D for 2-OMe from 

fits to the low-temperature magnetization data. A survey of the sum of the squared 

residuals (χ2) was performed by varying the value of J (fixed to the values noted below) 

from 0 to −1000 cm−1, while the values of D and g (isotropic) were refined freely. Each 

refinement started from values of D = −2 cm−1 and g = 2.1 (estimated from variable-

temperature dc magnetic susceptibility data). Iterations were performed until no change 

in χ2 was observed. The MagProp package within DAVE 2.539 was employed for this 

survey, using the spin Hamiltonian provided in Equation 7.2. 

J (cm−1) D (cm−1) g           χ2 

  0 −265200 2.0036 45.44 

−5 −20.71 2.1290 0.6804 

−10 −17.61 2.1106 0.1887 

−20 −17.05 2.1092 0.1705 

−30 −16.95 2.1092 0.1704 

−40 −16.91 2.1092 0.1704 

−50 −16.89 2.1091 0.1704 

−60 −16.88 2.1091 0.1705 

−80 −16.87 2.1091 0.1705 

−100 −16.86 2.1091 0.1705 

−150 −16.85 2.1091 0.1706 

−200 −16.84 2.1091 0.1706 

−300 −16.84 2.1091 0.1706 

−400 −16.83 2.1091 0.1706 

−500 −16.83 2.1091 0.1706 

−600 −16.83 2.1091 0.1706 

−800 −16.83 2.1091 0.1706 

−1000 −16.83 2.1091 0.1706 
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Table 7.10 Determination of the axial zero-field splitting parameter D for 2-Cl from fits 

to the low-temperature magnetization data. A survey of the sum of the squared residuals 

(χ2) was performed by varying the value of J (fixed to the values noted below) from 0 to 

−1000 cm−1, while the values of D and g (isotropic) were refined freely. Each refinement 

started from values of D = −2 cm−1 and g = 2.1 (estimated from variable-temperature dc 

magnetic susceptibility data). Iterations were performed until no change in χ2 was 

observed. The MagProp package within DAVE 2.539 was employed for this survey, using 

the spin Hamiltonian provided in Equation 7.2. 

J (cm−1) D (cm−1) g           χ2 

  0 −2055000 2.0874 40.45 

−5 −14.29 2.1628 0.4987 

−10 −12.74 2.1429 0.1212 

−20 −12.48 2.1411 0.1082 

−30 −12.43 2.1410 0.1078 

−40 −12.40 2.1409 0.1077 

−50 −12.39 2.1409 0.1077 

−60 −12.39 2.1408 0.1076 

−80 −12.38 2.1408 0.1076 

−100 −12.37 2.1408 0.1075 

−150 −12.36 2.1407 0.1074 

−200 −12.36 2.1407 0.1074 

−300 −12.35 2.1407 0.1073 

−400 −12.35 2.1407 0.1073 

−500 −12.35 2.1407 0.1073 

−600 −12.35 2.1407 0.1073 

−800 −12.35 2.1407 0.1073 

−1000 −12.35 2.1407 0.1073 
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Table 7.11 Determination of the axial zero-field splitting parameter D for 2-NO2 from 

fits to the low-temperature magnetization data. A survey of the sum of the squared 

residuals (χ2) was performed by varying the value of J (fixed to the values noted below) 

from 0 to −1000 cm−1, while the values of D and g (isotropic) were refined freely. Each 

refinement started from values of D = −2 cm−1 and g = 2.2 (estimated from variable-

temperature dc magnetic susceptibility data). Iterations were performed until no change 

in χ2 was observed. The MagProp package within DAVE 2.539 was employed for this 

survey, using the spin Hamiltonian provided in Equation 7.2. 

J (cm−1) D (cm−1) g           χ2 

  0 −127300 2.0759 50.63 

−5 −27.09 2.2461 0.5209 

−10 −21.87 2.2269 0.1233 

−20 −20.96 2.2257 0.1134 

−30 −20.79 2.2256 0.1134 

−40 −20.72 2.2256 0.1135 

−50 −20.69 2.2256 0.1135 

−60 −20.67 2.2256 0.1135 

−80 −20.65 2.2256 0.1136 

−100 −20.64 2.2256 0.1136 

−150 −20.62 2.2256 0.1136 

−200 −20.61 2.2256 0.1137 

−300 −20.61 2.2256 0.1137 

−400 −20.60 2.2256 0.1137 

−500 −20.60 2.2255 0.1137 

−600 −20.60 2.2255 0.1137 

−800 −20.60 2.2255 0.1137 

−1000 −20.59 2.2255 0.1137 
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Table 7.12 Determination of the axial zero-field splitting parameter D for 2-SMe2 from 

fits to the low-temperature magnetization data. A survey of the sum of the squared 

residuals (χ2) was performed by varying the value of J (fixed to the values noted below) 

from 0 to −1000 cm−1, while the values of D and g (isotropic) were refined freely. Each 

refinement started from values of D = −2 cm−1 and g = 2.2 (estimated from variable-

temperature dc magnetic susceptibility data). Iterations were performed until no change 

in χ2 was observed. The MagProp package within DAVE 2.539 was employed for this 

survey, using the spin Hamiltonian provided in Equation 7.2. 

J (cm−1) D (cm−1) g           χ2 

  0 −2207000 2.2003 51.47 

−5 −25.75 2.3829 0.2143 

−10 −20.94 2.3620 0.0050 

−20 −20.13 2.3608 0.0062 

−30 −19.97 2.3607 0.0062 

−40 −19.91 2.3607 0.0062 

−50 −19.88 2.3607 0.0062 

−60 −19.87 2.3607 0.0062 

−80 −19.84 2.3606 0.0062 

−100 −19.83 2.3606 0.0062 

−150 −19.82 2.3606 0.0062 

−200 −19.81 2.3606 0.0062 

−300 −19.80 2.3606 0.0062 

−400 −19.80 2.3606 0.0062 

−500 −19.80 2.3606 0.0062 

−600 −19.80 2.3606 0.0061 

−800 −19.79 2.3606 0.0061 

−1000 −19.79 2.3606 0.0061 
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8.1 Introduction  

Myriad technological gains of the 20th century were enabled by the discovery and optimization 

of permanent magnets – materials that can retain their magnetization in the absence of an applied 

magnetic field (H) below a certain critical ordering temperature (Tc).
1 For instance, nearly all 

portable electronic devices, household appliances, and information recording media rely on 

permanent magnet technology. In addition, permanent magnets are critical to the function of the 

motors that power electric cars and of the generators that convert renewable energy resources, such 

as wind and wave power, into electrical energy.2–9 Accordingly, there is an increasing demand for 

generating new permanent magnets with various properties to meet the requirements of our fast 

growing society.  

Conventional magnets comprise inorganic solids, typically rare earth- and transition metal-

based intermetallic compounds or oxides,9 where direct metal–metal bonding or short mono- or 

diatomic ligands allow for efficient long-range communication between spin centers.1,4,10,11 While 

these materials have met tremendous success and exhibit high magnetic ordering temperatures and 

maximum energy density values ((BH)max),
9 their all-inorganic compositions lead to dense 

materials with limited chemical programmability and tunability and a lack of processability. As 

such, the rational design of inorganic solid-state magnets with targeted structures and properties is 

exceedingly challenging.  

In contrast, molecule-based magnets possess high synthetic programmability and tunability. In 

particular, this molecule-based approach has afforded single molecules, 1D chains, 2D layered 

materials, and 3D networks possessing unique magnetic behavior.1,12–16 Moreover, some of these 

compounds have demonstrated fascinating multifunctional properties,17,18 including coexistent 
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long-range magnetic order and electrical conductivity.19–22 In addition, the low density of 

molecule-based magnets may enable their application as lightweight permanent magnets for 

electrical devices and energy technologies. Despite the many potential advantages of molecule-

based magnets over traditional solid-state inorganic magnets, the vast majority of molecule-based 

magnets suffer from low operating temperatures, and thus an active focus of research in this area 

involves increasing the strength of magnetic exchange interactions between spin centers to realize 

the implementation of these and similar magnet materials in practical applications.  

Toward developing molecule-based magnets that function at high temperatures, metal-organic 

frameworks (MOFs) represent an ideal, yet underexplored, chemical platform, owing to their 

unparalleled synthetic programmability and tunability, in conjunction with their extended and 

porous structures. Because long-range magnetic order necessitates strong interactions along two 

or more dimensions,1,4,10,12,13,23 the organized arrangement of magnetic entities within MOFs can 

enable cooperative exchange interactions between spin centers through the organic linkers, thus 

engendering long-range magnetic order. Indeed, by leveraging the gains that coordination 

chemistry has provided to the fields of MOF synthesis and molecular magnetism over the past 

decades, in particular with regard to constructing metal coordination environments with high 

magnetic anisotropy, researchers can generate permanent magnets with specifically tailored 

structures and properties for targeted applications.  

In addition, MOFs offer an opportunity for the simultaneous implementation of strong 

magnetic coupling and porosity, two properties that are generally inimical to one another. 

Specifically, while magnetic exchange interactions require short distances between spin centers, 

porosity is generally favored by employing extended organic linkers. Nevertheless, owing to the 
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extensive library of organic ligands capable of adopting versatile coordination modes, several 

design strategies have been demonstrated to successfully afford porous metal-organic magnets.18 

These strategies include the use of short linkers, typically with involving one-, two-, or three-

atom24 bridges, pre-formed metalloligands,25 and radical organic linkers.26,27 In addition to 

promoting potential applications such as magnetic gas separations28–30 and sensing,29,31–33 

structural porosity offers a possible route to access unusual materials through post-synthetic 

chemical modification. For instance, post-synthetic redox chemistry can be employed to tune the 

electrical and optical properties,34–37  and metal-38–43  and linker-exchange40–42,44,45 can provide 

kinetically metastable materials not accessible through direct synthesis.  

8.1.1 Classes of Magnetic Order 

In contrast to paramagnets, permanent magnets feature unpaired electrons with strong long-

range interactions such that spontaneous order of the magnetic dipoles occurs at a sufficiently low 

temperature (Tc) where the spin–spin interactions outcompete thermal fluctuations. The relative 

alignment and magnitude of neighboring spin centers determines whether ferromagnetic, 

antiferromagnetic, or ferrimagnetic order is formed (see Figure 8.1).1–4,10,12 To illustrate, parallel 

alignment of nearest-neighbor spins will lead to a ferromagnetic state, regardless of whether the 

spin centers are of the same or different magnitude. In this state, the spins are ferromagnetically 

coupled to one another (see Figure 8.1, top left). When neighboring spins adopt an antiparallel 

configuration, where the spins are antiferromagnetically coupled to one another, two possible 

ordered states may arise. If all spins are of the same magnitude, antiferromagnetic order with a 

non-magnetic S = 0 ground state is observed (see Figure 8.1, top right). In contrast, an 

uncompensated magnetic moment is obtained when the magnetic centers possess spins of unequal 
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magnitudes, giving rise to ferrimagnetic order (see Figure 8.1, bottom left). Accordingly, 

ferrimagnetism can be considered as a manifestation of antiferromagnetism, even though the 

magnetic behavior of ferrimagnets is closer to that of ferromagnets due to the presence of a 

permanent magnetic moment.  

In addition to these three classes of magnetic order, tilting of the spins by a small angle about 

their axes leads to canted spin structures that show canted antiferromagnetic order (see Figure 8.1, 

bottom right). The presence of canted magnetic order is commonly encountered when the magnetic 

centers are crystallographically inequivalent and/or display large magnetic anisotropy. Note that 

this ordered state displays weak ferromagnetic-like behavior, as they result in a non-zero magnetic 

 

Figure 8.1 Scheme depicting spin interactions for different classes of magnets. Note that ferromagnets, 

ferrimagnets, and canted antiferromagnets all lead to permanent magnetism.  
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moment. 

The magnetic ordered states summarized 

in Figure 8.1 are only present in materials 

below a specific critical ordering temperature 

(Tc), which is directly correlated to the 

strength of magnetic interactions between spin 

centers and the number of nearest-neighbor 

spins.1,4,13,46 The magnetic ordering 

temperature is known as the Curie 

temperature (TC) for ferromagnets and the 

Néel temperature (TN) for antiferromagnets 

and ferrimagnets. Above the ordering 

temperature, paramagnetic behavior with non-interacting or weakly interacting spins is 

operative.1–4,10,12,13,46 Overall, the magnetic properties of materials are determined by the relative 

orientations and magnitudes of their spin carriers, as well as the strength of the interactions 

between them. 

8.1.2 Experimental Characterization of Magnetic Order 

The occurrence of long-range magnetic order can be established by several experimental 

means, such as direct current (dc) and alternating current (ac) magnetic susceptibility (χM), 

magnetic hysteresis, neutron diffraction, muon spin rotation, and heat capacity measurements.1–

4,10,46 For instance, a magnetic phase transition is typically associated with a dramatic increase or 

decrease in dc magnetic susceptibility for ferromagnets/ferrimagnets and antiferromagnets, 

 

Figure 8.2 Plot of dc magnetic susceptibility (χM) vs 

temperature (T) for different magnetic behavior. 

Ferromagnets (red) show a characteristic sharp 

increase in χM below the Curie temperature (TC), 

ferrimagnets (green) show a similar increase below 

the Néel temperature (TN), albeit less pronounced, 

whereas antiferromagnets (blue) show a drastic 

decrease in χM below TN.  
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respectively (see Figure 8.2). The 

observation of a minimum followed by a 

sharp upturn in a plot of χMT vs T is 

indicative of ferrimagnetic or canted 

antiferromagnetic order, as 

antiferromagnetic interactions dominate 

at high temperatures but non-zero 

spontaneous magnetization occurs 

below Tc.  

Common methods for determining 

the magnetic ordering temperature from 

magnetic measurements13,47 include (1) 

the occurrence of a remanent 

magnetization (Mr), (2) the bifurcation 

point of M vs H or χM vs H curves for 

data cooled in the absence and presence of a dc field, (3) the maximum of in-phase (χM′) ac 

magnetic susceptibility, and (4) the onset of a peak in out-of-phase (χM′′) ac magnetic susceptibility 

(see Figure 8.3). Note that an antiferromagnetic phase transition is not associated with energy 

dissipation and thus no χM′′ signal is observed. In addition, canted antiferromagnets typically 

exhibit field-dependent magnetic properties and often show metamagnetic behavior, where a 

transition from an antiferromagnetic-like ground state to a ferromagnetic-like state is observed 

above a certain external critical magnetic field. This behavior, known as metamagnetism, is 

 

Figure 8.3 Magnetometry-based experimental 

methods employed to determine the magnetic ordering 

temperature (Tc) of a material. Top: Methods based on 

dc magnetic measurements: the occurrence of a 

remanent magnetization (left), and the bifurcation 

temperature (Tb) for zero-field-cooled (ZFC) and field-

cooled (FC) dc magnetization or susceptibility (right). 

Bottom: Methods based on ac magnetic susceptibility 

measurements: maximum peak intensity in χM′ vs T 

(left), and the onset of a peak in χM′′ vs T.  
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characterized by a sigmoidal M vs H curve. Furthermore, some magnets show spin glass 

behavior,48 which is often evident from broad and frequency-dependent peaks in χM′ and/or χM′′. 

Such glassiness can result from factors such as crystallographic disorder and topological spin 

frustration. Accordingly, it can be challenging to determine magnetic ordering temperatures from 

magnetic measurements, as the properties of permanent magnets can be highly complicated and 

dependent on the experimental conditions.  

Several parameters in addition to the magnetic ordering temperature can be employed to 

characterize and compare the performance of permanent magnets. Specifically, permanent 

magnets – namely ferromagnets, ferrimagnets, and canted antiferromagnets – display hysteretic 

behavior, where a field of opposite direction 

is required to demagnetize the material after 

it has become magnetized.1–4,10,13 The 

maximum width of the hysteresis loop is 

equal to twice the coercive field (Hc), also 

called coercivity, of the material (see Figure 

8.4), and is defined as the field necessary to 

demagnetize the fully magnetized material. 

As such, the coercive field is a direct 

measure of the ability of magnets to 

withstand an external magnetic field 

without becoming demagnetized. 

Importantly, Hc is a kinetic parameter that 

 

Figure 8.4 Illustration of a magnetic hysteresis curve 

observed for ferromagnets, ferrimagnets, and canted 

antiferromagnets, along with the following key 

parameters: saturation magnetization (Ms), remanent 

magnetization (Mr), coercive field (Hc), and maximum 

energy density ((BH)max). 
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depends on the time scale over which a magnetization curve is measured, i.e. the sweep rate of the 

magnetic field. The magnetization remaining upon removal of the applied magntic field during the 

hysteresis measurement is known as the remanent magnetization (Mr) and can be significantly 

different from the saturation magnetization (Ms). In addition, the maximum energy density 

((BH)max)
9 may be extracted from a magnetic hysteresis loop, as illustrated in Figure 8.4. The 

parameters Hc, Mr, Ms, and (BH)max are all key variables that determine the practicality of magnets 

for specific applications. For example, hard magnets, which have Hc > 100 Oe and significant Mr, 

are required for data storage devices, whereas soft magnets, which have Hc < 10 Oe and Mr ≈ 0 

Oe, are better suited for magnetic shielding and electric motors.13  

8.1.3 Scope and Structure of the Review   

Within this review, we restrict the term “MOF magnet” to compounds that fall under the 

definition of a MOF and show magnetic order at a measurable temperature. Historically, multiple 

definitions of a MOF have been proposed based on different structural and functional 

characteristics.49–51 Here, we adopt the IUPAC-approved definition, which states that a “MOF is a 

coordination network with organic ligands containing potential voids.”52 Although, according to 

this definition, crosslinked 1D chains can be considered MOFs, we limit our discussion to 

materials that are covalently linked to extend in at least two dimensions. While the presence of a 

metal is inherent to the term MOF, the nature of the organic components has led to some 

debate.50,51 Molecules are typically considered organic if they feature C–C and/or C–H bonds. 

Furthermore, it is generally accepted that the organic ligands in MOFs should be multitopic, with 

two or more distinct functional groups available for metal binding, and form strong covalent bonds 

with metal ions or clusters.49–52,54 Using these criteria, compounds based on cyanide, cyanamide, 
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and formate bridges do not fall within the definition of a MOF and thus will not be covered in 

depth in this review. However, those bridged by oxalate (C2O4
2−) and tetracyanoethylene 

(C2(CN)4) will be discussed, as they contain a C–C/C=C bond and multiple metal-binding groups. 

Since the precise establishment of structure–property relationships is critical to understanding the 

magnetic behavior of materials, we limit our discussion to structurally-characterized compounds. 

The structures should be derived from single-crystal X-ray diffraction (SCXRD) or from 

refinement of powder X-ray diffraction (PXRD) data. Furthermore, as the porosity of many 

frameworks is not well established, we include numerous compounds whose properties we view 

as are instructive to the reader within the context of this review, even though the presence of voids 

is not explicitly reported.  

A large number of framework materials contain a mixture of small inorganic ligands, such as 

oxo, hydroxo, sulfato, chloro, azido, and thicyanoto, and organic multitopic linkers.17,55 As such, 

differentiating between hybrid inorganic-organic coordination networks and MOFs can be 

challenging. For the purpose of this review, we restrict our discussion to compounds where the 

organic component contributes significantly to structural bonding and facilitates magnetic 

exchange interactions in at least two dimensions. Accordingly, neither 2D frameworks comprised 

of hydroxo-bridged chains nor 3D frameworks of hydroxo-bridged layers connected through 

organic linkers will be covered. The magnetic behavior of these 2D and 3D networks is dominated 

by intrachain and intralayer interactions, respectively, with minimal contributions from the organic 

components. The reader is referred to the following references for further discussions on 2D 

magnets with metal-hydroxide chains,56–58 and on 3D magnets bearing hydroxide layers bridged 

by dicarboxylato,59–68 oxalato,69 and N-donor ligands.70,71 These compounds exhibit magnetic 



 

692 

 

ordering temperatures up to Tc = 90 K.69  

In this review, we survey the current state of metal-organic framework magnets. In Section 

8.2, we briefly examine compounds that do not fall within the strict definition of a MOF, but have 

nonetheless led to important breakthroughs in the field of molecule-based magnetism and have 

contributed significantly to the development of MOF magnets. In Section 8.3, we provide an 

overview of 2D and 3D MOF magnets based on diamagnetic linkers, including phosphonates, 

oxalates, oxamates, carboxylates, and N-heterocycles, along with those featuring linkers bearing 

mixed N- and O-donors, and benzoquinoid-based ligands. In Section 8.4, we focus on surveying 

current examples of framework magnets based on organic radical linkers, including nitroxides, 

organonitriles, and semiquinoid derivatives. Note that this last class of compounds has provided 

the MOF magnets with the highest reported ordering temperature of Tc = 171 K.72–74 Within all 

sections, we adopt the notation of the form ImOn to describe the inorganic and organic 

dimensionality of the structures where m and n represent the dimensionality of the inorganic and 

organic connectivity, respectively, as introduced by Cheetham and Rao et al.55,75 Finally, Section 

8.5 provides an outlook for the field and discusses some potential strategies toward increasing the 

ordering temperatures of MOF magnets above room temperature while retaining structural 

integrity and other functionality. 

8.2 Toward Structurally-Characterized MOF Magnets 

Many early efforts to synthesize molecule-based permanent magnets focused on extended 

structures featuring the organonitrile radical anions of tetracyanoethylene (TCNE) and 7,7,8,8-

tetracyano-p-quinodimethane (TCNQ). These studies provided charge-transfer salts of formula 

[Cp*
2M

III]+•(TCNX)−• (MIII = CrIII, MnIII, FeIII; X = E, Q; Cp*− = pentamethylcyclopentadienyl 
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anion), possessing 1D chains of alternating donor and acceptor units held together by non-covalent 

interactions.13,76–82 While [Cp*
2FeIII]+•(TCNQ)−• displays metamagnetic behavior with an 

antiferromagnetic ground state,76 moving to a smaller radical anion provided the first molecule-

based ferro- and ferrimagnets [Cp*
2M

III]+•(TCNE)−• (MIII = CrIII, MnIII, FeIII), with ordering 

temperatures of Tc = 3.65–8.8 K.77–81 Remarkably, a similar synthesis using V0(C6H6)2 as a synthon 

led to the discovery of the first room-temperature molecule-based magnet, V(TCNE)x·yCH2Cl2 (x 

≈ 2; y ≈ 0.5), with Tc > 350 K.13,83–86 Unfortunately, the amorphous nature of this and related 

TCNE-87–89 and TCNQ-88,90–92 based magnets with high Tc has precluded structural 

characterization. Therefore, a structural rationale for such high ordering temperatures and coercive 

fields up to Hc = 6500 Oe in these systems remains elusive. Nevertheless, these pioneering studies 

demonstrated that molecule-based magnets that order above room temperature are achievable.  

A number of structurally-characterized 1D chain compounds have been reported to exhibit 

long-range magnetic order.11,93–123 This class includes metalloporphyrin-based magnets 

comprising linear chains of [MnIII(TPP)]+ (TPP2− = meso-tetraphenylporphyrinato) or 

[MnIII(TXPP)]+ (TXPP2− = meso-tetrakis(4-halophenyl)porphyrinato; X = F, Cl, Br, I) cations and 

TCNE−• or QCl4
−• (QCl4 = tetrachloro-1,4-benzoquinone) radical anions.93–97 These materials 

behave as ferrimagnets or canted antiferromagnets with ordering temperatures in the range Tc = 

3.5–28 K, owing to antiferromagnetic coupling between S = 2 MnIII centers and S = ½ radical 

anions. However, complicated spin glass or metamagnetic behaviors are frequently observed at 

low temperature. Remarkably, one member of this family of compounds, 

[MnIII(TBrPP)]+(TCNE)−• displays one of the largest coercive fields reported for a molecule-based 

material, affording a value of Hc = 2.7 T at 2.0 K.97  
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Chain compounds of transition metal98–105 and lanthanide ions106–112 bridged by nitronyl 

nitroxide and imino nitroxide radicals have also been shown to display bulk magnetic order. These 

chains exhibit strong antiferromagnetic metal–radical coupling, and the long-range order is driven 

by dipolar interactions between chains. Notably, chains featuring the highly anisotropic ions CoII, 

DyIII, and TbIII can behave as single-chain magnets, thus providing examples of compounds with 

coexistent slow magnetic relaxation and long-range magnetic order.105,109–112 The CoII-based chain 

compound CoII(hfac)2(BPNN) (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate; BPNN =  p-

butoxyphenyl nitronyl nitroxide radical) is especially interesting, as it exhibits the highest 

magnetic ordering temperature of Tc ≈ 45 K for this class of compounds, and displays a giant 

coercive field of Hc = 5.2 T at 6 K.105 Indeed, this value of Hc exceeds the room-temperature values 

of commercial permanent magnets, such as SmCo5 (Hc = 4.4 T) and Nd2Fe14B (Hc = 1.9 T),124 and 

renders CoII(hfac)2(BPNN) the record holder of the largest coercive field known among permanent 

magnets.  

In addition to these radical-bridged chains, diamagnetic oxamato,113–116    oxalato,117–121    and 

carboxylato122,123 ligands have provided 1D chain compounds showing long-range magnetic order. 

Nevertheless, the majority of these compounds exhibit ordering temperatures below 10 K, likely 

stemming from weak interchain interactions. Indeed, only two structurally-characterized CoII 

chain compounds order at a higher temperature. Specifically, the zigzag chains CoII(ox)(1,3-

pdiol)121 (ox2− = oxalate; 1,3-pdiol = 1,3-propanediol) and K2CoII(ox)2
120 exhibit canted 

antiferromagnetic and antiferromagnetic order with TN = 10.6 and 37 K, respectively. Note, 

however, that dehydration of bimetallic MnIICuII and CoIICuII oxamate-based chains afford 

compounds with ordering temperatures of Tc = 30–38 K, but no structural data are available for 
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those compounds.116,125  

In addition to 1D chains, 2D and 3D frameworks can also behave as single-chain magnets 

without magnetic order.126 Compounds that show such behavior typically feature strong magnetic 

coupling through short bridging ligands along one direction and much weaker nearest-neighbor 

interactions along the other directions due to longer magnetic exchange pathways. One example 

of a 3D framework displaying this phenomenon is the compound CoII
2(H0.67bdt)3·20H2O (H2bdt = 

5,5′-(1,4-phenylene)bis(1H-tetrazole)), which is comprised of CoII-tetrazolate chains linked 

through the phenyl tethers of the bdt2− ligands in the other two directions.127 Ac susceptibility and 

magnetic hysteresis measurements confirmed single-chain magnet behavior with a relaxation 

barrier of Δτ = 30.2 cm−1 and a pre-exponential factor of τ0 = 5.1 × 10−9 s, along with a coercive 

field of Hc = 450 Oe at 1.8 K. Other examples of compounds within this class of framework 

materials include 3D CoII-based MOFs featuring 1D ferromagnetic chains of [CoII
3(OH)2]

4+ units 

with Δτ = 11.0 cm−1 (τ0 = 2.03 × 10−9 s),128 or mixed carboxylato- and hydroxo-bridged Δ-chains 

with Δτ = 74 cm−1 (τ0 = 2.80 × 10−10 s).129 Furthermore, a 2D framework comprised of carboxylato-

bridged chains of CoII
2 paddlewheel units exhibits energy barriers of Δτ1 = 56.2 cm−1 (τ0 = 5.19 × 

10−11 s) and Δτ2 = 34.9 cm−1 (τ0 = 5.59 × 10−8 s) for two different temperature regimes.130 A more 

unusual example of such single-chain magnet behavior within a framework is the 2D compound 

(Pr4N)2[Fe2(Cl2An)3]·H2O·2C3H6O (Cl2An2− = chloranilate) that consists of honeycomb layers 

and displays a thermally induced valence tautomerism between the iron centers and the 

chloranilate ligands with a transition temperature of T1/2 = 236–237 K. In both the low temperature 

phase [FeIII
2(Cl2An2−)(Cl2An3−•)2]

2− and the high temperature phase 

[FeIIFeIII(Cl2An2−)2(Cl2An3−•)]2−, the structure can be described as a chain-knit network with two 
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ferrimagnetic or alternating para- and ferrimagnetic chains linked by diamagnetic Cl2An2− ligands, 

respectively. This compound exhibits an open hysteresis loop below 5 K with a coercive field of 

Hc = 629 Oe at 1.8 K and slow magnetic relaxation behavior with Δτ = 67.8 cm−1 (τ0 = 6.0 × 10−11 

s).131 

As noted above, frameworks bridged by small inorganic molecules or atoms, such as cyanide, 

cyanamide, tricyanomethanide, thiocyanide, azide, and halides, will not be covered in this review 

unless these ligands can be considered as coligands within otherwise organic ligand-bridged 

networks. Extensive research on Prussian blue analogues132,133 over the last three decades has 

afforded a number of magnets with high ordering temperatures, reaching up to 376 K for 

KVII[CrIII(CN)6]·2H2O.134 Other cyano-bridged solids, such as those based on 

octacyanometalates135 and inorganic-organic networks,136,137 along with those bridged by the 

polydentate cyanocarbons cyanamide138–142 and tricyanomethanide,143–145 have also been found to 

display long-range magnetic order. Some of these frameworks exhibit permanent microporosity, 

as has been recently reviewed.146 Furthermore, 2D and 3D inorganic-organic compounds featuring 

thiocyanato-,147–149 azido-,147,150–160 and chloro-bridged161,162 chains or layers commonly show 

permanent magnet-like behavior, where the highest ordering temperatures have been observed for 

the azido-linked networks.  

The formate ion (HCOO−) has long been employed as a linker to construct magnetic 

coordination solids, as its ability to act as a single- and three-atom connector facilitates strong 

exchange coupling between metal centers. As the smallest carboxylate, the formate ion may exhibit 

multiple different bridging modes, such as syn–syn, anti–anti, and syn–anti C–O–C, as well as 

monoatomic (see Figure 8.5). These different metal-binding modes can mediate ferro- or 
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antiferromagnetic coupling between metal centers, depending on the type of bridging mode and 

identity of the metal ions. Based on the definition of a MOF we use here, coordination solids that 

are primarily bridged by formate fall outside the scope of this review, as the formato ligand cannot 

be considered as multitopic due to the presence of only a single carboxylate group. Nevertheless, 

owing to the important contribution of metal formate networks to the early development of the 

field of magnetic MOFs, we briefly survey below key examples within this series of compounds. 

We refer the reader to the following references for a more comprehensive account on magnetic 

metal-formate frameworks.14,18,146  

Magnetic formate-based frameworks include 2D square lattice-type structures,163–166 

homoleptic mono-167–209 and heterobimetallic199 3D frameworks, and 3D networks with 4,4′-

bipyridine and related coligands.210,211 Among these compounds,  the monometallic NiII and 

mixed-valence FeIIFeIII frameworks with (Me2NH2)
+ cations, (Me2NH2)[NiII(HCOO)3]

184 and 

(Me2NH2)[FeIIFeIII(HCOO)6],
197,199,203 exhibit the highest magnetic ordering temperatures of Tc = 

35.6 and 37 K, respectively. These 3D frameworks are isostructural, featuring distorted octahedral 

 

Figure 8.5 Summary of metal-binding modes for carboxylato ligands bearing one carboxylate group.  
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metal centers linked by anti–anti O–C–O bridges that favor antiferromagnetic coupling between 

spin centers, and (Me2NH2)
+ cations are located in the cages of the networks. The NiII framework 

orders as a canted antiferromagnet, whereas the FeIIFeIII network displays Néel N-type 

ferrimagnetism. Notably, these and other formate-based 3D frameworks show multiferroic 

behavior with coexistent and coupled magnetic and electric order,190,198,202–205,209 which is a rare 

phenomenon among metal-based coordination networks bearing carbon-containing ligands. 

8.3 MOF Magnets with Diamagnetic Bridging Ligands 

8.3.1 Introduction 

The majority of MOF magnets reported to date are comprised of paramagnetic metal centers 

bridged by diamagnetic ligands, where the magnetic interactions between metal centers occur via 

a superexchange coupling mechanism. The strength of this interaction, as quantified by the 

exchange coupling constant J, is directly correlated to the magnetic ordering temperature of 2D 

and 3D magnets.23 As such, to realize magnets with high operating temperatures, the metal centers 

and linkers must be chosen with care to maximize the magnetic exchange interactions between 

spin centers. Because the coupling strength decreases drastically as the number of atoms in the 

bridge increases,146 the use of short linkers providing one-, two-, or three-atom coupling pathways 

is favored.24 However, most small ligands able to mediate strong exchange interactions between 

metal centers are inorganic in nature, such as oxo, hydroxo, azido, cyano, and thiocyanato ligands. 

Furthermore, short linkers often afford dense frameworks with no porosity. Therefore, a balance 

in linker length is critical to simultaneously impart strong magnetic interactions and structural 

voids in extended networks.  

Carboxylate-based ligands are particularly well-suited toward this end,212 as the carboxylate 
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group can link metal centers through both single-

atom (M–O–M) and three-atom (M–O–C–O–M) 

bridges (see Figure 8.5). In addition, N-

heterocycles, such as azolates and pyrimidines, are 

attractive linkers owing to their versatile bridging 

modes through short two- (M–N–N–M) or three-

atom (M–N–C–N–M/M–N–N–N–M) linkages 

(see Figure 8.6). Notably, most MOF magnets are 

constructed from organic ligands featuring some 

degree of conjugation, as the presence of an 

extended π system enables an additional spin–spin 

coupling mechanism that may enhance the overall 

magnetic exchange interaction. 

The use of organic linkers that provide three-

atom bridges between metal centers is of particular interest, as based on symmetry considerations, 

this connectivity will in most cases allow the antisymmetric interaction known as the 

Dzyaloshinskii–Moriya interaction.24,213,214 Specifically, this interaction is allowed when there is 

no inversion center between the two bridged metal centers, and it can lead to canted spin structures. 

As a result, canted antiferromagnetic behavior is often observed in three-atom-bridged systems. 

MOF magnets bridged by diamagnetic linkers often feature mixed-ligand compositions. Such 

compounds may either be comprised of a multitopic organic ligand with small inorganic coligands, 

including oxo, hydroxo, aquo, sulfato, and azido ligands, or consist of two distinct multitopic 

 

Figure 8.6 Examples of short bridging pathways 

between two metal centers provided by N-

heterocyclic ligands. From top to bottom: two-

atom N–N bridge, three-atom N–C–N bridge, 

and three-atom N–N–N bridge.   
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organic ligands. For the latter case, the 

combination of carboxylates and N-

heterocycles is most common, but the 

employment of two different carboxylato 

ligands is also well documented. A wide 

range of neutral and anionic multitopic 

organic linkers has been employed to 

construct magnets, as depicted in Figures 

8.7–8.11. Many of these ligands are 

multifunctional in nature, as they contain 

two or more types of functional groups that can participate in metal binding. The following sections 

will survey structurally-characterized compounds that contain these ligands and that have been 

shown to exhibit long-range magnetic order. 

Framework magnets based on diamagnetic 

linkers are enumerated in Tables 8.1 and 8.2. 

8.3.2 Phosphonate-Containing 

Compounds 

Phosphonates are organophosphorus 

compounds containing direct C–P bonds, 

including (C–PO3)
2− and C–PO(OR)2 

moieties. Within this class, bisphosphonates 

and carboxylate-functionalized 

 

Figure 8.7 Multitopic phosphonato ligands discussed 

in this review. 

 

Figure 8.8 Oxamato ligands discussed in this review. 

The structure of the oxalato ligand is provided for 

comparison (top left). 
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phosphonates can be considered as multitopic organic ligands because they feature two metal-

binding groups separated by an organic backbone (see Figure 8.7). Compared to carboxylates, the 

coordination chemistry of phosphonates is less predictable owing to a higher number of possible 

binding modes and protonation states. Furthermore, metal phosphonate compounds frequently 

form dense layered structures, rendering the formation of porous frameworks challenging.215 

Nevertheless, several open frameworks featuring bisphosphonato and carboxyphosphonato linkers 

have been shown to display long-range magnetic order at low temperature (see Tables 8.1 and 

8.2).216–222 Specifically, 2D and 3D NiII frameworks based on methylenediphosphonate (mdp4−) 

order as ferromagnets with TC = 3.1(1)–3.8(2) K.216  In addition, 3D CuII frameworks with longer 

bisphosphonato linkers display long-range antiferromagnetic order with TN = 4(1) K,217 and a 

similar ordering temperature was observed for a compound featuring a hydroxo-substituted 

bisphosphonato ligand and a pyrazine coligand.218  

Substituting bisphosphonato ligands for carboxyphosphonates has afforded compounds with 

similar low magnetic ordering temperatures. This class of compounds includes the CoII 

frameworks (H2en)0.5[CoII(cmp)(H2O)]·H2O (en = ethylenediamine; cmp3− = 

carboxymethylphosphonate) and CoII(Hpmab) (Hpmab2− = 4-

((phosphonatomethylammonio)methyl)benzoate), which order as canted antiferromagnets with TN 

= 4.3 and 2.0 K, respectively.219,220 However, using carboxylate-functionalized phosphonato 

ligands along with hydroxo coligands has been shown to provide dramatic improvements in 

magnetic properties.221,222 In particular, the compound CoII
2(OH)(2-pmb) (2-pmb3− = 2-

(phosphonomethyl)benzoate), displays long-range canted antiferromagnetic order with Tc = 31.0 

K, which is an order of magnitude higher than the ordering temperatures for most phosphonate- 
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containing magnets. This framework features a unique 2D layered structure made up of double 

chains of CoII
2(μ4-OH)O3 units connected by CPO3

2− phosphonate groups. The aromatic backbone 

of the carboxyphosphonato ligand protrudes into the interlayer space, and the carboxylate groups 

provide a further support to the layered structure (see Figure 8.12, top and center). Note that the 

combination of edge- and face-sharing MO6 octahedra and the presence of a central μ4-OH group 

bridging two types of chains not previously been observed in a molecule-based material. 

 

Figure 8.9 Multitopic carboxylato ligands discussed in this review. 
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Furthermore, the magnetic behavior of this compound is also unusual. In addition to the relatively 

high magnetic ordering temperature, hysteresis measurements carried out at 2 K established this 

compound as one of the hardest molecule-based magnet reported thus far, with a coercive field of 

Hc = 4.3 T (see Figure 8.12, bottom).222  

8.3.3 Oxalate-Containing Compounds 

8.3.3.1 Introduction 

The oxalate ion (C2O4
2−) acts as a short multi-atom ligand (see Figure 8.8) that is commonly 

observed in 1D, 2D, and 3D magnetic materials owing to its ability to mediate both σ and π 

electronic pathways for magnetic superexchange through two connected O–C–O bridges. The 

presence of a C–C bond between the two carboxylate groups promotes the formation of an 

extended π system and facilitates a bis-bidentate ligand binding mode. The oxalato ligand has 

found enormous success in the rational design of molecule-based magnets, as a vast number of 

homo- and heterometallic 2D and 3D oxalate frameworks have shown permanent magnetism with 

ordering temperatures up to 70 K.223 In this section, we discuss the synthetic strategies adopted to 

 

Figure 8.10 N-heterocyclic ligands discussed in this review. 
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afford oxalate-based magnets with different dimensionalities, structures, and magnetic properties. 

Specifically, we highlight the role of templating cations and the choice of metal centers in dictating 

the properties of these materials, and the different behaviors of homo- and heteroleptic 

frameworks. Finally, we conclude this section with a short discussion on the potential of these 

magnetic frameworks as multifunctional molecule-based materials. For a more comprehensive 

account on oxalate-based magnetic frameworks, the reader is referred to other review articles.224,225 

8.3.3.2 2D Frameworks 

A wide range of homoleptic mixed-valence metal oxalates of the general formula 

(A)[MIIMIII(ox)3] (M
II = MnII, FeII, CoII, NiII, CuII; MIII = CrIII, FeIII, RuIII; ox2− = oxalate), where 

A+ refers to a monovalent cation, have been reported226–235 since the seminal contribution in 

1990.226 The structure of these frameworks features an anionic 2D honeycomb lattice consisting 

of alternating octahedral MII and MIII ions that are each chelated by three bis-bidentate oxalato 

ligands. The formation of the honeycomb lattice requires adjacent metal centers to adopt opposite 

 

Figure 8.11 Ligands bearing both carboxylate groups and N-heterocycles discussed in this review. Other 

ligands discussed in this review, including tetraoxolene ligands, are also depicted. 
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chirality (Δ or Λ) (see Figure 8.13), and the 

A+ cations are typically interleaved between 

the anionic layers. The nature of magnetic 

exchange within the layers is dictated by the 

identity of the trivalent metal center. For 

instance, CrIII and RuIII promote 

ferromagnetic interactions, whereas FeIII 

promotes antiferromagnetic interactions. 

Interactions between adjacent layers are 

generally minimal, and thus these 

compounds are best described as 2D 

magnets. 

Investigations of the effects of different 

A+ cations on the magnetic properties of 

homoleptic FeIIFeIII 2D oxalate frameworks 

revealed that the nature of A+ can play an 

important role in the magnetic behavior of 

these ferrimagnets.227–229 While several 

quaternary ammonium frameworks exhibit 

similar ordering temperatures of Tc = 44–46 

K, the value of Tc decreases to 34 and 36 K 

when Ph4P
+ and Ph4As+ cations are used, 

 

Figure 8.12 Top: Crystal structure of the inorganic 

layer in CoII
2(OH)(2-pmb), highlighting the two 

distinct μ4-OH-bridged chains (black arrows). Purple, 

magenta, red, gray, and light green spheres represent 

Co, P, O, C, and H atoms, respectively; terminal H 

atoms are omitted for clarity. Center: Crystal structure 

as viewed along the crystallographic c axis. Bottom: 

Variable-field dc magnetization data for CoII
2(OH)(2-

pmb), collected at selected temperatures. Reproduced 

from ref. 222 with permission from the Royal Society 

of Chemistry. 
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respectively (see Table 8.3). Furthermore, (Ph4P)[FeIIFeIII(ox)3] and (Ph4As)[FeIIFeIII(ox)3] display 

spin glass behavior below Tc, whereas the analogous frameworks incorporating other quaternary 

phosphonium or ammonium cations show anomalous negative magnetization below a 

compensation temperature (Tcomp), defined as the temperature at which the net magnetization value 

is zero as it changes from a positive to a negative value (see Table 8.3). A compensation 

temperature should occur in the magnetization for a system with two spin lattices if the sublattice 

with smaller saturation magnetization initially orders more rapidly as the temperature is decreased 

than the lattice with the larger saturation magnetization. Accordingly, the observed Néel N-type 

ferrimagnetic order for these frameworks has been attributed to an initial steeper ordering of the 

FeII sublattice relative to the FeIII lattice. This hypothesis was supported by analyzing the 

temperature dependence of the hyperfine fields experienced at the FeII and FeIII nuclei through 

Mössbauer spectroscopy.227–229  

Notably, the magnitude of the negative magnetization was later found to be influenced by the 

preparation conditions of these frameworks due to variable amounts of FeII vacancies.230 However, 

only slight changes in ordering temperature (Tc = 44(1)–48(1) K) were observed when the alkyl 

 

Figure 8.13 Synthesis of mixed-valence (A)[MIIMIII(ox)3] 2D frameworks of honeycomb topology, 

illustrating the opposite chirality (Δ or Λ) of MII and MIII metal centers. Green, magenta, red, and gray 

spheres represent MIII, MII, O, and C atoms, respectively.  
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chain length of (Ph3RP)+ cations (R = Pr, Bu, Pe, Hx, Hp) was varied substantially, from three to 

seven carbons (see Table 8.3). These results are in agreement with only a modest expansion of the 

interlayer distance from 9.48 Å for R = Pr to 11.10 Å for R = Hp, which has been attributed to the 

nearly parallel arrangement of the alkyl chains with respect to the magnetic honeycomb layers.230 

Similar observations have been made for the series of isostructural MnIIFeIII frameworks (see Table 

8.4).230 Overall, the ordering temperatures for the MnIIFeIII honeycomb frameworks show a smaller 

variation by cation than the FeIIFeIII analogues. Interestingly, the MnIIFeIII compounds exhibit an 

uncompensated magnetic moment despite antiferromagnetic coupling between the high-spin MnII 

(S = 5/2) and FeIII (S = 5/2) ions, which should give an S = 0 ground state. This behavior was 

originally attributed to spin canting,229–232 but was later proposed to be caused by defects in the 

structure, namely MnII vacancies.230  

The strong influence of the templating 

cation and solvent molecules in controlling 

the metal coordination environments in these 

systems, and the resulting magnetic 

properties, is exemplified in a series of 

heterobimetallic framework compounds of 

the general formula [K(18-crown-

6)]3[M
II

3(H2O)4(M
III(ox)3)3] (MII = MnII, 

FeII, CoII, NiII, CuII; MIII = CrIII, FeIII).236 

These 2D frameworks are isostructural and 

display a honeycomb-like structure where 

 

Figure 8.14 Crystal structure of the anionic 2D lattice 

for compounds [K(18-crown-

6)]3[MII
3(H2O)4(MIII(ox)3)3] (MII = MnII, FeII, CoII, NiII, 

CuII; MIII = CrIII, FeIII), as viewed along the 

crystallographic c axis. Hydrogen bonds between 

coordinated H2O molecules and terminal oxalato 

ligands are highlighted with dashed lines. Green, 

magenta, red, gray, and light green spheres represent 

MIII, MII, O, C, and H atoms, respectively. 
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two-thirds of the divalent metal ions are coordinated by two H2O molecules that are hydrogen-

bonded to terminal oxalato ligands (see Figure 8.14). The [K(18-crown-6)]+ cations are located in 

the hexagonal pores between layers and their large diameter promotes the fragmentation of the 

network. The MIICrIII frameworks exhibit long-range ferromagnetic order with TC = 3.2–8 K, 

whereas the MIIFeIII analogues behave as ferrimagnets (MII = FeII, CoII) or as a canted 

antiferromagnet (MII = MnII) below Tc = 11.5–25.5 K (see Table 8.5). Notably, the ordering 

temperatures for this series of frameworks are considerably lower than those obtained for the 

analogous 2D networks of regular honeycomb topology,227–232,237,238 highlighting that the 

superexchange through the longer MII–Owater···O–C–O–MIII bridge in the fragmented compounds 

is significantly weaker than via the MII–O–C–O–MIII linkage in conventional honeycomb 

frameworks.  

The first example of a neutral oxalate-based layered magnet, the heterobimetallic CoIICrIII 

compound [CoII(H2O)2]3[CrIII(ox)3]2·2(18-crown-6), was reported in 2007.239 The structure of this 

compound features layers of twelve-membered rings constituting six distorted octahedral CoII ions 

and six [Cr(ox)3]
3− units, where two trans- or cis-oriented H2O molecules complete the 

coordination sphere of CoII. The crown ether moieties are located in the pores of the rings and 

provide further structural support through hydrogen bonding interactions (see Figure 8.15). 

Notably, the absence of interlamellar cations enables a short interlayer distance of 7.825(2) Å. This 

compound behaves as a ferromagnet with TC = 7.4 K, in accord with other 2D MIICrIII oxalate-

based frameworks.239 Magnetic hysteresis measurements at 2 K revealed a small coercive field of 

Hc = 160 Oe and a remanent magnetization of Mr = 2.3 μB mol−1, indicative of a soft ferromagnet.240  
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The synthetic strategy of using a neutral 

crown ether guest molecule as a templating 

agent has been extended to other 

paramagnetic metal ions, providing an 

isostructural family of neutral 2D layered 

magnets of the general formula 

[MII(H2O)2]3[M
III(ox)3]2·2(18-crown-6) (MII 

= MnII, FeII, CoII, NiII; MIII = CrIII, FeIII).240 

These frameworks exhibit ferro- (MIII = 

CrIII) or ferrimagnetic (MIII = FeIII) long-

range order with Tc = 3.6–12.2 K (see Table 

8.6). The use of a mixture of divalent metal 

ions in 1:1 ratio has also been explored. 

Among these compounds, the highest 

ordering temperature of Tc = 20.0 K was 

achieved for the FeIINiIIFeIII framework, 

whereas the MnIICoIIFeIII framework 

provided the highest coercive field of Hc = 6300 Oe at 2 K (see Table 8.6). All other bi- and 

trimetallic compounds were classified as soft magnets. Interestingly, these and other crown ether-

containing oxalate frameworks are soluble in H2O but insoluble in organic solvents, which may 

allow for the growth of high-quality single crystals suitable for a suite of magnetic studies to 

provide a more detailed understanding of the associated magnetism.240 

 

Figure 8.15 Crystal structure of 

[CoII(H2O)2]3[CrIII(ox)3]2·2(18-crown-6), as viewed 

along the crystallographic b (top) and a axis (bottom). 

Purple, green, red, and gray spheres represent Co, Cr, 

O, and C atoms, respectively; H atoms are omitted for 

clarity. 
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Insertion of cations that may afford multifunctional magnetic materials owing to their unique 

magnetic and/or electrical properties has been investigated for 2D oxalate-based frameworks. For 

instance, employment of the paramagnetic decamethylferrocenium cation, [Cp*
2FeIII]+ (Cp*− = 

pentamethylcyclopentadienyl anion), afforded a series of mixed-valence frameworks of the 

general formula [Cp*
2FeIII][MIIMIII(ox)3] (MII = MnII, FeII, CoII, NiII, CuII; MIII = CrIII, FeIII, 

RuIII).233–235 These compounds feature the same regular honeycomb structure as the networks 

bearing quaternary ammonium, phosphonium, and arsenium counterions discussed above, with the 

organometallic cation residing in the interlayer space.227–230 Despite the paramagnetic nature of 

[Cp*
2FeIII]+, intercalation of this cation into the 2D honeycomb lattices does not significantly affect 

the magnetic properties of the resulting frameworks, as judged by the near identical values of Tc 

observed when [Cp*
2FeIII]+ was replaced with the analogous diamagnetic 

decamethylmetallocenium cation [Cp*
2CoIII]+ (see Tables 8.7 and 8.8). Furthermore, the ordering 

temperatures for the 

decamethylmetallocenium frameworks are 

very similar to those bearing ammonium and 

phosphonium cations discussed above. 

These observations suggest that the 

interactions between the cationic and anionic 

layers are insignificant in these compounds 

and thus the two magnetic sublattices in 

[Cp*
2FeIII][MIIMIII(ox)3] behave essentially 

independently of each other.233–235  

 

Figure 8.16 Proton conductivity vs relative humidity 

(RH) profiles at 25 °C for 

(R3(CH2COOH)N)[MIIMIII(ox)3]·xH2O (R = Et, Bu; 

MII = MnII, FeII; MIII = CrIII, FeIII; x = 0, 2). Reprinted 

with permission from ref. 241. Copyright 2013 

American Chemical Society. 
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Another example of the use of cation modulation to achieve multifunctional behavior is found 

in the series of proton-conductive oxalate frameworks (R3(CH2COOH)N)[MIIMIII(ox)3]·xH2O (R 

= Et, Bu; MII = MnII, FeII; MIII = CrIII, FeIII; x = 0, 2).241 These frameworks display the typical 

anionic 2D honeycomb structure as (A)[MIIMIII(ox)3], with (R3(CH2COOH)N)+ ions interleaved 

in the interlayer space. The magnetic properties for these compounds are analogous to those 

observed for (R4N)[MIIMIII(ox)3], with the MnIICrIII and FeIICrIII series of frameworks showing 

ferromagnetic order with TC = 5.6–5.9 and 11.0–11.5 K, respectively, whereas the FeIIFeIII species 

display magnetic behavior characteristic of Néel N-type ferrimagnetism with Tc = 42–44 K (see 

Table 8.9). The frameworks featuring (Et3(CH2COOH)N)+ show high proton conduction, whereas 

those bearing (Bu3(CH2COOH)N)+ display moderate proton conduction, as determined using 

alternating-current impedance measurements on pellet samples (see Figure 8.16). Notably, the 

conductivity values obtained for this series of frameworks at 45% relative humidity are an order 

of magnitude higher than those for (Bu4N)[MnIICrIII(ox)3]. This discprepancy was attributed to the 

higher hydrophilicity of the polar (R3(CH2COOH)N)+ (R = Et, Bu) ions compared to (Bu4N)+, 

where the carboxyl residue acts as a proton relay. The same rationale accounts for the higher 

conductivity observed for the (Et3(CH2COOH)N)+ frameworks than the (Bu3(CH2COOH)N)+ 

frameworks, which crystallize as dihydrates and anhydrates, respectively. Together, this series of 

proton-conductive oxalate frameworks provides rare examples of compounds that exhibit both 

ferromagnetism and proton conduction, along with the first report of coexistent Néel N-type 

ferrimagnetism and proton conduction. Accordingly, MOFs are attractive candidates for studying 

the interplay between proton conduction and magnetism, which may be of immediate interest for 

future technologies. 
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Along these lines, intercalation of the organic π-donor bis(ethylenedithio)tetrafulvalene 

(BEDT-TTF) into the bimetallic anionic oxalate network [MnIICrIII(ox)3]
− provided the first 

example of coexistent ferromagnetism and metallic conductivity in a molecule-based compound.21 

Specificly, this compound behaves as a ferromagnet below TC = 5.5 K and is metallic down to at 

least 0.3 K. However, the presence of electrically conducting organic layers between the oxalate 

layers did not afford enhanced magnetic performance, as the two sublattices are quasi-independent 

of one another. Building on this initial report, various tetrathiafulvalene derivatives, which form 

the basis of most known molecular electrical conductors and superconductors,242 have been 

incorporated into 2D oxalate frameworks.243–247 Structural analysis of these composite materials is 

challenging owing to the high crystallographic disorder of the oxalate-based layers, preventing the 

definitive assignment of atomic positions. Accordingly, accurate determination of the chemical 

formula, formal charges, and interactions between the conducting and magnetic layers is not 

immediately forthcoming. Although current attempts have not yet afforded compounds 

demonstrating synergy between the two phenomena, this may be an attractive strategy to furnish 

conductive magnetic materials. 

Insertion of spin-crossover FeIII complexes into homo- and heterobimetallic layered oxalate 

canted antiferromagnets and ferromagnets has also been reported.244,248–253 The resulting 

compounds feature either a single or a double layer of the cationic spin-crossover complexes (see 

Figure 8.17). However, in either case, very little interplay between the two magnetic entities has 

been detected, likely due to the large difference in temperature at which spin-crossover and 

magnetic order occur. Specifically, while the spin-crossover takes place at high temperatures, in 

the range 100–350 K, the long-range magnetic order is only present below 8.1 K in these systems 
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(see Table 8.10). More recently, the 

coexistence of long-range ferromagnetic 

order and photoinduced spin-crossover, also 

known as light-induced excited spin state 

trapping (LIESST), has been 

demonstrated.250,253 However, the 

photoinduced spin state change of the 

inserted FeIII cations has a similar negligible 

influence on the magnetic behavior of the 2D 

oxalate framework. Nevertheless, since the 

LIESST effect is typically observed at lower 

temperatures than thermally-induced spin-

crossover,254 it may be a more promising 

route in realizing cooperativity between the two magnetic processes.  

Several layered oxalate frameworks of other topologies have also been reported to show long-

range magnetic order.255–258 This set includes the homoleptic FeII compound FeII(ox)(MeOH)258 

and the first coordination networks featuring both bridging oxalato and 4,4′-bpy ligands, 

MII(ox)(4,4′-bpy) (MII = FeII, CoII, NiII; ox2− = oxalate; 4,4′-bpy = 4,4′-bipyridine).255,256 These 

frameworks adopt a square-grid layered structure and exhibit long-range antiferromagnetic or 

canted antiferromagnetic order with TN = 12–26 K.255,256,258  

8.3.3.3 3D Frameworks 

 

Figure 8.17 Crystal structures of [FeIII(sal2-

trien)][MnIICrIII(ox)3]·CH2Br2, as viewed along the 

crystallographic c axis (top), and [FeIII(sal2-

trien)]2[MnII
2(ox)3]·4H2O·DMF, as viewed along the 

crystallographic a axis (bottom). Orange, magenta, 

green, red, blue, and gray spheres represent Fe, Mn, Cr, 

O, N, and C atoms, respectively; H atoms and solvent 

molecules are omitted for clarity. These compounds are 

representative examples of 2D oxalate frameworks 

with a single (top) or a double (bottom) layer of spin-

crossover FeIII complexes. 
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The formation of 3D oxalate-based framework magnets is favored when chiral metal 

complexes, such as [ZII(2,2′-bpy)3]
2+ (ZII = FeII, CoII, NiII, RuII; 2,2′-bpy = 2,2′-bipyridine), are 

employed as templating agents. Here, chiral networks of the general formulas [ZII(2,2′-

bpy)3][M
II

2(ox)3] and [ZII(2,2′-bpy)3][M
IIMIII(ox)3](ClO4) (Z

II = FeII, CoII, NiII, RuII; MII = MnII, 

FeII, CoII, NiII, CuII; MIII = CrIII, FeIII) are generated for monovalent and mixed-valence oxalate 

species, respectively.259–266 The 3D structure is comprised of trigonally distorted octahedral 

 

Figure 8.18 Top: Synthesis of mixed-valence [ZII(2,2′-bpy)3][MIIMIII(ox)3](ClO4) (ZII = FeII, CoII, NiII, 

RuII; MII = MnII, FeII, CoII, NiII, CuII; MIII = CrIII, FeIII) 3D frameworks of (10,3) net topology, illustrating 

the equivalent chirality of ZII, MII, and MIII. Bottom: Crystal structure of one ten-membered ring within the 

framework (left), and a view along the crystallographic a axis (right). Green, magenta, red, and gray 

spheres represent MIII, MII, O, and C atoms, respectively. Counterions are omitted for clarity. 
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MII/MIII metal ions that are tris-chelated by bis-

bidentate oxalato ligands and linked into three-

connected ten-membered rings to give a network 

with (10,3) topology (see Figure 8.18). The cavities 

in the lattice are occupied by [ZII(2,2′-bpy)3]
2+ 

cations and (ClO4)
− anions. When two types of 

metal centers are present in the oxalate-based 

lattice, they alternate in the framework. Notably, all 

the metal centers in these compounds possess the 

same configuration (Δ or Λ), as the chirality of the 

templating cationic entities determines the chirality 

of the anionic framework, with Δ–Δ and Λ–Λ 

interactions being favored. Indeed, the chiral or 

achiral character of the templating cation is 

commonly a dominant factor in determining 

whether a 2D or 3D oxalate system is formed.  

The magnetic ordering temperatures for the 3D series are generally somewhat lower than those 

for the 2D frameworks with the same combination of metal centers (see Tables 8.3–8.17). To 

illustrate, the 3D frameworks [FeII(2,2′-bpy)3][M
IICrIII(ox)3](ClO4) (M

II = MnII, FeII, CoII) order as 

soft ferromagnets with TC = 3.9–6.6 K (see Table 8.13),259 whereas the 2D networks 

[Cp*
2CoIII][MIICrIII(ox)3] (M

II = MnII, FeII, CoII) exhibit ordering temperatures of TC = 5.1–12.7 K 

(see Table 8.8).234 The weaker exchange interactions between metal centers in the 3D frameworks, 

 

Figure 8.19 Schematic depiction of the 

orientation of the crystallographic C3 axes for 

adjacent metal centers in chiral 2D (top) and 3D 

(bottom) metal oxalate frameworks. Green, 

magenta, red, and gray spheres represent MIII, 

MII, O, and C atoms, respectively. 
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despite higher dimensionality, has been attributed to the non-planarity of the structures. In 

particular, the non-planarity forces the C3 axes of adjacent MO6 octahedra to be perpendicular to 

each other rather than parallel, as in the 2D frameworks (see Figure 8.19). This different 

arrangement affects the overlap between metal- and ligand-based orbitals and thus the strength of 

magnetic exchange through the oxalate bridge. 

The 3D oxalate frameworks are significantly more affected by the templating cation than are 

the 2D congeners, with a general trend of increasing ordering temperature with decreasing size of 

the cationic template. For instance, when the cation in [ZII(2,2′-bpy)3][M
IIFeIII(ox)3](ClO4) (Z

II = 

FeII, RuII; MII = MnII, FeII) is varied from [FeII(2,2′-bpy)3]
2+ to [RuII(2,2′-bpy)3]

2+, the ordering 

temperature for the MnIIFeIII derivatives decreases from Tc = 20.0 to 17.2 K. A similar decrease of 

ΔTc = 1.2 K was observed for the FeIIFeIII congeners.260 However, this trend in Tc with the size of 

the templating cation seems only to be valid when comparing first-row and second-row transition 

metal complex cations, as illustrated through a family of ferromagnets with the formula [ZII(2,2′-

bpy)3][M
IIFeIII(ox)3](ClO4) (ZII = FeII, CoII, NiII, RuII; MII = MnII, FeII, CoII, NiII).259 Separate 

studies have revealed that varying the N-heterocyclic donors on the cationic template and solvent 

guest molecules can also be employed to modulate the magnetic properties for these systems.261,262 

For example, the ordering temperatures for the series [IrIII(ppy)2(2,2′-bpy)][MIIMIII(ox)3]·0.5H2O 

(ppy− = 2-phenylpyridine anion; 2,2′-bpy = 2,2′-bipyridine; MII  = MnII, FeII, CoII, NiII; MIII = CrIII, 

FeIII),262 are up to three times higher than those for the [ZII(2,2′-bpy)3][M
IIMIII(ox)3](ClO4) (Z

II = 

FeII, RuII) series (see Tables 8.13–8.15).259 This significant increase in Tc in the presence of the 

larger IrIII complexes has been hypothesized to be driven by shortening of the MII∙∙∙MIII bond 

distance and contraction of the unit cell when the lattice (ClO4)
− anions are replaced by smaller 
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H2O molecules. Indeed, the values of Tc for [IrIII(ppy)2(2,2′-bpy)][MIIMIII(ox)3]·0.5H2O represent 

the highest ordering temperatures reported for 3D mixed-valence oxalate frameworks. 

Specifically, the MnIIFeIII framework orders as a canted antiferromagnet with Tc = 31.0 K, the 

FeIIFeIII analogue orders as a ferrimagnet with Tc = 28.0 K, and the NiIICrIII compound is a soft 

ferromagnet below TC = 13.0 K.262 The only monovalent 3D oxalate framework that orders at a 

higher temperature than these compounds is the NiII
2 framework [RuII(2,2′-bpy)3][NiII

2(ox)3], 

which is a canted antiferromagnet below Tc = 35 K.263  

The 3D oxalate frameworks are attractive candidates for magneto-optical materials as they can 

be prepared in optically active forms.261,263 Indeed, oxalate frameworks represent the first 

examples of 3D molecule-based magnets displaying optical activity.261 Moreover, these 

ferromagnets were found to show measureable magnetic circular dichroism (MCD) below their 

ordering temperature.  

The employment of the templating cation to impart additional physical properties to the oxalate 

framework has also been investigated. Introduction of a paramagnet cation, in this case nitronyl 

nitroxide radical cation, did not significantly affect the magnetic behavior of the oxalate 

network,267 which is in line with previous studies for the 2D oxalate frameworks. Similarly, no 

cooperative magnetic properties have been observed when FeII and FeIII spin-crossover complexes 

are used as templates in an attempt to furnish the formation of hybrid magnets. The modest change 

in the magnetic ordering temperature (TC = 3.0–5.2 K) for the ferromagnetic MnIICrIII network in 

the presence of this set of cations likely stems from slight structural changes associated with the 

different sizes of the cationic complexes and the nature of the chelating ligands (see Table 

8.16).249,252,268–271  
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In contrast, insertion of the single-molecule magnet [MnIII(salen)(H2O)]2
2+ (salen2− = N,N′-

ethylenebis(salicylidene-iminate)) into the 

ferromagnetic MnIICrIII lattice afforded the 

hybrid compound 

[MnIII(salen)(H2O)]2[MnIICrIII(ox)3]2 

·MeOH·2MeCN (see Figure 8.20, top), 

whose magnetic properties are not a simple 

sum of those for the two components, as 

illustrated by a comparison to control 

compounds.272 Specifically, the two 

magnetic networks in this compound interact 

antiferromagnetically to give a ferrimagnetic 

phase that exhibits large magnetic hysteresis 

below 1 K, which contrasts with the behavior 

observed for the single-molecule magnet in a 

paramagnetic matrix and the ferromagnetic 

oxalate (see Figure 8.20, bottom). As such, 

this first example of the interplay between 

single-molecule magnetism and long-range 

magnetic order in an oxalate framework 

demonstrated that cooperative magnetic 

properties can be realized in these materials. 

 

Figure 8.20 Top: Crystal structure of 

[MnIII(salen)(H2O)]2[MnIICrIII(ox)3]2·MeOH·2MeCN, 

as viewed along the crystallographic a axis. Magenta, 

green, red, blue, and gray spheres represent Mn, Cr, O, 

N, and C atoms, respectively; H atoms and solvent 

molecules are omitted for clarity. Bottom: Variable-

field dc magnetization data for [MnIII(salen)(H2O)]2 

[MnIICrIII(ox)3]2·MeOH·2MeCN (solid 

dots),  [MnIII(salen)(H2O)]2[ZnIICrIII(ox)3]2·MeOH 

·2MeCN (dashed line), and [InIII(sal2‐trien)] 

[MnIICrIII(ox)3]·0.25H2O·0.25MeOH·0.25MeCN 

(solid line), collected at 0.43 K with a field-sweep rate 

of 6 mT s−1. Reproduced from ref. 272 with permission 

from Wiley-VCH Verlag GmbH & Co.  
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In addition to the homoleptic oxalate 

frameworks discussed above, several 3D 

frameworks featuring mixed oxalato and 

inorganic and/or organic linkers have 

demonstrated long-range magnetic 

order.223,273–278 This includes compounds 

with oxo,223,274,275 hydroxo,223,273,276,277 

piperazine,276,277 and dicarboxylato278 

coligands (see Tables 8.2 and 8.17). Of 

these, a series of anionic FeIII frameworks of 

formula (A)2[FeIII
2O(ox)2Cl2]·2H2O (A+ = 

(NH4)
+, (MeNH3)

+, (Me2NH2)
+, (EtNH3)

+, 

(H3O)+) provides the highest magnetic 

ordering temperatures.223,274,275 These 3D 

frameworks are comprised of distorted 

octahedral FeIII ions bridged by μ2-O and 

oxalato ligands into a three-connected net of 

ten-membered rings with large channels that 

are occupied by cations and solvent 

molecules (see Figure 8.21). Remarkably, the ordering temperature for this family of canted 

antiferromagnets is drastically affected by the nature of the organic cation, despite near identical 

structural metrics, including the FeIII–O–FeIII superexchange angle. This angle only varies from 

 

Figure 8.21 Crystal structure of [FeIII
2O(ox)2Cl2]2−, as 

observed in (A)2[FeIII
2O(ox)2Cl2]·2H2O (A+ = (NH4)+, 

(MeNH3)+, (Me2NH2)+, (EtNH3)+, (H3O)+). The top 

panel highlights the ten-membered ring with μ2-O and 

oxalate bridges, while the bottom depicts a view along 

the crystallographic c axis. Orange, green, red, and gray 

spheres represent Fe, Cl, O, and C atoms, respectively. 
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135.9(4) to 137.1(2)° when the cation is changed from (NH4)
+ to (EtNH3)

+. Across the series, the 

ordering temperature increases from Tc = 40 K for the frameworks containing (NH4)
+ and 

(MeNH3)
+ to Tc = 52 and 56 K for the frameworks with (Me2NH2)

+ and (EtNH3)
+ cations, 

respectively.275 Moreover, the compound (H3O)(EtNH3)[FeIII
2O(ox)2Cl2]·H2O and its hydroxo-

bridged congener (EtNH3)[FeIII
2(OH)(ox)2Cl2]·2H2O exhibit an even higher ordering temperature 

of Tc = 70 K (see Tables 8.2 and 8.17).223 The reason for this modulation of Tc by the organic 

cations is not directly forthcoming, but it has been hypothesized to arise from their effects on the 

canting angle in these spin systems. Neutron diffraction experiments should provide deeper insight 

into the magnetic structures of these compounds. Note that the origin of spin canting in these 

frameworks is due to antisymmetric exchange,24,213,214 owing to the isotropic nature of high-spin 

FeIII ions.  

Lastly, the transformation from 

(EtNH3)[FeIII
2(OH)(ox)2Cl2]·2H2O to 

(H3O)(EtNH3)[FeIII
2O(ox)2Cl2]·H2O is 

unique, as it involves intermolecular proton 

transfer in solid phase through a single-

crystal-to-single-crystal process 

accompanied by a color change from yellow 

to deep red. Although the two compounds 

exhibit an identical magnetic ordering 

temperature, the oxo-bridged derivative is a 

significantly harder magnet, displaying a 

 

Figure 8.22 Variable-field dc magnetization data for 

(EtNH3)[FeIII
2(OH)(ox)2Cl2]·2H2O (circles) and  

(H3O)(EtNH3)[FeIII
2O(ox)2Cl2]·H2O (triangles), 

collected at 2.0 K. Reprinted with permission from ref. 

223. Copyright 2005 American Chemical Society. 
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ten-fold higher coercive field of Hc = 2500 Oe at 2.0 K compared to the hydroxo-bridged 

framework (see Figure 8.22).223  

Finally, note that a number of 3D inorganic-organic hybrid phosphate/phosphite oxalate 

materials, some of which fall within the definition of a MOF, display long-range antiferromagnetic 

order with TN = 22–45 K.279–284  

8.3.4 Oxamate-Containing Compounds 

8.3.4.1 Introduction 

A closely related family of building units 

that has been employed to construct porous 

frameworks with predictable structures and 

tunable magnetic properties are aromatic 

polyoxamato ligands (see Figure 8.8). One of 

the most prominent member of this series is 

the metallamacrocycle [CuII
2(mpba)2]

4– 

(mpba4− = N,N′-1,3-phenylenebis(oxamate)). 

This moiety features two S = ½ CuII centers 

that are ferromagnetically coupled through a 

double 1,3-phenylenediamidate cyclophane-type skeleton,285 where the two aromatic rings are 

stacked in an eclipsed fashion to facilitate π–π interactions (see Figure 8.23).286 When this 

dinuclear CuII complex is treated with divalent transition metal ions, such as Mn2+ or Co2+, 2D or 

3D frameworks are formed owing to coordination of the remaining two oxamate O atoms to the 

divalent metal centers. As such, the CuII
2 complex acts as a metalloligand toward divalent first-

 

Figure 8.23 Crystal structure of [CuII
2(mpba)2]4–, 

highlighting the ferromagnetic coupling between two 

S = ½ CuII center to give an S = 1 metalloligand. Cyan, 

red, blue, and gray spheres represent Cu, O, N, and C 

atoms, respectively; H atoms are omitted for clarity. 
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row transition metal centers. Successful examples of this metalloligand approach to construct 

oxamate-based magnetic MOFs have recently been reviewed.287  

8.3.4.2 2D Frameworks 

The first framework featuring this building unit was the bimetallic compound 

CoII
2CuII

2(mpba)2(H2O)6·6H2O.288 Its structure is built up of chains of CoII and CuII ions connected 

through bis-bidentate oxamate groups, which are further linked by cyclophane moieties to give a 

 

Figure 8.24 Left: Crystal structure of CoII
2CuII

2(mpba)2(H2O)6·6H2O, as viewed along the crystallographic 

b (top) and a axis (bottom). Cyan, purple, red, blue, and gray spheres represent Cu, Co, O, N, and C atoms, 

respectively; H atoms and solvent molecules are omitted for clarity. Right: Variable-temperature dc 

magnetic susceptibility data for CoII
2CuII

2(mpba)2(H2O)6·6H2O (top), with variable-temperature dc 

magnetization data collected at selected fields shown in the inset. Variable-field dc magnetization data for 

CoII
2CuII

2(mpba)2(H2O)6·6H2O (bottom), collected at 2 K, with the low-field region shown in the inset. 

Reproduced from ref. 288 with permission from Wiley-VCH Verlag GmbH & Co. 
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corrugated 2D network of a brick wall-type topology. Each brick is formed by four CoII ions in a 

distorted octahedral geometry and six square pyramidal CuII ions, where H2O molecules complete 

the coordination spheres of the metal centers. The corrugated sheets stack in a zigzag fashion with 

H2O solvent molecules occupying the space between the layers (see Figure 8.24, left). Strong 

antiferromagnetic interactions between CuII and CoII ions within each layer, together with 

ferromagnetic interactions between adjacent CuII ions, afford overall ferrimagnetic layers. This 

compound orders as an antiferromagnet below 9.5 K. However, a magnetic field above 1200 Oe 

is sufficient to overcome the weak antiferromagnetic interlayer interactions to give a 

ferromagnetic-like state. This metamagnetic behavior is evident from the field dependence of the 

magnetization and a butterfly-shaped hysteresis loop, which was ascribed to reversal of the 

ferrimagnetic layers from an antiparallel to a parallel configuration (see Figure 8.24, right). 

Furthermore, ac magnetic susceptibility measurements revealed glassy magnetic behavior for this 

compound below the ordering temperature.  

Interestingly, an analogous compound of formula MnII
2CuII

2(Me3mpba)2(H2O)6·8H2O 

(Me3mpba4− = 2,4,6-trimethyl-N,N′-1,3-phenylenebis(oxamate)) was shown to behave as a soft 

ferromagnet with TC = 20.0 K.289 No crystal structure is reported for this compound, but PXRD 

analysis indicates that it is isostructural to the CoIICuII brick wall layered framework described 

above. Here, the oxamato-bridged chains of MnII and CuII ions are linked into layers through a 

trimethyl-substituted 1,3-phenylenediamidate cyclophane spacer. The long-range ferromagnetic 

order was ascribed to ferromagnetic interactions between ferrimagnetic MnII
2CuII

2 layers, in 

contrast to the dominant antiferromagnetic interlayer interactions observed for the CoIICuII 

framework at low magnetic fields. 
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One example of a 2D oxamate magnet with an alternative topology is the compound 

(MV)[MnII
2CuII

3(mpba)3(H2O)3]·20H2O (MV2+ = methylviologen dication).290 It is built from 

tetrakis-bidentate square pyramidal CuII
2 anions, [CuII

2(mpba)2(H2O)2]
4−, and tris-chelated 

octahedral MnII ions with alternating opposite chirality (Δ or Λ). These building blocks are 

connected into oxamato-bridged flat irregular hexagonal honeycomb layers. The layers are linked 

through two 1,3-phenylenediamidate spacers between the CuII ions to give a double layer 

architecture with hexagonal nanopores occupied by H2O solvent molecules, whereas the MV2+ 

cations are located in the intralayer cavities. This framework exhibits long-range ferromagnetic 

order with TC = 19.0 K owing to weak dipolar and/or through-bond ferromagnetic interactions 

between adjacent ferrimagnetic double layers, likely through hydrogen-bonded lattice H2O 

molecules. Furthermore, this compound displays a reversible dehydration to an amorphous phase 

that shows shape-selective adsorption behavior and guest-induced luminescence.  

8.3.4.3 3D Frameworks 

This metalloligand design strategy has also afforded unique multifunctional oxamate-based 

bimetallic 3D MOFs.287 For instance, the compound 

[Na(H2O)4]4[MnII
4(CuII

2(mpba)2(H2O)4)3]·56.5H2O (mpba4− = N,N′-1,3-phenylenebis(oxamate)) 

features oxamato-bridged MnII
4CuII

6 layers interconnected through 1,3-phenylenediamidate 

spacers at the CuII centers to give a 3D structure with square and octagonal pores.291 The large 

octagonal pores (21 × 30 Å2) host solvated Na+ ions and arrays of hydrogen-bonded H2O 

molecules. This framework undergoes a reversible dehydration to an amorphous phase, in analogy 

to the 2D framework described above, with associated changes in magnetic behavior. The hydrated 

crystalline framework orders as a ferromagnet with TC = 22.5 K, while the amorphous anhydrous 
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framework shows an onset of long-range ferromagnetic order below 2.3 K. The dramatic reduction 

in magnetic ordering temperature upon dehydration has been attributed to a change in the 

coordination environment at the CuII centers, from six- to four-coordinate CuII, leading to weaker 

intra- and interlayer interactions for the dehydrated framework. The isoreticular framework 

[Na(H2O)3.25]4[MnII
4(CuII

2(Me3mpba)2(H2O)3.33)3]·37H2O (Me3mpba4− = 2,4,6-trimethyl-N,N′-

1,3-phenylenebis(oxamate)), featuring a trimethyl-substituted 1,3-phenylenediamidate 

cyclophane linker, exhibits a similar structure and guest-dependent magnetic properties (see Figure 

8.25).292 The hydrated framework orders as a ferromagnet with TC = 21.0 K, whereas the anhydrous 

derivative exhibits a dramatic solvent-dependent modulation of Tc. While the anhydrous 

framework itself is amorphous with Tc < 2.0 K, the MeOH adsorbate is crystalline and isostructural 

to the hydrated framework based on PXRD analysis, and orders as a ferromagnet below TC = 6.5 

K (see Figure 8.25, bottom). The coexistence of selective vapor (MeOH over MeCN and EtOH) 

and gas (CO2 over CH4) adsorption behavior, in conjunction with solvent-dependent changes in 

the magnetic ordering temperature for this framework makes it an attractive candidate for magnetic 

sensing of small guest molecules.  

Furthermore, incorporation of the mononuclear FeIII complex [FeIII(sal2-trien)]+ ((sal2-trien)2− 

= N,N′-disalicylidenetriethylenetetramine dianion) into the pores of the hydrated 3D framework in 

a single-crystal-to-single-crystal process afforded the hybrid material [FeIII(sal2-

trien)]Na3[MnII
4(CuII

2(Me3mpba)2)3]·43H2O, which exhibits both long-range magnetic order and 

spin-crossover behavior.293 Specifically, the Na+ counterions are partially replaced by [FeIII(sal2-

trien)]+ ions, which undergo a transition from an S = 5/2 high-spin state to an S = ½ low-spin state 

upon decreasing the temperature from 400 to 100 K. Interestingly, no spin state change was 
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observed for the FeIII precursor salt within 

this temperature range. Moreover, the 

magnetic ordering temperature for the 

framework was shown to increase from 

14 to 19 K upon insertion of the spin-

crossover complex, suggesting 

significant interactions between the two 

magnetic units. Note that the authors did 

not comment on the lower value of TC 

obtained for the unmodified 3D 

framework relative to that initially 

reported (TC = 14 K vs TC = 21 K).292,293 

However, they pointed out that an 

aqueous suspension of the compound 

affords a value of TC = 19 K. As such, it 

is possible that this discrepancy originates 

from the different sample preparation for 

magnetic measurements.  

Along similar lines, the single-

molecule magnet [MnIII(TPP)(H2O)]+ 

(TPP2− = meso-tetraphenylporphyrinato) 

was successfully incorporated into the 

 

Figure 8.25 Top: Crystal structure of 

[MnII
4(CuII

2(Me3mpba)2(H2O)3.33)3]4−, as observed in 

[Na(H2O)3.25]4[MnII
4(CuII

2(Me3mpba)2(H2O)3.33)3]·37H2O, 

as viewed along the crystallographic c axis, highlighting 

the square and octagonal pores. Cyan polyhedra represent 

CuIIN2O3 and CuIIN2O4 units, and magenta octahedra and 

gray spheres represent MnIIO6 units and C atoms, 

respectively; H atoms are omitted for clarity. Bottom: 

Variable-temperature out-of-phase (χM′′) ac magnetic 

susceptibility data for [Na(H2O)3.25]4[MnII
4(CuII

2 

(Me3mpba)2(H2O)3.33)3]·37H2O (blue), [Na(H2O)3.25]4 

[MnII
4(CuII

2(Me3mpba)2(H2O)3.33)3]·37MeOH (red), and  

[Na(H2O)3.25]4[MnII
4(CuII

2(Me3mpba)2(H2O)3.33)3] (green), 

collected under zero applied dc field at 1000 Hz frequency. 

Reprinted with permission from ref. 292. Copyright 2012 

American Chemical Society. 
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pores of this 3D MOF magnet to afford a hybrid material with coexisting long-range magnetic 

order and slow magnetic relaxation.294 Specifically, the magnetic lattice slowed down the quantum 

tunneling processes for the single-ion magnet such that slow magnetic relaxation was observed 

below 5 K in the absence of an applied dc field, in contrast to the behavior observed for 

[MnIII(TPP)(H2O)](ClO4). These two materials have enabled detailed studies of the interplay 

between magnetic host frameworks and magnetic molecular guests, adding to the extensive work 

in this area for oxalate-based frameworks.  

The triple-stranded hexakis-bidentate complex [MII
2(mpba)3]

8− (MII = NiII, CoII; mpba4− = 

N,N′-1,3-phenylenebis(oxamate)) represents another dinuclear metalloligand that can provide 3D 

frameworks. This building unit facilitates the formation of structures with honeycomb topology, 

however, it has thus far not afforded crystalline frameworks exhibiting long-range magnetic 

order.295,296 Either amorphous compounds that display long-range ferromagnetic order, such as 

Li2[MnII
3CoII

2(mpba)3(H2O)6]·22H2O (TC = 6.5 K),295 or crystalline materials that only show weak 

magnetic interactions have been reported. In contrast, dianionic mononuclear CuII complexes have 

been employed as bis-bidentate metalloligands toward solvated Mn2+ cations to afford crystalline 

oxamate frameworks that exhibit long-range magnetic order.297  

Here, the dimensionality of oxamato-bridged heterobimetallic MnII
2CuII

3 frameworks can be 

controlled by varying the steric effects of alkyl substituents on N-phenyloxamato bridging ligands. 

To illustrate, the employment of Me2pma2− (N-2,6-dimethylphenyloxamate) as a bridging ligand 

afforded a 2D honeycomb framework of formula 

(Bu4N)4[MnII
4CuII

6(Me2pma)12(DMSO)2]·8DMSO·2H2O. However, replacing the Me groups on 

the oxamato ligand with slightly bulkier Et groups gave the compound 
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(Bu4N)4[MnII
4CuII

6(Et2pma)12]·DMSO·10H2O (Et2pma2− = N-2,6-diethylphenyloxamate), which 

is a 3D decagonal network. Moderate antiferromagnetic intramolecular interactions between CuII 

and MnII ions were observed for both frameworks. However, while the 2D framework undergoes 

paramagnetic-to-ferromagnetic phase transition at TC = 10 K, the 3D framework orders as a soft 

ferrimagnet at 20 K. The significantly different magnetic properties for the two frameworks are 

attributed to their different dimensionalities, as the coordination environments of the metal centers 

are very similar in these compounds. 

8.3.5 Carboxylate-Containing Compounds 

8.3.5.1 Introduction 

After metal oxalates, carboxylate-based frameworks constitute the largest class of MOF 

magnets (see Tables 8.1 and 8.2). Some of these frameworks feature exclusively carboxylato 

ligands, while others have inorganic or organic coligands. Furthermore, the carboxylato linkers 

can be functionalized with OH, SH, and NH2 groups that may participate in connecting metal-

based nodes and thus affect the structures and properties of the materials. The highly versatile 

coordination modes of the carboxylate group are summarized in Figure 8.5. In addition to 

interacting with metal centers through ionic bonding, the carboxylate group can act as a 

monodentate and bidentate ligand toward a single metal ion, as well as link two or more metal 

centers through a number of bridging modes. Moreover, the presence of two or more carboxylate 

groups within the same molecule enables additional types of linkages between metal centers.  

Owing to the myriad structures and versatile metal-binding modes of these ligands (see Figure 

8.9), carboxylate-based frameworks exhibit a vast number of topologies and multiple types of 

magnetic exchange pathways. Specifically, the compounds discussed in this section display 
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structures with connectivities affording subnetworks of inorganic chains (I1O1, I1O2) and layers 

(I2O1), or exclusively inorganic (I2O0, I3O0) or organic networks (I0O2, I0O3), where carboxylato 

ligands are the primary organic moieties mediating magnetic exchange interactions. The 

magnitude and sign of magnetic exchange in these systems is highly affected by the type of bridge 

between metal centers, bridging angle, metal–metal distance, and the number of metal-based d 

electrons.1 The strongest interactions are typically observed through monoatomic M–O–M 

bridges, followed by three-atom syn–syn and anti–anti M–O–C–O–M pathways.298–304  

8.3.5.2 Malonate Compounds 

Malonate, with a methylene group separating two carboxylate functionalities, is the shortest 

dicarboxylato ligand besides oxalate and has been employed to construct magnets with ordering 

temperatures falling in the range Tc = 2.6–24 K.302,305,306 For instance, a series of isostructural 2D 

framework compounds of the formula Na2[M
II(mal)2]·2H2O (MII = MnII, FeII, CoII, NiII; mal2− = 

malonate) order antiferromagnetically in different magnetic structures depending on the nature of 

the metal center.305 These compounds are comprised of layers of slightly distorted MIIO6 octahedra 

that are linked by anti–anti O–C–O carboxylate bridges, with Na+ ions and H2O molecules located 

in the interlayer space. The ordering temperature for this family of compounds ranges from TN = 

8 K for MII = MnII to TN = 24 K for the NiII congener, as confirmed by neutron diffraction studies. 

Furhermore, the FeII and NiII frameworks exhibit open magnetic hysteresis loops at 5 K with a 

remanent magnetization of Mr = 0.26 and 0.014 μB mol−1, respectively, owing to slight canting of 

the magnetic moments. 

In addition to this family of 2D malonate frameworks, two 3D malonato-bridged CuII 

compounds, CuII(mal)(DMF) and CuII
2(mal)2(pyz)·2H2O (mal2− = malonate; pyz = pyrazine), 
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exhibit long-range magnetic order, albeit with lower ordering temperatures of Tc = 2.6 and 3.2 K, 

respectively.302,306  Ferromagnetic interactions through syn–anti O–C–O bridges are dominant for 

CuII(mal)(DMF),302 whereas antiferromagnetic interactions through syn–anti carboxylate bridges 

and pyrazine ligands lead to an antiferromagnetic ground state for CuII
2(mal)2(pyz)·2H2O in low 

magnetic fields.306  

8.3.5.3 Succinate Compounds 

Magnets featuring derivatives of the succinate molecule, which has an ethylene group 

separating the two carboxylate groups, are more common than those based on malonate. Many of 

these compounds feature both succinato and hydroxo ligands, such as the 2D frameworks 

CoII
3(OH)2(2,2-dmsucc)2 (2,2-dmsucc2− = 2,2-dimethylsuccinate), CoII

4(OH)2 

(succ)3(H2O)2·2H2O (MIL-16), and NiII
7(OH)6(succ)4(H2O)3·7H2O (succ2− = succinate) (MIL-73), 

and the 3D CoII-based framework CoII
5(OH)2(succ)4 (MIL-9).307–310 Note, however, that these 

compounds do not strictly fall within this definition of a MOF, as the magnetic exchange 

interactions are governed by MII–O–MII superexchange paths in hydroxo-bridged chains or layers 

of MIIOx (MII = CoII, NiII; x = 4, 6) polyhedra, where the succinato ligands only contribute 

significantly to bonding in at most one dimension. Nevertheless, these networks order as 

ferrimagnets or antiferromagnets with ordering temperatures of Tc = 10–20 K.307–310 

The homoleptic compound MnII(succ) (succ2− = succinate) features a unique 3D structure and 

magnetic properties.311,312 The structure consists of alternating layers containing chains of edge-

sharing MnIIO6 octahedra and layers of corner-sharing MnIIO6 octahedra. The two types of layers 

are connected through succinate-based carboxylate groups with an interlayer separation of ca. 7.5 

Å (see Figure 8.26). Interestingly, this framework features two magnetic structures. Specifically, 
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the chains of edge-sharing MnIIO6 octahedra 

order antiferromagnetically at 10 K, where 

MnIIO6 octahedra in individual chains are 

ferromagnetically coupled. At 6 K, the layers 

of corner-sharing MnIIO6 octahedra order 

antiferromagnetically, and the lower ordering 

temperature for these layers is consistent with 

their longer nearest-neighbor superexchange 

pathway (see Figure 8.26, bottom). Notably, 

the magnetic orders of the two distinct layers 

are essentially independent of each other. 

The two antiferromagnetic phases undergo 

further transitions under high applied dc fields, demonstrating the complex magnetic behavior of 

this succinate-based framework. 

While frameworks featuring the 2,2-dimethylsuccinato ligand favor 2D layered 

structures,307,313 frameworks incorporating 2,3-dimethylsuccinate can either form 2D or 3D 

structures depending on the choice of isomer for the succinato ligand.314 For instance, the chiral 

isomers (D and L) prefer an arrangement with the methyl and carboxylate groups gauche to the 

neighboring functional groups of the same type, favoring the formation of layered structures, 

whereas the meso-ligand prefers to adopt trans geometry, which reduces the steric hindrance and 

favors 3D structures (see Figure 8.27, top). Only frameworks containing the meso-ligand exhibit 

long-range magnetic order.314 The 3D framework MnII(meso-2,3-dmsucc) (meso-2,3-dmsucc2− = 

 

Figure 8.26 Crystal structure of MnII(succ), as viewed 

along the crystallographic c (top) and a axis (bottom), 

highlighting the alternating edge-sharing and corner-

sharing layers of MnIIO6 octahedra in blue and green, 

respectively. Magenta octahedra represent MnIIO6 

units, whereas red and gray spheres represent O and C 

atoms, respectively; H atoms are omitted for clarity. 
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meso-2,3-dimethylsuccinate) orders as a low-dimensional antiferromagnet with TN = 50 K, as 

determined by the broad feature observed in a plot of χM vs T. Similar behavior was observed for 

2D frameworks based on 2,2-dimethylsuccinate, albeit those compounds display much lower 

ordering temperatures.307,313 The significantly higher value of TN for MnII(meso-2,3-dmsucc) 

suggests that stronger magnetic exchange is achieved between edge-sharing MnIIO6 octahedra (see 

Figure 8.27, top and center) than corner-sharing octahedra. Furthermore, the degree of corrugation 

plays a critical role in determining the strength of magnetic interactions in these frameworks. For 

instance, the analogous hydrated compound MnII(meso-2,3-dmsucc)(H2O)·H2O exhibits a 3D 

structure with chains of edge- and corner-sharing MnIIO6 octahedra that are more corrugated than 

the edge-sharing chains in the structure for MnII(meso-2,3-dmsucc) (see Figure 8.27, bottom), and 

this compound orders as a 3D antiferromagnet with TN = 7 K.314 The higher magnetic 

dimensionality and lower ordering temperature for the hydrated framework suggests weaker 

intrachain but stronger interchain interactions compared to the anhydrous compound.  

The isostructural CoII congener of the anhydrous MnII framework further illustrates the weak 

interchain interactions in these succinate-based frameworks. This compound exhibits 3D 

antiferromagnetic order with TN = 6 K in low magnetic fields, but undergoes a transition to a 

ferromagnetic-like state under applied fields above 1400 Oe.314 Note that the ferromagnetic state 

arises from ferromagnetic nearest-neighbor interactions, consistent with the Goodenough-

Kanamori rules for d7 metal centers and a CoII–O–CoII superexchange angle of 86.00(7)°.298,299 In 

contrast, the intrachain interactions are antiferromagnetic for the MnII frameworks.  

One of the first reported transition metal frameworks with mixed linear dicarboxylato ligands 

is the compound CoII
6(OH)2(succ)4(adip)(H2O)4·5H2O (succ2− = succinate; adip2− = adipate), 
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which features succinato, adipato, and 

hydroxo bridging ligands.315 As the 

other hydroxo-containing succinate 

frameworks discussed in this section, 

this network represents a borderline case 

of a MOF. Hydroxo- and succinato-

ligands provide intralayer connectivity, 

while the adipato ligands link adjacent 

layers together. This compound exhibits 

significant spin frustration, as assessed 

by a comparison between the Weiss 

constant (θ = −34.9 K for data above 40 

K) and the magnetic ordering 

temperature (TN = 2.2 K), affording a 

value of f = |θ|/TN ≈ 16. In contrast, the 

2D MnII framework 

MnII
2(succ)(adip)(H2O)4·2H2O features 

no MnII–O–MnII connectivity.315 Rather, 

the structure is comprised of distorted 

MnIIO6 octahedra that are arranged into 

dimers, which are connected via O–C–O carboxylate bridges from succinate ions in one direction 

and adipato ligands in a second direction. Despite the lack of an inorganic subnetwork, this 

 

Figure 8.27 Crystal structure of MnII(meso-2,3-dmsucc), as 

viewed along the crystallographic c (top) and b axis 

(center), highlighting the trans geometry for the meso-2,3-

dmsucc2− ligand and the relatively flat edge-sharing layers, 

respectively. Bottom: Crystal structure of MnII(meso-2,3-

dmsucc)(H2O)·H2O, as viewed along the crystallographic a 

axis, highlighting the corrugated layers of edge- and corner-

sharing MnIIO6 octahedra. Magenta octahedra represent 

MnIIO6 units, whereas red and gray spheres represent O and 

C atoms, respectively; H atoms and solvent molecules are 

omitted for clarity. 
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compound exhibits long-range antiferromagnetic order with a similar ordering temperature of TN 

= 2.1 K. In sum, frameworks featuring a mixture of succinato and adipato bridging ligands possess 

significantly different architectures than those that only contain one of these ligands. Accordingly, 

the magnetic properties are drastically different for these families of compounds. 

8.3.5.4 Glutarate Compounds 

Two glutarate-bridged frameworks have been reported to exhibit permanent magnetic 

behavior.316,317 The compound NiII
20(glu)20(H2O)8·40H2O (glu2− = glutarate) (MIL-77) is a 3D 

inorganic framework built up from edge-sharing NiIIO6 octahedra bridged by glutarato and aquo 

ligands.316 The NiIIO6 octahedra are connected into corrugated twenty-membered rings (see Figure 

8.28, top) that intersect each other to generate crossing channels, which are occupied by the organic 

backbone of glutarato ligands along with H2O lattice molecules. Upon heating, the lattice H2O 

molecules can be reversibly removed without significant structural changes, affording a porous 

structure with a Brunauer–Emmett–Teller (BET) surface area of 346(10) m2 g−1. This framework 

behaves as a ferromagnet below 4 K. Such ferromagnetic exchange interactions are in accord with 

edge-sharing NiIIO6 octahedra, and the low value of TC for this compound was explained by the 

significant deviations of the NiII–O–NiII superexchange angles (97.1(4)–99.9(4)°) from the ideal 

90° angle.298,299 

The other glutarate-based framework magnet is CoII(glu) (glu2− = glutarate). This 3D 

framework features exclusively three-atom syn–anti O–C–O carboxylate bridges between 

tetrahedral CoIIO4 units.317 The structure displays pseudo-2D square layers that are linked through 

the alkyl chains of glutarate (see Figure 8.28, bottom). One noticeable feature of the structure is 

that the glutarato ligands possess two different conformations, gauche and anti forms. This 
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framework displays long-range 

antiferromagnetic order with TN = 14 K, 

where the dominant pathway for magnetic 

interactions is through the CoII–O–C–O–CoII 

linkages within the square-grid layers. 

8.3.5.5 Adipate, Pimelate, and Sebacate- 

Compounds 

Several frameworks featuring 

dicarboxylates with longer linear alkyl chains 

have been found to order magnetically below 

20 K.315,318–320 The compounds CoII(adip) 

(adip2− = adipate)315,318 and CoII(pim) (pim2− 

= pimelate)319 (MIL-36) display analogous 3D 

structures as CoII(glu) (glu2− = glutarate), with 

layers of carboxylato-bridged CoIIO4 

tetrahedra that are linked through the alkyl 

chains of the carboxylato ligands along the 

third direction. The carboxylate groups on 

either end of the adipato ligand adopt a syn 

configuration, while those of the pimelato ligand possess an anti configuration. This is in contrast 

to the mixture of anti and gauche conformations found in the glutarate-based framework. The 

CoII(adip) framework orders antiferromagnetically below 10 K,318 whereas CoII(pim) exhibits 

 

Figure 8.28 Top: Crystal structure of the corrugated 

twenty-membered ring in NiII
20(glu)20(H2O)8·40H2O, 

comprised of two distinct NiIIO6 octahedra 

represented in indigo and teal. Bottom: Crystal 

structure of CoII(glu), as viewed along the 

crystallographic c axis, highlighting the square-grid 

layers with syn–anti O–C–O carboxylate bridges 

between CoIIO4 tetrahedra. Purple, red, and gray 

spheres represent Co, O, and C atoms, respectively; H 

atoms and selected C atoms are omitted for clarity. 
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canted antiferromagnet order with TN = 20 K. Indeed, the latter compound displays an open 

magnetic hysteresis loop at 4.2 K, indicative of a weak ferromagnetism that is consistent with a 

canted spin structure.319 

The 3D framework CoII
4(OH)2(seba)3 (seba2− = sebacate) is comprised of inorganic chains that 

are linked by sebacato ligands through linear alkyl chains of ten carbon atoms.320 The inorganic 

chains are made up of CoIIOx (x = 5, 6) polyhedra that are connected by carboxylato O atoms and 

μ3-OH ligands (see Figure 8.29, top left). The magnetic properties for this framework are 

dominated by intrachain CoII–O–CoII superexchange interactions, as the intrachain CoII···CoII 

 
Figure 8.29 Left: Crystal structure of CoII

4(OH)2(seba)3, as viewed along the crystallographic c (top) and 

b axis (bottom), highlighting the structure of the inorganic chains with CoIIO5 and CoIIO6 polyhedra 

represented in teal and purple (top), respectively, and the connectivity between chains (bottom). Purple, 

red, and gray spheres represent Co, O, and C atoms, respectively; H atoms are omitted for clarity. Right: 

Variable-temperature ac magnetization data for CoII
4(OH)2(seba)3, collected under zero applied dc field at 

frequencies from 10 to 10,000 Hz (black to orange). Reprinted with permission from ref. 320. Copyright 

2012 American Chemical Society. 
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distances of 3.040–3.857 Å are much shorter than the interchain distances that range from 11.44 

to 20.77 Å (see Figure 8.29, bottom left). Specifically, this compound exhibits both 3D long-range 

canted antiferromagnetic order and slow magnetic relaxation below 5.4 K. The canted 

antiferromagnetic order was postulated to be the result of uncompensated antiferromagnetic 

interactions within the CoII chains, whereas the slow dynamic behavior under zero applied dc field 

was hypothesized to stem from domain-wall motion (see Figure 8.29, right). A fit of the Arrhenius 

plot of relaxation time for the frequency range 10–5000 Hz afforded a relaxation barrier of Δτ = 

47(1) cm−1 and a pre-exponential factor of τ0 = 1.4 × 10−11 s, consistent with values reported for 

single-chain magnets.126 As such, the unique magnetic properties for CoII
4(OH)2(seba)3 arise from 

the combination of strong magnetic interactions within the 1D inorganic subnetwork and poor 

magnetic communication through the long sebacato ligands, highlighting that the length of the 

dicarboxylato bridging ligands plays an important role in determining magnetic behavior for this 

class of compounds. 

8.3.5.6 Carboxylates with Additional Functional Groups 

Several magnets have been reported that feature carboxylato ligands with additional functional 

groups, including NH2, OH, and SH.304,321–326 One such compound is CoII
2(L-asp)2(4,4′-

bpy)·1.5H2O (L-asp2− = L-aspartate; 4,4′-bpy = 4,4′-bipyridine),321 a 3D chiral framework 

comprised of corrugated square-grid layers of CoII ions connected via O–C–O bridges of aspartato 

ligands. Each CoII center resides in a distorted octahedral coordination environment, with the axial 

positions occupied by one aspartate N atom and one N atom from 4,4′-bipyridine, which link 

adjacent layers. The lattice H2O molecules can be removed without altering the structure to create 

a porous network that exhibits a relatively high affinity toward H2 molecules but is unable to adsorb 
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N2. This discrepancy was ascribed to the 

small pores in the framework. The hydrated 

framework exhibits spontaneous weak 

magnetization below 14 K, which was 

ascribed to 3D long-range canted 

antiferromagnetic order. This interpretation 

was supported by a negative Weiss constant 

of θ = −7.68 K (from data between 25 and 

300 K), indicating overall antiferromagnetic 

interactions between CoII centers. 

Furthermore, spin-canted weak 

ferromagnetism is frequently observed for 

non-centrosymmetric structures featuring 

aniosotropic CoII ions.210,327 

Another framework that is comprised of 

carboxylato-bridged layers that are 

connected by 4,4′-bipyridine ligands is the 

compound CoII
2(hypa)2(4,4′-bpy)·1.5H2O (hypa2− = 2-hydroxy-2-phenylacetate; 4,4′-bpy = 4,4′-

bipyridine).322 This 3D framework contains dimeric CoII subunits, in which pentacoordinated CoII 

ions are bridged by two alkoxy O atoms from distinct hypa2− ligands. The dimers are connected 

via syn–anti O–C–O carboxylate bridges into neutral layers (see Figure 8.30). This framework 

orders antiferromagnetically with TN = 15.2 K. The dominant magnetic exchange pathway is 

 

Figure 8.30 Crystal structure of CoII
2(hypa)2(4,4′-

bpy)·1.5H2O, highlighting the dimeric CoII
2 subunit 

(top) and the acetato-bridged layer viewed along the 

crystallographic a axis (bottom). Purple polyhedra 

represent CoIINO4 units. Purple, red, blue, and gray 

spheres represent Co, O, N, and C atoms, respectively; 

H atoms and solvent molecules are omitted for clarity. 
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between CoII ions in the dimers, and strong antiferromagnetic superexchange interactions are in 

accord with a CoII–OII–CoII angle of 99.89(6)°.298,299 Exchange interactions via the syn–anti O–C–

O carboxylate bridges are also potentially antiferromagnetic; however, the long interlayer 

CoII···CoII distance of 11.191(1) Å suggests that magnetic interactions through 4,4′-bipyridine are 

extremely weak, thereby leading to overall 2D antiferromagnetic characteristics for this 

framework. 

A few magnetic frameworks featuring the OH-functionalized malato ligand have been 

reported.323 For instance, the compound MnII(L-ma)(H2O) (L-ma2− = L-malate) is a chiral 3D 

framework comprised of distorted MnIIO6 octahedra connected through O–C–O carboxylate 

bridges.323 It exhibits long-range antiferromagnetic order with TN = 3.5 K, and the curvature of M 

vs H data at 1.8 K suggests a spin-flop transition at high magnetic fields. Achiral frameworks with 

a similar 3D structure were obtained when a racemic mixture of malato ligands was used instead 

of the chiral L-malate dianion. Both the CoII framework CoII(rac-ma)(H2O)·H2O (rac-ma2− = 

racemic mixture of D and L malate) and the isostructural NiII framework NiII(rac-ma)(H2O)·H2O 

exhibit ferromagnetic order with TC = 1.63(1) and 2.7 K, respectively.323 The occurrence of 

ferromagnetic interactions for the achiral frameworks is not directly obvious, but may result from 

slight changes in the angles between metal centers, which may affect the MII–O–C–O–MII 

exchange coupling. Note, however, that spin-canted antiferromagnetic interactions cannot be ruled 

out, and further experiments are needed to deduce the magnetic structure of these frameworks. 

The tartrate-based frameworks MII(L-tart) (MII = MnII, NiII; L-tart2− = L-tartrate) constitute 

another series of chiral magnets.324 These frameworks are built up from pseudo-tetragonal layers 

of distorted MIIO6 octahedra bridged by syn–anti carboxylates. The layers are held together by the 
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backbone of the tartrato ligands to give overall 3D structures. Notably, the chirality of the tartrato 

ligand imposes all metal centers to adopt a Δ conformation. For the MnII framework, nearest-

neighbor interactions within the layers are antiferromagnetic, but canting of the spins leads to a 

net magnetic moment. Accordingly, this compound behaves as a canted antiferromagnet below TN 

= 3.3 K and exhibits a magnetic hysteresis loop with a coercive field of Hc = 450 Oe at 2 K. The 

NiII congener shows a more complicated magnetic behavior, exhibiting three distinct types of 

ordered states. In particular, it orders antiferromagnetically below TN = 6 K in low magnetic fields, 

owing to antiferromagnetic coupling between ferromagnetic layers, and then undergoes a 

transition to a ferromagnetic-like state below 4.5 K under an applied field above 3000 Oe. This 

field-dependent magnetic behavior is typical for a metamagnet. In addition, an unusual second 

magnetic transition to a spin-canted antiferromagnetic phase occurs at lower applied fields.  

In contrast to the malate- and tartrate-based frameworks discussed above, which contain 

dianionic carboxylato ligands with protonated hydroxyl groups, the framework CoII
2(O-ma)(4-

pyc)·2H2O (O-ma3− = 2-oxidosuccinate; 4-pyc− = 4-pyridinecarboxylate) features trianionic 

malato ligands with deprotonated hydroxyl groups.304 This 3D framework consists of layers of 

distorted CoIINO5 octahedra and CoIIO5 trigonal bipyramids connected by malato ligands through 

μ2-alkoxy and μ2-carboxylato O atoms (CoII–O–CoII) together with O–C–O carboxylate bridges. 

These layers are linked by 4-pyridinecarboxylato ligands to give saddle-like 1D channels (see 

Figure 8.31). Upon heating in vacuum at 200 °C, the lattice H2O molecules can be removed without 

significant structural changes. Moreover, other guest molecules, including MeOH and HCONH2, 

can be introduced into the framework via a single-crystal-to-single-crystal process to give 

isostructural compounds.  
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These frameworks display geometrical 

frustration due to multiple exchange 

pathways between adjacent metal centers 

(see Figure 8.31, top). Antiferromagnetic 

interactions, primarily arising from 

intralayer interactions, are dominant, as 

evidenced by negative Weiss constants (θ). 

Nevertheless, interlayer interactions cannot 

be neglected and the frameworks CoII
2(O-

ma)(4-pyc)·2H2O, CoII
2(O-ma)(4-

pyc)·MeOH, and CoII
2(O-ma)(4-

pyc)·HCONH2 order as canted 

antiferromagnets with TN = 8, 3.6, and 3.6 K, 

respectively. Note, however, that only 

CoII
2(O-ma)(4-pyc)·2H2O shows a clear 

evidence for a long-range magnetic order. Furthermore, while CoII
2(O-ma)(4-pyc)·2H2O shows a 

weak spin glass behavior below the ordering temperature, CoII
2(O-ma)(4-pyc)·MeOH and CoII

2(O-

ma)(4-pyc)·HCONH2 exhibit metamagnetic behaviors. This discrepancy may be due to more 

pronounced spin frustration in the latter two compounds. Indeed, the degree of frustration in these 

systems, as quantified through the parameter f = |θ|/TN, increases as the guest is varied from H2O 

to MeOH to HCONH2, suggesting that different host–guest hydrogen bonding interactions affect 

geometrical frustration behavior, magnetic exchange, and spin canting in this family of magnetic 

 

Figure 8.31 Crystal structure of CoII
2(O-ma)(4-

pyc)·2H2O, showing the coordination environments of 

the CoII centers (top) and the 3D connectivity along the 

crystallographic b axis (bottom). Purple polyhedra 

represent CoIIO5 and CoIINO5 units. Purple, blue, red, 

and gray spheres represent Co, O, N, and C atoms, 

respectively; H atoms and solvent molecules are 

omitted for clarity.  
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MOFs. 

An example of a framework that contains a mixture of carboxylato ligands with protonated 

and deprotonated hydroxyl groups is the citrate-based MOF KCoII
3(cit)(O-cit)(H2O)2·8H2O (cit3− 

= citrate; O-cit4− = 2-oxidopropane-1,2,3-tricarboxylate).325 This framework is built up from 

tetrahedral CoII ions as trigonal nodes and tetranuclear CoII
4 clusters as octahedral nodes to give a 

3D network of (3,6)-connected anatase topology. The magnetic behavior of this framework is 

sensitive to applied magnetic field and is characteristic of a canted antiferromagnet with a canting 

angle of 28.9°. Ac susceptibility measurements revealed an onset of a frequency-dependent signal 

in the plot of χM′′ vs T, but no peak was observed above 2 K, indicating a short-range order. 

Nevertheless, a magnet-type behavior was demonstrated by an open magnetic hysteresis loop at 2 

K, with a coercive field of Hc = 20 Oe and a remanent magnetization of Mr = 92 Oe cm3 mol−1. 

Remarkably, the magnetic properties for this framework were largely retained after removal of the 

lattice H2O molecules and the dehydrated framework was the first MOF to exhibit both 

microporosity and spin-canted antiferromagnetism. 

8.3.5.7 Cyclic Multi-Carboxylate Compounds 

Frameworks bearing cyclic multi-carboxylato ligands can also exhibit interesting magnetic 

properties. For instance, using camphoric acid as a bridging ligand in conjunction with 1,4-di-(1-

imidazolylmethyl)benzene (1,4-dimb) afforded a series of chiral isostructural frameworks with the 

formula MII
2(D-ca)2(1,4-dimb) (MII = NiII and/or CoII; D-ca2− = D-camphoric acid dianion) that 

behave as antiferromagnets or canted antiferromagnets with TN = 8.0–19.5 K.328 These frameworks 

feature dimeric paddlewheel building units that are connected into undulating (4,4) layers through 

carboxylato ligands, which are further linked by 1,4-di-(1-imidazolylmethyl)benzene molecules to 
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give non-interpenetrating 3D networks. The magnetic properties for the NiII
2 framework are most 

consistent with canted antiferromagnetic order below 19.5 K along with spin glass behavior, which 

was hypothesized to arise from metal ion disorder or defects in the crystal structure. The observed 

spin canting was attributed to high single-ion anisotropy and/or Dzyaloshinskii–Moriya 

antisymmetric exchange interaction that is symmetry-allowed due to the chirality of the 

structure.213,214 Similar strong intradimer antiferromagnetic interactions are present in the CoII
2 

congener, however, this compound exhibits long-range antiferromagnetic order with TN = 8 K and 

field-induced spin-flop behavior under an applied field above ca. 3 T. Furthermore, analogous 

mixed-metal frameworks demonstrated that the ordering temperature, coercive field, and remanent 

magnetization for this series of compounds can be tuned through metal ion modulation.328  

The squarate dianion is another example of a cyclic dicarboxylate that can be employed to 

construct magnetic frameworks. The compound MnII
2(OH)2(squ) (squ2− = squarate) consists of 

chains of hydroxo-bridged edge-sharing triangles of MnII ions in distorted octahedral geometry 

(see Figure 8.32, top). The chains are linked by squarate dianions into a 3D network.329–331 This 

framework displays long-range antiferromagnetic order with TN = 12.5 K, and its magnetic 

properties and structure have been deduced from neutron diffraction and muon spin relaxation 

studies.329,330 The magnetic structure consists of two offset coparallel chains, with the spins aligned 

antiparallel along each chain. Systems comprised of approximately equilateral triangles are 

frequently subjected to spin frustration. However, no such frustration was observed for 

MnII
2(OH)2(squ). This surprising observation was attributed to the slight deviation from ideal 

equilateral symmetry, as evidenced by the variation in the MnII–O–MnII angles from 96.8(3) to 

105.4(3)°.  
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In contrast, the 3D framework 

CoII
3(OH)2(squ)2·3H2O that consists of 

brucite-like ribbons formed from similar 

equilateral triangles (see Figure 8.32, bottom) 

displays complicated magnetic behavior 

attributed to geometrical frustration.332–334   

Notably, despite only small structural changes 

between the hydrated and anhydrous networks, 

drastic changes in magnetic properties were 

observed.333,334 This discrepancy was 

speculated to be due to stronger 

antiferromagnetic interactions between the 

ferromagnetic ribbons in the hydrated 

compound, facilitated by hydrogen-bonded 

H2O molecules.  

One example of a squarate-based 

framework with magnetic properties that are not dominated by M–O–M superexchange 

interactions is the compound FeII
3(OH)3(squ)1.5, which features FeII ions that are bridged by 

squarate dianions adopting μ1,2 and μ1,3 binding modes in all three dimensions.335 This framework 

orders as a canted antiferromagnet with TN = 5.2 K, demonstrating that the squarate dianion can 

mediate strong magnetic interactions between metal centers even in the absence of M–O–M 

coupling pathways. Note, however, that the magnetic ordering temperatures for the frameworks 

 

Figure 8.32 Crystal structures of MnII
2(OH)2(squ) 

(top) and CoII
3(OH)2(squ)2·3H2O (bottom), 

highlighting the hydroxo- and squarato-bridged 

chain motifs. The metal centers are arranged in an 

array of nearly equilateral triangles in both 

compounds, as illustrated with the black lines. 

Purple, magenta, red, and gray spheres represent Co, 

Mn, O, and C atoms, respectively; H atoms, the 

backbone of the squarato ligands, and solvent 

molecules are omitted for clarity.  
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containing hydroxo-bridged chains are somewhat higher, in agreement with stronger interactions 

over shorter distances. 

In addition to these dicarboxylato-bridged frameworks, one example of an analogous species 

with cyclobutanetetracarboxylato linkers has been reported.336 The framework CoII
2(cbut)(H2O)3 

(cbut4− = 1,2,3,4-cyclobutanetetracarboxylate) contains chains of alternating doubly and triply 

bridged distorted octahedral CoII ions through μ2-carboxylato O atoms, syn–syn O–C–O 

carboxylate groups, and μ2-H2O molecules. These chains are linked into layers by a third type of 

CoIIO6 octahedron via syn–anti and anti–anti O–C–O carboxylate bridges, and the layers are 

connected through the backbone of the organic ligand into a 3D structure (see Figure 8.33). The 

framework exhibits long-range antiferromagnetic order with TN = 5.0 K. Furthermore, it displays 

metamagnetic behavior, as an application of a magnetic field greater than 1500 Oe is sufficient to 

overcome weak interlayer antiferromagnetic interactions and give a ferrimagnetic state. Analysis 

of the magnetic structure by neutron diffraction revealed that significant ferromagnetic interactions 

are present between CoII ions within the chains, as expected for CoII–O–CoII exchange pathways 

with angles of 96.1–96.8° and syn–syn O–C–O carboxylate bridges.1,298,299 The CoII centers in the 

chains are antiferromagnetically coupled to the isolated CoII ions, resulting in uncompensated 

ferrimagnetic layers. Weak antiferromagnetic interactions between the layers through the long 

cyclobutanetetracarboxylato ligands (ca. 7.0 Å) facilitate the long-range magnetic order. 

8.3.5.8 Cyclohexanecarboxylate Compounds 

Compounds with linkers based on a cyclohexane core comprise a related class of frameworks. 

These ligands exhibit greater chemical tunability and less steric strain than those bearing four- and 
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five-membered rings discussed above. Specifically, the cyclohexane core can adopt boat and chair 

conformations, with up to six carboxylate groups on its backbone able to coordinate metal centers 

in cis or trans configurations. For instance, trans-1,2-cyclohexanedicarboxylate (trans-1,2-chdc2−) 

has been employed as a ligand to support triangular arrays of [CoII
3(μ3-OH)2]

4+ units featuring 

CoIIO4 tetrahedra and CoIIO6 octahedra and thus afford a Kagomé-like lattice.337 The resulting 

compound CoII
3(OH)2(trans-1,2-chdc)2 displays an inorganic-organic sandwich structure, with the 

cyclohexane rings decorating the 2D layers that are held together by weak van der Waals 

interactions. For the reasons outlined above for the hydroxo-succinato networks, this species 

represents a borderline example of a MOF. Nevertheless, it exhibits the coexistence of spin 

frustration (f = |θ/TN| = 7.3) and long-range spin-canted antiferromagnetic order with TN = 11 K. 

 

Figure 8.33 Crystal structure of CoII
2(cbut)(H2O)3, as viewed along the crystallographic b axis (left), 

highlighting the structure of the chain motif (top right) and the connectivity of the chains into layers 

through distinct CoIIO6 octahedra (bottom right). Purple octahedra represent CoIIO6 units. Purple, red, and 

gray spheres represent Co, O, and C atoms, respectively; H atoms are omitted for clarity.  
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Distortion of the [CoII
3(μ3-OH)2]

4+ triangles, owing to different types of CoII polyhedra and 

exchange pathways, was posited to weaken the spin frustration expected for an ideal Kagomé 

lattice system and thus lead to a canted spin structure. In addition, the occurrence of long-range 

order was attributed to dipolar interactions between the canted inorganic layers.  

A framework of dramatically different topology was formed upon treating NiII ions with cis-

1,4-cyclohexanedicarboxylate (cis-1,4-chdc2−) in the presence of hydroxide ions. The resulting 

compound NiII
3(OH)2(cis-1,4-

chdc)2(H2O)4·2H2O is made up of linear 

chains of pairs of edge-sharing distorted 

NiIIO6 octahedra that are connected through 

their apexes to distinct distorted NiIIO6 

octahedra via μ3-OH and carboxylate groups 

(see Figure 8.34, bottom).338 The chains are 

further connected through syn–syn O–C–O 

bridges in a propeller blade fashion to give a 

3D network with narrow channels (see 

Figure 8.34, top). This framework exhibits 

guest-dependent magnetic properties, as it 

can switch from a ferrimagnet with Tc = 2.1 

K to a ferromagnet with TC = 4.5 K upon 

partial desolvation. Powder X-ray diffraction 

analysis suggested subtle structural changes 

 

Figure 8.34 Crystal structure of NiII
3(OH)2(cis-1,4-

chdc)2(H2O)4·2H2O, as viewed along the 

crystallographic a axis (top), highlighting the structure 

of the linear chains (bottom) featuring two distinct 

NiIIO6
 octahedra (teal and indigo). Red and gray 

spheres represent O and C atoms, respectively; H 

atoms and solvent molecules are omitted for clarity. 
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upon dehydration that are not fully reversible upon rehydration, although the magnetic properties 

are largely restored. The ferrimagnetic behavior of the hydrated framework was explained by 

ferromagnetic interactions between the edge-sharing NiII ions and weaker antiferromagnetic 

coupling between corner-sharing NiII centers, affording overall ferrimagnetic chains. At low 

temperatures, weak through-bond and/or dipolar interchain interactions were postulated to become 

important and afford a ferrimagnetic ordered state. Note that a framework of similar structure 

featuring trans-1,4-cyclohexanedicarboxylate (trans-1,4-chdc2−) bridging ligands does not exhibit 

long-range magnetic order above 2 K. The difference in magnetic properties between the two 

frameworks was speculated to be due to larger cavities in the framework featuring the trans isomer 

of the ligand, resulting in weaker interchain interactions.338  

Frameworks with related inorganic chain structures were formed when cyclohexane-based 

bridging ligands bearing three carboxylate groups are employed. In particular, the compound 

CoII
3(cis,cis-1,3,5-chtc)2(H2O)4·5H2O (cis,cis-1,3,5-chtc3− = cis,cis-1,3,5-

cyclohexanetricarboxylate) features chains of similar trimeric structural units as the NiII 

framework described above, albeit the chains are arranged in a zigzag rather than linear fashion 

and bridged by μ3-H2O molecules instead of hydroxo groups.339 The value of χMT for this 3D 

framework shows an abrupt increase below 4 K, in this case assigned to the onset of ferrimagnetic 

order. This behavior was attributed to antiferromagnetic interactions within the trimeric subunits, 

leading to an uncompensated magnetic moment within each chain.  

The neutral 3D framework CoII
3(chhc)(H2O)6 (chhc6− = trans,trans,trans,trans,trans-

1,2,3,4,5,6 cyclohexanehexacarboxylate) features a cyclohexanehexacarboxylato ligand with the 

carboxylate groups adopting a trans arrangement with one another.340 The framework consists of 
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CoII ions in an octahedral geometry that are connected by μ1,3-carboxylato ligands adopting a syn–

anti bridging mode. From the viewpoint of magnetic superexchange pathways, the framework can 

be described as a quasi-regular 3D tetrahedral network. Magnetic studies revealed an 

antiferromagnetic order with TN = 3.0 K, owing to antiferromagnetic interactions between the CoII 

centers through the syn–anti carboxylate bridges. Moreover, field-dependent measurements 

indicated that the antiferromagnetic interactions are overcome by an external field above 1.5 T, 

characteristic of a metamagnetic behavior.  

Finally, note that all the foregoing frameworks bearing cyclohexanecarboxylato ligands 

magnetically order below 12 K. These ordering temperatures are much lower than that of a porous 

layered CoII hydroxide framework with trans-1,4-chdc2− ligands linking the layers, which orders 

as a ferrimagnet with Tc = 60.5 K.63 This comparison highlights that length, angle, type, and 

number of superexchange interactions all play a critical role in determining the magnetic coupling 

strength and thus the ordering temperature of framework materials.   

8.3.5.9 Benzenecarboxylate Compounds 

Benzenepolycarboxylate derivatives have been used extensively in the construction of 

frameworks for a vast array of applications.341–343 These rigid organic linkers feature delocalized 

π electrons that can mediate relatively strong magnetic interactions despite the long distance, and 

have therefore been shown to promote magnetic order in a number of cases. Specifically, 

frameworks bearing linkers comprised of an aromatic core, such as benzene, biphenyl, and 

terphenyl, functionalized with two to five carboxylate groups have been shown to behave as 

ordered magnets (see Figure 8.9).326,344–361 These frameworks are either homoleptic or feature 

additional coligands such as oxo, hydroxo, or pyridine derivatives. 
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The most common member of this family of ligands is 1,4-benzenedicarboxylate (1,4-bdc2−). 

Three MnII frameworks of formulas MnII(1,4-bdc)(H2O)2,
344 MnII

2(1,4-bdc)2(DMF)2,
345 and 

MnII
3(1,4-bdc)3(DEF)2

345 exhibit antiferromagnetic order with TN = 6.5, 4.2, and 4.3 K, 

respectively. The latter two compounds display considerable spin glass behavior, which can be 

attributed to strong intrachain coupling and very weak interchain interactions. This magnetic 

behavior can be well understood from considerations of their crystal structures. Namely, the 

structure of MnII
2(1,4-bdc)2(DMF)2 is comprised of MnII

4O20 tetrameric building units that are 

linked into chains through O–C–O carboxylate bridges. These chains are then connected into a 3D 

network with 1D channels through the backbone of 1,4-benzenedicarboxylato ligands. The 

compound MnII
3(1,4-bdc)3(DEF)2 features a similar chain-like structure, except the chains consist 

of MnIIO6 octahedra that share both corners and edges.345 Despite the MnII–O–MnII connectivity 

along the chains, which should strengthen the magnetic interactions, the magnetic ordering 

 

Figure 8.35 Crystal structures of VIII(OH)(1,4-bdc)·0.75(1.4-H2bdc) (left; MIL-47as) and VIV(O)(1,4-bdc) 

(right; MIL-47), as viewed along the crystallographic b axis, highlighting the rectangular 1D channels. 

Green octahedra represent VO6 units. Red and gray spheres represent O and C atoms, respectively; H atoms 

and guest molecules are omitted for clarity.  
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temperature for this framework is nearly identical to that of MnII
2(1,4-bdc)2(DMF)2. This 

observation strongly suggests that interchain interactions are responsible for the occurrence of 

long-range order in these compounds. To compare, the structure of MnII(1,4-bdc)(H2O)2 is built 

up from layers of isolated MnIIO6 octahedra that are connected via O–C–O carboxylate bridges. 

The layers are further linked through the aromatic backbone of the dicarboxylato ligands.344 Taken 

together, the low magnetic ordering temperatures for these frameworks illustrate the modest 

magnetic interactions mediated between MnII ions via 1,4-benzenedicarboxylato bridging ligands. 

In contrast, 3D frameworks constructed from corner-sharing chains of VIIIO6 or CrIIIO6 

octahedra that are linked via O–C–O bridges through the backbone of 1,4-benzenedicarboxylato 

ligands display much higher ordering temperatures.346–348 Specifically, the VIII-based framework 

VIII(OH)(1,4-bdc)·0.75(1.4-H2bdc) (MIL-47as) features hydroxo-bridged VIIIO6 chains and orders 

as an antiferromagnet with TN = 95(5) K (see Figure 8.35, left). Indeed, this compound exhibits 

the highest ordering temperature yet reported for a MOF with diamagnetic linkers. The large 

negative Weiss constant of θ = −186(4) K (for data between 180 and 300 K) suggests dominant 

antiferromagnetic interactions at high temperatures.346 This is consistent with a VIII–O–VIII 

superexchange angle of 124.0(2)° that is far from 180°, which would favor strong ferromagnetic 

interactions according to the Goodenough–Kanamori rules.298,299,362 As such, antiferromagnetic 

intra- and interchain interactions are anticipated. Notably, when this framework is heated to 300 

°C, the terephthalic acid guest molecules are removed from the pores of the framework and 

oxidation of VIII to VIV ions occurs, giving the compound VIV(O)(1,4-bdc) (MIL-47). This 

framework exhibits very similar structure to MIL-47as, where the vertices in the 1D chains are 

oxo groups instead of hydroxo ligands (see Figure 8.35, right). Furthermore, the V–O–V 
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superexchange angle of 129.4° is slighty larger and the 1D channels have a more rectangular shape 

compared to those in MIL-47as (10.5 × 11.0 Å2 for MIL-47 vs 7.9 × 12.0 Å2 for MIL-47as) (see 

Figure 8.35). The activated framework displays permanent porosity with Brunauer–Emmett–

Teller (BET) and Langmuir surface areas of 930(30) and 1320(2) m2 g−1, respectively. Moreover, 

MIL-47 exhibits similar antiferromagnetism as MIL-47as, albeit with a lower ordering temperature 

of 75(5) K that was ascribed to weaker interactions between VIV (d1) ions than VIII (d2) ions.346  

The compound CrIII(OH)(1,4-bdc)·0.75(1.4-H2bdc) (MIL-53as) is isostructural to MIL-47as, 

with CrIII ions replacing the VIII centers. This framework exhibits analogous antiferromagnetic 

behavior with TN = 65 K. Removal of the terephthalic acid guest molecules is accomplished by 

heating at 300 °C to afford CrIII(OH)(1,4-bdc) (MIL-53ht). This framework is highly hygroscopic 

and a compound of formula CrIII(OH)(1,4-bdc)·H2O (MIL-53lt) is formed when MIL-53ht is left 

under ambient conditions.347,348 All three compounds exhibit the same general 3D structure, but 

the pore sizes are considerably different, demonstrating the reversible breathing behavior of this 

framework. Notably, these CrIII-based networks were the first 3D CrIII dicarboxylate frameworks 

and the first microporous CrIII-based solids (the Langmuir surface area for MIL-53ht is over 1500 

m2 g−1). The hydrated framework MIL-53lt shows canted antiferromagnetic behavior with TN = 55 

K. The different magnetic properties for MIL-53 and MIL-53lt was proposed to arise from the 

different CrIII–O–CrIII superexchange angles in the two structures (121.5° vs 124.8°).348 

Compounds of formula MII
2(2,5-dobdc)(H2O)2·xsolvent (MII = MgII, MnII, FeII, CoII, NiII, ZnII; 

2,5-dobdc4− = 2,5-dioxido-1,4-benzenedicarboxylate) (MOF-74) represents a family of 

microporous frameworks that have been extensively studied owing to their excellent performance 

in gas separation applications.363–367 These frameworks are composed of inorganic chains of edge-
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sharing MIIO6 octahedra that are connected through the backbone of 2,5-dioxido-1,4-

benzenedicarboxylato ligands to give 3D networks of honeycomb topology with hexagonal 1D 

channels.349,350,363–367 Both coordinating H2O and non-coordinating solvent molecules can be 

reversibly removed, affording square-pyramidal metal centers with empty coordination sites, 

suitable for host–guest interactions. For MOF-74 frameworks featuring paramagnetic metal 

centers, such as MnII, FeII, CoII, and NiII, ferromagnetic interactions are present within the chains, 

but weak antiferromagnetic interchain interactions result in non-magnetic ground states. Notably, 

the desolvated FeII framework FeII
2(2,5-dobdc) displays guest-dependent magnetic properties. For 

instance, adsorption of olefins favors antiparallel alignment of spins within the inorganic chains. 

However, the FeII-based frameworks do not show any indication of long-range magnetic order.364–

367  

In contrast, the compound CoII
2(2,5-dobdc)(H2O)2·8H2O (CoII-MOF-74) exhibits 

antiferromagnetic order with TN = 8 K. The relatively weak antiferromagnetic interactions between 

adjacent chains can be overcome upon application of a magnetic field above 2.0 T, resulting in a 

transition to a ferromagnetic-like ordered state.349 Furthermore, while the NiII congener does not 

show long-range magnetic order above 2 K, the analoguos mixed-metal NiIIFeIII frameworks 

display ferrimagnetic long-range order, together with permanent porosity. Specifically, controlled 

doping with high-spin FeIII ions (S = 5/2) introduces antiferromagnetic interactions into the metal-

oxo chains, leading to coexisting antiferromagnetic and ferromagnetic intrachain coupling 

interactions. The ordering temperature for these frameworks can be modulated from 9.5 to 16.7 K 

upon varying the FeIII doping level from ca. 20 to 2%. These compounds behave as relatively soft 

ferrimagnets with coercive fields smaller than 1000 Oe at 2 K.350 
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Frameworks comprised of dimeric tetracarboxylate paddlewheel motifs of the general formula 

MII
2(COO)4 have also been studied extensively.368 In particular, frameworks featuring CuII

2 

paddlewheel building blocks have been found to exhibit interesting magnetic 

properties.351,352,369,370 For instance, the 

compound CuII
2(1,3,-bdc)2(py)2 (1,3-bdc2− = 

1,3-benzenedicarboxylate) is comprised of 

bowl-shaped triangular secondary building 

units, where CuII
2 dimers are positioned at 

the lattice points and are connected by 1,3-

benzenedicarboxylato ligands into a 

Kagomé-type 2D network with hexagonal 

channels (see Figure 8.36).351 It is well 

known that strong antiferromagnetic 

coupling between CuII centers within the 

paddlewheel units results in overall 

diamagnetic S = 0 dimers.300,371 As such, the 

observation of an open hysteresis loop at 5 K 

and apparent remanent magnetization at 

room temperature for the CuII
2(1,3,-

bdc)2(py)2 framework was surprising. 

Initially, the ferromagnetic-like behavior of 

this compound was attributed to a canted 

 

Figure 8.36 Crystal structure of CuII
2(1,3,-bdc)2(py)2, 

as viewed along the crystallographic c axis, 

highlighting the Kagóme-type network (top) and the 

paddlewheel CuII
2 building unit (bottom). Cyan 

polyhedra represent CuII
2N2O8 units. Cyan, red, blue, 

and gray spheres represent Cu, O, N, and C atoms 

respectively; H atoms are omitted for clarity. 
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spin structure arising from the geometrically frustrated antiferromagnetic state.351 However, this 

proposition was later questioned because a net spin is needed on each node to cause spin 

frustration, but the CuII
2 dimers do not possess a net spin.  

More recently, theoretical calculations have indicated that the spontaneous magnetization in 

this and related CuII
2(COO)4-based frameworks is caused by CuII vacancy point defects.352 

Specifically, the presence of CuII vacancies breaks the antiferromagnetic state in the CuII
2 dimers 

and creates quasi-localized spin states that interact ferromagnetically through itinerant π electrons 

in the conjugated aromatic ligands. Further analysis of the magnetic structure, for example through 

neutron diffraction, is needed to verify the origin of the ferromagnetic-like behavior of this CuII 

framework at low temperatures.  

Similarly, more detailed magnetic measurements are required to establish the presence and 

nature of long-range magnetic order for the framework CuII
3(1,3,5-btc)3(H2O)3 (1,3,5-btc3− = 

1,3,5-benzenetricarboxylate) (HKUST-1).369,370 This compound is comprised of analogous 

CuII
2(COO)4 paddlewheel building blocks as CuII

2(1,3,-bdc)2(py)2, and preliminary magnetic 

studies suggested weak ferromagnetic interactions between the antiferromagnetically coupled 

CuII
2 dimers.370 In contrast, a well-defined open magnetic hysteresis loop was observed at 5 K for 

the related compound CuII
2(bptc)(H2O)3(DMF)3 (bptc4− = 3,3′,5,5′-biphenyltetracarboxylate) 

(MOF-505), indicative of a ferromagnetic-like ordered state. Fits of the high-temperature dc 

magnetic susceptibility data to the Curie–Weiss law provided an estimate of TC = 11 K.352 Whether 

the long-range order in MOF-505 originates from spin canting or ferromagnetic interactions 

between point defects is still not clear. Notably, the two biphenyl groups and two carboxylate 

groups of each tetracarboxylato bridging ligand are coplanar to one another, providing a highly 
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conjugated π system able to mediate significant magnetic communication between metal 

centers.372 

Other examples of framework magnets featuring the 1,3,5-benzenetricarboxylato bridging 

ligand are the isostructural compounds K[CoII
3(1,3,5-btc)(1,3,5-Hbtc)2]·5H2O (MIL-45a) and 

K[CoII
2.25FeII

0.75(1,3,5-btc)(1,3,5-Hbtc)2]·5H2O (MIL-45b). These frameworks are comprised of 

undulating chains of edge- and corner-sharing MIIO6 octahedra that are linked into 3D networks 

through the backbone of carboxylato ligands in different protonation states. Magnetic 

measurements revealed that both compounds behave as ferromagnets below TC = 10 and 20 K for 

MIL-45a and MIL-45b, respectively, owing to ferromagnetic intra- and interchain interactions.353 

Several frameworks containing the tetracarboxylato linker 1,2,4,5-benzenetetracarboxylate 

(1,2,4,5-btec4−) have been found to exhibit long-range magnetic order.354–359 For example. the 

homoleptic frameworks MII
2(1,2,4,5-btec) (MII = MnII, FeII, CoII) are isostructural and consist of 

zigzag chains of edge-sharing MIIO6 octahedra that are bridged into layers via O–C–O linkages, 

and the layers are further connected through the backbone of the aromatic ligand to give the 3D 

networks.354,355 Both the MnII and FeII frameworks behave as antiferromagnets with TN = 18 and 

26 K, respectively. On the other hand, the CoII framework exhibits a complicated magnetic 

behavior with three magnetic grounds states at low temperatures. Specifically, this compound 

exhibits long-range collinear antiferromagnetic order at 16 K, becomes a canted antiferromagnet 

at 12 K under low applied magnetic fields, and then undergoes a field-induced transition to a 

ferromagnetic state at higher fields (H > 1500 Oe). A proposed mechanism for the long-range 

antiferromagnetic order for this family of frameworks is the presence of antiferromagnetic 

interactions between ferromagnetic (CoII) or antiferromagnetic (MnII, FeII) layers, as MII–O–MII 
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superexchange angles of ca. 104° can lead to either ferromagnetic or antiferromagnetic 

interactions.298,299 However, the reason for the observed spin canting for the CoII congener is still 

a mystery, as it can neither be explained by antisymmetric exchange213,214 nor the difference in 

anisotropy of the magnetic centers because of the high crystal symmetry and only one 

crystallographically independent CoII site in the structure. Accordingly, neutron diffraction studies 

are needed to provide a complete understanding of the magnetic phase diagram for CoII
2(1,2,4,5-

btec). 

Related frameworks containing 1D inorganic subnetworks are the ferric carboxylate 

framework FeIII(OH)(1,2,4,5-H2btec)·0.88H2O (MIL-82)356 and the CoII-based framework 

CoII
5(OH)2(1,2,4,5-btec)2(bpp) (1,2,4,5-btec4− = 1,2,4,5-benzenetetracarboxylate; bpp = 1,3-bis(4-

pyridyl)propane).357 The 3D structure of MIL-82 consists of chains of corner-sharing FeIIIO6 

octahedra that are connected via trans-2,5-carboxylate groups of the organic ligand, whereas the 

carboxyl functional groups in the 1 and 4 positions on the aromatic ring remain protonated and do 

not participate in covalent bonding within the framework.356 However, despite the structure of 

MIL-82 is topologically related to those of MIL-47 (VIII) and MIL-53 (CrIII) discussed above,346–

348 it does not undergo a reversible breathing effect during the dehydration/hydration process. This 

discrepancy is attributed to strong hydrogen bonds between the dangling carboxylic acid groups 

in MIL-82, which keep the structure intact up to 300 °C. Furthermore, MIL-82 undergoes long-

range antiferromagnetic order at a much lower temperature of TN = 5.5(1) K356 than the related VIII 

and CrIII frameworks. Since the FeIII–O–FeIII superexchange angle of 126.59(7)° is similar to those 

observed in MIL-47 and MIL-53, it is not obvious why the ordering temperature for MIL-82 is an 

order of magnitude lower than for the other two frameworks. One plausible explanation is that the 
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electronic communication through the partially protonated 1,2,4,5-H2btec2− bridging ligands is 

weaker than via 1,4-bdc2− owing to the significant electron density present on the dangling 

carboxylic acid moieties.  

The chain structure of CoII
5(OH)2(1,2,4,5-btec)2(bpp) is significantly more complex, as it 

features both μ3-OH and μ1,1-carboxylate bridges.357 The CoII–O backbone is comprised of edge-

sharing octahedral trinuclear clusters that share corners with two distorted CoIIO5 square pyramids. 

 

Figure 8.37 Left: Crystal structure of CoII
5(OH)2(1,2,4,5-btec)2(bpp), as viewed along the crystallographic 

a axis (top), highlighting the metal-oxygen backbone (bottom). The expanded view in the bottom right 

illustrates the coordination environments of CoII within the pentameric subunit and the associated spin 

topology. Purple polyhedra represent CoIIO5, CoIINO5, and CoIIO6 units. Purple, red, blue, and gray spheres 

represent Co, O, N, and C atoms, respectively; H atoms are omitted for clarity. Top right: Variable-

temperature dc magnetic susceptibility data for CoII
5(OH)2(1,2,4,5-btec)2(bpp), collected under an applied 

field of 5000 Oe. Reproduced from ref. 357 with permission from the Royal Society of Chemistry. 
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The chains are connected into a 3D network via 1,2,4,5-benzenetetracarboxylato ligands adopting 

two different coordination modes, and bowed 1,3-bis(4-pyridyl)propane ligands provide further 

structural support (see Figure 8.37, left). Owing to multiple types of nearest-neighbor magnetic 

exchange pathways between three crystallographically distinct CoII centers in the chains, i.e. via 

hydroxo, μ1,1-carboxylate, and syn–syn μ1,3-carboxylate bridges, coexisting ferromagnetic and 

antiferromagnetic interactions are present, leading to overall ferrimagnetic-like behavior within 

the magnetic chains (see Figure 8.37, right). Upon application of magnetic fields below 3500 Oe, 

a transition to an antiferromagnetically ordered state was observed with TN = 12.5 K. At higher 

fields, the weak antiferromagnetic interactions between the ferrimagnetic chains can be overcome 

to afford a ferrimagnetic-like ordered state. 

In addition to the frameworks comprised of 1D inorganic subnetworks and 1,2,4,5-

benzenetetracarboxylato bridging ligands, a few framework magnets without M–O–M linkages 

have been reported.358,359 In particular, the 3D frameworks NiII
2(1,2,4,5-btec)(H2O)4·2H2O

358 and 

CuII
2(1,2,4,5-btec)(hypH)0.5(H2O)0.5·1.5H2O (hypH = hypoxanthine)359 exhibit long-range 

antiferromagnetic and ferromagnetic order with TN = 3 K and TC = 4.5 K, respectively. Notably, 

the latter compound represents the first MOF with nucleobase ligands that exhibits long-range 

magnetic order.359 

One framework with benzenepentacarboxylato linkers has been shown to display long-range 

magnetic order.360 Indeed, this CoII-based compound of formula CoII
3(OH)(bpc)(H2O)3 (bpc5− = 

benzenepentacarboxylate) was one of the first coordination solids featuring this ligand. The 3D 

structure is comprised of distorted CoIIO6 octahedra that are arranged into CoII
6 secondary building 

units (see Figure 8.38, top), which are bridged by pairs of carboxylate groups into 1D tapes. These 
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1D motifs are further connected along the other two directions through the pentacarboxylato 

ligand. Notably, multiple exchange pathways are present within and between the CoII
6 building 

units: μ3-OH, μ2-H2O, μ1,1-carboxylate, and three types of μ1,3-carboxylate bridges (see Figure 8.38, 

top), resulting in a complicated magnetic structure. Magnetic measurements revealed long-range 

antiferromagnetic order below TN = 3.8 K 

with some weak ferromagnetic-like 

contribution, attributed to either spin canting 

or competing antiferromagnetic and 

ferromagnetic interactions within the 1D 

tapes. Furthermore, a metamagnetic 

transition to a paramagnetic phase was 

observed at 1.9 K under an applied field 

greater than 4000 Oe.  

Two CoII-based framework compounds, 

(Et3NH)[CoII
1.5(hfipbb)2] and 

CoII
2(hfipbb)2·PhMe (hfipbb2− = 

hexafluoroisopropylidenebis(benzoate)), 

contain the V-shaped dicarboxylato ligand 

hexafluoroisopropylidenebis(benzoate).361 

The structure of (Et3NH)[CoII
1.5(hfipbb)2] is 

built up from linear trimeric clusters of 

CoIIO5–CoIIO6–CoIIO5 polyhedra that are 

 

Figure 8.38 Crystal structures of 

CoII
3(OH)(bpc)(H2O)3 (top) and CoII(thiosal) 

(bottom), highlighting the hexameric CoII
6 building 

unit and the trigonal bipyramidal S2O3 coordination 

environment, respectively. Note that multiple 

magnetic exchange pathways are present in both 

compounds. Purple, gold, red, and gray spheres 

represent Co, S, O, and C atoms, respectively; H atoms 

and aromatic backbone of the ligands are omitted for 

clarity.  
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bridged by hfipbb2− into a 2D framework of square lattice topology with (Et3NH)+ counterions in 

the voids of the network. In contrast, the neutral compound CoII
2(hfipbb)2·PhMe displays a 3D 

structure comprised of zigzag chains of edge-sharing CoIIO6 octahedra that are connected in the 

other two dimensions through the backbone of the dicarboxylato ligands. Despite the drastically 

different structures of the two compounds, both exhibit long-range canted antiferromagnetic order 

with TN = 7–8 K. The origin of the ordered magnetic states was attributed to weak 

antiferromagnetic interactions between ferromagnetic subunits – linear trimeric clusters for the 2D 

framework and zigzag chains for the 3D framework – where the ordered magnetic moments are 

slightly canted. For both compounds, the long-range magnetic order is destroyed upon application 

of a high enough magnetic field. In particular, the intercluster interactions in 

(Et3NH)[CoII
1.5(hfipbb)2] are very weak owing to the long distance between them (12.077–13.052 

Å), and a magnetic field of 1000 Oe is sufficient to preclude magnetic order.  

Finally, a framework that is bridged by a sulfur-containing carboxylato ligand and exhibits 

long-range magnetic order is the layered compound CoII(thiosal) (thiosal2− = thiosalicylate).326 

This 2D framework features CoII ions in a trigonal bipyramidal S2O3 coordination environment 

that are bridged by thiosal2− ligands (see Figure 8.38, bottom), with the phenyl groups protruding 

into the interlayer space. Four types of magnetic exchange pathways are present within the layers: 

CoII–S–CoII, CoII–O–CoII, and syn–syn and syn–anti CoII–O–C–O–CoII (see Figure 8.38, bottom). 

This framework exhibits strong antiferromagnetic coupling between CoII ions at high 

temperatures, as indicated by a remarkably large negative value for the Weiss constant of θ = 

−585(3) K (from data above 100 K). Moreover, it displays long-range canted antiferromagnetic 

order with TN = 9 K. Note that the observed weak ferromagnetic behavior was assigned to canted 
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antiferromagnetism rather than ferrimagnetism because of only one crystallographically unique 

CoII center in the structure. 

In summary, the majority of framework magnets containing carboxylato bridging ligands 

display magnetic ordering temperatures below 25 K. The current record holder for this class of 

compounds is the VIII-based framework MIL-47 with TN = 95(5) K.346 This compound features an 

inorganic chain structure, as detailed above. Accordingly, increasing the inorganic dimensionality 

does not necessarily afford frameworks with higher Tc. This may seem counterintuitive, as the 

strength of magnetic superexchange is typically greatest across short oxo or hydroxo bridges. 

However, frameworks of higher inorganic dimensionality (I2O0, I2O1, I3O0) often feature multiple 

types of superexchange pathways that may facilitate interactions of different signs and thus 

decrease the strength of the overall metal–metal interactions. Furthermore, these frameworks 

usually suffer from the lack of conjugated π systems that aid in establishing a long-range magnetic 

order.  

8.3.6 Compounds Containing N-Heterocyclic Ligands 

8.3.6.1 Introduction 

Ligands based on N-heterocycles have been frequently employed in the construction of 

framework materials.373 These aromatic N-donor ligands can be classified according to their 

charge into neutral or anionic linkers. Neutral donors include pyrazine, pyridine, pyrimidine, and 

imidazole derivatives, whereas imidazolate, triazolate, and tetrazolate are examples of anionic 

ligands (see Figure 8.10). In addition to linking magnetic oxo-, hydroxo-, phosphonato-, or 

carboxylato-bridged layers in magnetic materials,70,71,218,321,322,328 N-heterocycles can also serve as 

primary ligands in the construction of framework magnets owing to the multiple relatively short 
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and efficient magnetic exchange pathways between metal centers possible through these π-

conjugated ligands. For instance, azolate moieties may afford exchange pathways via two-atom 

N–N, three-atom N–C–N, and three-atom N–N–N bridges (see Figure 8.6). Due to the small size 

of these N-heterocycles, they are frequently connected by spacers of variable lengths to facilitate 

the formation of frameworks with higher porosity. Such assembly of two or more donor groups 

enables an additional control of ligand field strength and metal coordination geometry, and thus 

the magnetic properties of the resulting framework materials. In this section, we survey framework 

magnets constructed from one or two types of N-heterocyclic ligands (see Figure 8.10), where 

these ligands provide connectivity in at least two dimensions. 

8.3.6.2 2D Frameworks  

Following an extensive search for multi-atomic bridges to efficiently transmit magnetic 

interactions between paramagnetic metal centers, several 2D layered frameworks of MnII, FeII, and 

CoII with N-heterocyclic linkers were found to display long-range magnetic order.374–377 These 

frameworks consist of parallel square-grid layers of divalent transition metal ions that are bridged 

by bis-monodentate N-heterocycle-based ligands such as pyrazine (pyz), pyrazine-1,4-dioxide 

(pzdo), and pyrimidine (pym). Each metal center resides in a compressed octahedral geometry 

with two NCS− ligands coordinating at the axial sites. Magnetic susceptibility measurements for 

the compound FeII(pyz)2(NCS)2 suggested the onset of antiferromagnetic order below ca. 9 K, and 

neutron powder diffraction enabled the observation of a 3D long-range order below TN = 6.8 K. 

Nevertheless, even in the ordered phase, the magnetic behavior of this compound is primarily 2D 

in character owing to the very weak dipolar interactions between the magnetic pyrazine-bridged 

layers.374,375 The analogous 2D frameworks MII(pzdo)2(NCS)2 (MII = MnII, CoII) show similar 
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magnetic properties characteristic of antiferromagnets, with 

TN = 8.4 and 11.2 K for MII = MnII and CoII, respectively.376 

The slightly higher ordering temperatures for these 

frameworks compared to the FeII framework with pyrazine 

bridging ligands may stem from the presence of weak 

hydrogen bonds between pyrazine-1,4-dioxide molecules in 

adjacent layers, which facilitates interlayer exchange 

interactions. 

The antiferromagnetic behavior observed for the 

frameworks bridged by pyrazine derivatives can be 

explained by the topological symmetry of the conjugated π-

electron network for these systems, also known as the spin 

polarization mechanism. The spin-polarization mechanism 

describes how an unpaired electron on one atom polarizes the electron cloud on adjacent atoms 

such that neighboring electrons adopt antiparallel arrangement.377–380 Based on this exchange 

pathway alone, magnetic coupling between metal centers across the para-substituted N–C–C–N 

and O–N–C–C–N–O bridges in pyrazine and pyrazine-1,4-dioxide, respectively, should be 

antiferromagnetic (see Figure 8.39, top and center). In contrast, interactions through the meta-

substituted N–C–N bridge in pyrimidine should be ferromagnetic (see Figure 8.39, bottom). Along 

these lines, the 2D CoII framework CoII(pym)2(NCS)2, which features the same layered structure 

as described above, exhibits ferromagnetic order below TC = 8.2 K.377 This compound behaves as 

a soft magnet, as evidenced from a magnetic hysteresis at 2.3 K with a small coercive field of Hc 

 

Figure 8.39 Representation of the spin 

polarization mechanism between two 

paramagnetic metal centers (M) 

through pyrazine (top), pyrazine-1,4-

dioxide (center), and pyrimidine 

(bottom) linkers.  
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= 120 Oe and a remanent magnetization of Mr = 0.25 μB mol−1. 

8.3.6.3 Pyrimidinolate 3D Frameworks 

A number of frameworks based on deprotonated hydroxypyrimidine ligands, also known as 

pyrimidinolates, have been reported.381–388 Specifically, 3D frameworks featuring 2-

pyrimidinolate derivatives have been shown to display long-range magnetic order385–388 and guest-

dependent magnetic behavior.385,386 Moreover, remote ligand substitution can be employed to tune 

the magnetic ordering temperature for these systems.388 The compound CoII(F-pymo)2·2.5H2O (F-

pymo− = 5-fluoro-2-pyrimidinolate) is comprised of distorted CoIIN4 tetrahedra linked by N,N′-

exo-bidentate 5-fluoro-2-pyrimidinolato ligands into a 3D framework with sodalite topology. The 

fluoro- and oxo-substituents alternatively protrude into the cavities of the framework and the 

remaining space is occupied by H2O molecules (see Figure 8.40, left).385 Upon heating at 92 °C, 

the lattice H2O molecules can be reversibly removed without significant structural changes, 

however, further heating leads to an irreversible formation of a layered structure. 

Antiferromagnetic nearest-neighbor interactions dominate in these compounds, and the 

hydrated 3D framework exhibits long-range antiferromagnetic order with TN = 29 K. In contrast, 

the dehydrated layered phase shows hidden canted antiferromagnetic behavior below ca. 17 K. 

The variation in magnetic properties upon desolvation was attributed to changes in the 

coordination environment at CoII, but the lack of structural data for the anhydrous layered phase 

precludes a detailed analysis. In addition to the modulation of the magnetic properties for this 

compound by thermal treatment, the anhydrous 3D framework exhibits selective adsorption of 

CO2 over N2, H2, and CH4,
385 indicating that this and related systems may be attractive targets for 

multifunctional magnetic materials.  
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A series of isostructural 3D frameworks with an acentric diamond-like topology are formed 

when the fluoro-substituted pyrimidinolato ligand is replaced by other 5-substituted 

halopyrimidinolates or the unsubstituted ligand. Specifically, the compounds of formula CoII(R-

pymo)2 (R = H, Cl, Br, I; R-pymo− = 2-pyrimidinolate or 5-halo-2-pyrimidinolate)387,388 feature 

CoII ions in similar tetrahedral coordination environment as the 3D frameworks with F-pymo− 

linkers discussed above. Nevertheless, the diamond-like frameworks exhibit weak ferromagnetism 

below the ordering temperatures of TN = 19–22.5 K attributed to spin canting. The presence of a 

canted spin structure in these compounds was speculated to be a synergistic effect of the acentric 

crystal structure, structural distortions, and high magnetic anisotropy of CoII. Notably, the 

magnetic ordering temperature is highest for CoII(Cl-pymo)2 and decreases with decreasing 

electronegativity of the halo substituent. However, the derivative bearing the unsubstituted ligands 

(H-pymo−) does not fit this trend, as it orders at TN = 22 K. Furthermore, the coercive field obtained 

from magnetic hysteresis studies at 2 K follows the trend Br > Cl > I > H, whereas the remanent 

 

Figure 8.40 Crystal structures of CoII(F-pymo)2·2.5H2O (left) and CuII(F-pymo)2·1.25H2O (center), 

highlighting the two types of structural motifs (A and B) in the frameworks. Cyan, purple, light orange, 

red, blue, and gray spheres represent Cu, Co, F, O, N, and C atoms, respectively; H atoms and solvent 

molecules are omitted for clarity. Right: Variable-temperature dc magnetic susceptibility data for CuII(F-

pymo)2·1.25H2O (red), activated CuII(F-pymo)2 (blue), and CuII(F-pymo)2 with CO2 molecules in the pores 

(black), collected under an applied field of 100 Oe. Reprinted with permission from ref. 386. Copyright 

2008 American Chemical Society. 
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magnetization follows the trend Br ≈ Cl > I > H. While the lack of a coherent trend for the magnetic 

behavior in this series of compounds precludes a definitive magnetostructural analysis,388 this 

study nevertheless demonstrated that subtle changes in the steric and electronic properties of 

linkers can be employed to modulate the magnetic properties for framework materials. 

By comparison, the hydrated CuII framework CuII(F-pymo)2·1.25H2O (F-pymo− = 5-fluoro-2-

pyrimidinolate) exhibits a 3D structure of gismondine topology with CuII
4 and CuII

8 structural 

motifs (see Figure 8.40, center) instead of the CoII
4 and CoII

6 rings found in CoII(F-pymo)2·xH2O 

(x = 0, 2.5).386 This framework also displays a reversible dehydration/hydration process while 

retaining the integrity of the structure. Magnetic measurements revealed antiferromagnetic 

coupling between square planar CuII centers through the N–C–N bridges of F-pymo−. However, 

the non-centrosymmetry of the crystal structure allowed the presence of an antisymmetric effect, 

resulting in canting of the spins. As such, CuII(F-pymo)2·1.25H2O displays long-range canted 

antiferromagnetic order with TN = 24 K, in analogy to the majority of CoII frameworks featuring 

2-pyrimidinolato ligands. The magnetic properties for the dehydrated framework are very similar 

to those observed for the hydrated compound, but interestingly, incorporation of CO2 molecules 

in the pores increases the ordering temperature from TN = 22 to 29 K (see Figure 8.40, right). The 

uptake of CO2 results in structural perturbation of the framework, as evidenced by PXRD analysis, 

which was presumed to lead to a less distorted square planar coordination environment around the 

CuII sites and thus provide greater overlap between the magnetic dx2−y2 orbital of CuII and the 

orbitals of F-pymo−.386 Notably, this type of guest-modulated magnetic properties induced by gas 

molecules is exceedingly rare for framework materials. 

In summary, the 3D frameworks discussed in this subsection illustrate that magnetic 
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interactions through the N–C–N linkage of 2-pyrimidinolato ligands are antiferromagnetic in 

nature, which is in contrast to the ferromagnetic interactions expected for pyrimidine-based ligands 

considering the spin-polarization mechanism depicted in Figure 8.39. Note, however, that the spin-

polarization mechanism is based on π-exchange interactions only, but both σ- and π-orbitals of N-

heterocycle-based ligands may be capable of mediating magnetic coupling between metal centers. 

As such, the presence of a negatively charged O atom midway in the exchange pathway may favor 

σ-type exchange interactions and thus lead to antiferromagnetic coupling between metal centers.  

8.3.6.4 Imidazolate 3D Frameworks 

Over the past several decades, a number of imidazolate-bridged dinuclear CuII
2 complexes and 

chain compounds have been shown to exhibit strong antiferromagnetic exchange coupling through 

the N–C–N linkage.389–392 However, since the imidazolato ligand displays a similar N,N′-exo-

bidentate binding mode toward metal centers as pyrimidine derivatives, one might expect 

favorable ferromagnetic interactions based on a π-type exchange pathway.377–380 Indeed, 

heterobimetallic complexes and networks have demonstrated ferromagnetic exchange between 

metal centers through the imidazolate bridge.393,394 As such, the electronic configuration and 

geometry of the metal ions, and the symmetry of the magnetic orbitals, all play an important role 

in determining the type of magnetic exchange through imidazolato ligands.389–395 

Among of the first 3D imidazolate framework compounds reported to exhibit long-range 

magnetic order was FeII
3(im)6(imH)2 (im

− = imidazolate).396 The structure of this framework is 

comprised of imidazolato-bridged chains of tetrahedral FeII ions that are crosslinked through 

octahedral FeII ions (see Figure 8.41, left). The compound behaves as a soft canted antiferromagnet 

below TN = 17 K, and magnetic hysteresis measurements at 4.8 K show a coercive field of Hc = 
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200 Oe and a remanent magnetization of Mr 

= 2500 Oe cm3 mol−1. The strongest 

antiferromagnetic nearest-neighbor 

interactions are present between the 

tetrahedral FeII centers within the chains, and 

the canted spin structure is believed to 

originate from different relative orientations 

of the metal centers along the chains.  

Following this pioneering study, the 

effects of incorporating different substituents 

onto the imidazolate ring on the magnetic properties of this class of compounds were 

investigated.397,398 Specifically, introduction of a methyl group onto the 2-position of the 

imidazolate ring afforded the compound FeII(2-Meim)2·0.13Cp2FeII (2-Meim− = 2-

methylimidazolate; Cp− = cyclopentadienyl anion).397 This compound features exclusively 

tetrahedral FeII centers (see Figure 8.41, right) and exhibits long-range canted antiferromagnetic 

order with Tc = 27 K, which is currently the highest ordering temperature reported for a framework 

that is exclusively bridged by imidazolato ligands. Furthermore, this framework is a significantly 

harder magnet than FeII
3(im)6(imH)2, as evidenced by a 25-fold enhancement in the coercive field 

at 4.8 K, from Hc = 200 Oe for FeII
3(im)6(imH)2 to Hc = 5000 Oe for FeII(2-Meim)2·0.13Cp2FeII. 

In contrast, the use of a 4-azabenzimidazolato bridging ligand afforded a FeII framework with 

magnetic properties similar to those of the framework bearing the unsubstituted imidazolato 

linker.398 

 

Figure 8.41 Crystal structures of FeII
3(im)6(imH)2 

(left) and FeII(2-Meim)2·0.13(Cp2FeII) (right), 

highlighting the coordination environments of FeII. 

Orange, blue, and gray spheres represent Fe, N, and C 

atoms, respectively; H atoms and guest molecules are 

omitted for clarity. 
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A series of homoleptic 3D imidazolate frameworks featuring tetrahedral CoII centers has also 

been shown to exhibit long-range magnetic order at low temperatures.399,400 In particular, various 

polymorphous frameworks of the general formula CoII(im)2·xsolvent (im− = imidazolate) have 

been synthesized under different solvothermal conditions to give desolvated and solvated 3D 

frameworks of different framework topologies. These compounds order as antiferromagnets or 

canted antiferromagnets with Tc = 10.6–16.8 K, highlighting that the magnetic properties for this 

family of compounds are significantly affected by the nature of the guest molecules in the pores 

as well as the topological arrangement of metal ions in the structures. To illustrate, replacing 

pyridine guest molecules with cyclohexanol molecules resulted in a change from an 

antiferromagnet with TN = 13.1 K to a canted antiferromagnet with Tc = 15 K.399 Furthermore, two 

frameworks of the same formula, CoII(im)2·0.5DMA, display different zeolitic structures with 

magnetic ordering temperatures differing by 4.8 K.400 

8.3.6.5 Tri- and Tetrazolate 3D Frameworks 

In contrast to the pyrazine, pyrimidine, and imidazolate derivatives outlined above, triazolate- 

and tetrazolate-based ligands frequently link three or more metal centers through various bridging 

modes. As such, these ligands can furnish the formation of MOFs with unique structures and 

magnetic properties. Along these lines, 

several frameworks featuring triazolato and 

tetrazolato ligands have displayed long-range 

magnetic order.401–405  Most of these 

compounds comprise CuII frameworks 

featuring inorganic coligands, such as OH−, 

 

Figure 8.42 Crystal structure of CuII(trz)(N3), as 

viewed along the crystallographic b axis. Cyan, blue, 

and gray spheres represent Cu, N, and C atoms, 

respectively; H atoms are omitted for clarity.  
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Cl−, N3
−, SO4

2−, and VO3
−, resulting in the formation of various types of inorganic subunits.401,403–

405 Here, antiferromagnetic exchange interactions between CuII centers dominate, affording 

compounds with long-range antiferromagnetic,401 ferrimagnetic,404,405 or canted 

antiferromagnetic403,405 order below ca. 20 K. Of these compounds, the first azido–metal–triazolate 

coordination polymer CuII(trz)(N3) (trz
− = 1,2,4-triazolate) exhibits the highest magnetic ordering 

temperature of ca. 20 K, based on the bifurcation temperature of zero-field-cooled and field-cooled 

dc magnetization curves.403 The structure of this framework is comprised of chains of distorted 

square-pyramidal CuII ions bridged by μ1,2-trz
− and end-on azido ligands (see Figure 8.42). The 

chains are connected in the other two dimensions through the third N atom on the trz− ligands to 

generate a 3D framework of (10,3)-d type topology. This compound exhibits field-dependent 

magnetic properties and a hysteresis loop at 2 K with a coercive field of Hc ≈ 200 Oe and a 

remanent magnetization of Mr = 0.0028 μB mol−1, indicating weak ferromagnetism. This behavior 

was attributed to the presence of a canted spin structure arising from tilting of the CuII spins in the 

chains. The main magnetic exchange coupling pathways in this framework are through the end-on 

azido (CuII–N–CuII) and μ1,2-trz
− (CuII–N–N–CuII) bridges within the chains. Note that magnetic 

coupling via end-on azido bridges is typically ferromagnetic, however, antiferromagnetic 

interactions can be favored when the CuII–N–CuII angle is larger than 104°,406 as is observed here 

(117°).  

8.3.7 Compounds Containing Mixed O- and N-Donor Ligands 

8.3.7.1 Introduction 

An alternative class of ligands to generate framework magnets are those based on N-

heterocycles functionalized with carboxylate groups (see Figure 8.11). These multifunctional 
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ligands enable rich coordination chemistry and feature a conjugated π-system able to mediate 

strong magnetic exchange coupling via various types of two- to four-atom bridges. Moreover, this 

class of compounds shows high chemical tunability, as various combinations of the two 

components can be selected. Specifically, the geometry, denticity, and overall charge of the ligand 

can be readily modulated by changing the N-heterocycles and carboxylate moieties to construct 

materials for targeted applications. Accordingly, the employment of ligands featuring both N- and 

O-donors may provide advantages in the design of new multifunctional magnetic materials. 

8.3.7.2 Pyridinecarboxylate Compounds 

The use of pyridinecarboxylato ligands in the synthesis of framework magnets has received 

considerable attention. The first example of such was the 3D framework MnII
3(3-pyc)4(N3)2(H2O)2 

(3-pyc− = 3-pyridinecarboxylate) reported in 2001.407 This compound is comprised of linear 

trinuclear MnII
3 subunits bridged by end-on azido and syn–syn carboxylato linkers, which are 

further connected into a 3D network through the aromatic backbone of 3-pyc− ligands. This 

compound behaves as a soft ferrimagnet below Tc = 3.7 K under low applied magnetic fields, 

attributed to ferromagnetic exchange interactions between antiferromagnetically coupled MnII
3 

clusters. Subsequent studies found that incorporation of a second carboxylate group onto the 

pyridyl backbone enabled the formation of frameworks with magnetic ordering temperatures up 

to Tc = 20.0 K.408,409 Specifically, frameworks comprised of hydroxo-bridged CoII chains have 

provided the highest ordering temperatures. For instance, the compound CoII
3(OH)2(3,4-

pydc)2(H2O)2 (3,4-pydc2− = pyridine-3,4-dicarboxylate) features 1D chains of formula 

[CoII
3(OH)2]

4+, built up from edge-sharing CoIINO5 octahedra that share a corner with a CoIIO6 

octahedron. Antiferromagnetic interactions are favored within the trimeric building units, leading 
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to overall ferrimagnetic chains. The ferrimagnetic chains are coupled antiferromagnetically to give 

an ordered state below TN = 20.0 K. Nevertheless, the interchain interactions are relatively weak 

and a spin-flop transition to a ferrimagnetic phase was observed under an external magnetic field 

above 7000 Oe. Accordingly, the 

compound displays an open hysteresis 

loop at 2 K with a coercive field of Hc = 

2750 Oe.408  

A recent study revealed that a similar 

enhancement in ordering temperature can 

be achieved by using a combination of 

carboxylate-functionalized N-

heterocycles and hydroxo-substituted 

monocarboxylato ligands.410 Namely, the 

compound CoII
3(rac-O-

lac)2(pybz)2·3DMF (rac-O-lac2− = 

racemate 2-oxidopropanoate; pybz− = 4-

(4-pyridyl)benzoate) represents the first 

lactato-bridged porous magnet.410 Its 

structure is comprised of square tubular 

chains of alternating CoIINO5 and CoIIO4 

polyhedra connected by lactate dianions. 

The chains are then linked by pybz− 

 

Figure 8.43 Crystal structure of CoII
3(rac-O-

lac)2(pybz)2·3DMF, as viewed along the crystallographic 

c axis (top).  Purple, red, blue, and gray spheres represent 

Co, O, N, and C atoms, respectively; H atoms and solvent 

molecules are omitted for clarity. The expanded view 

highlights the square tubular chains of alternating 

CoIINO5 (purple) and CoIIO4 (teal) polyhedra connected 

by lactate dianions and the two distinct coordination 

environments of CoII.  
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ligands in the other two directions to generate a 3D framework with square channels (10.8 × 10.8 

Å2) (see Figure 8.43). Owing to the large separation between chains, the dominant magnetic 

exchange pathway is via CoII–O–CoII bridges in the lactato-bridged square chains. Notably, the 

solvent molecules can be removed from the pores of the framework and exchanged with selective 

guest molecules, such as MeOH, EtOH, PrOH, and benzene, without affecting structural integrity. 

Furthermore, the desolvated framework displays a Langmuir surface area of 1050 m2 g−1 and 

adsorbs N2, H2, and CH4 gas molecules. Remarkably, the magnetic properties for this framework 

can be significantly modulated by the nature of the guest molecules in the pores. While the solvated 

frameworks CoII
3(rac-O-lac)2(pybz)2·xsolvent (xsolvent = 3DMF, 6MeOH, 4.5EtOH) exhibit 

long-range canted antiferromagnetic order with TN = 17.5–18.7 K, the desolvated compound 

displays single-chain magnet behavior with a blocking temperature of TB = 3 K. Upon exposing 

this framework to H2O or I2 molecules, structural changes and dramatic loss of crystallinity were 

observed due to H2O coordination to CoII and partial oxidation of CoII to CoIII, respectively. The 

hydrated framework behaves as a ferrimagnet below Tc = 32 K, whereas the oxidized framework 

exhibits ferromagnetic order below TC = 8 K. Note, however, that the latter two frameworks have 

not been crystallographically characterized. This compound represents the first example of a single 

material exhibiting four magnetic ground states. Switching between these states can be carried out 

through post-synthetic modification, which acts to modulate the magnitude and sign of interchain 

magnetic exchange interactions. 

8.3.7.3 Pyrimidinecarboxylate Compounds 

In contrast to pyridinecarboxylato ligands, pyrimidinecarboxylates can behave as bis-bidentate 

ligands and thus adopt a similar coordination mode as oxalato and oxamato ligands (see Figure 
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8.44). As a result, these ligands can mediate relatively strong magnetic interactions between metal 

centers and furnish materials with synthetically predictable structures.  

For instance, the two isostructural compounds [MII
2(pymca)3](OH)·H2O (MII = FeII, CoII; 

pymca− = 2-pyrimidinecarboxylate) have been shown to exhibit long-range magnetic order.411 

These 2D frameworks consist of heterochiral cationic honeycomb layers that stack to generate 

hexagonal pores in which hydroxide counterions and H2O solvent molecules reside (see Figure 

8.45, top). Three types of exchange pathways between metal centers are present in the layers: N–

C–N, anti–anti O–C–O, and trans N–C–C–O bridges (see Figure 8.45, bottom). These interactions 

collectively result in antiferromagnetic nearest-neighbor coupling within the layers. Owing to 

weak antiferromagnetic interactions between layers, the FeII framework orders as an 

antiferromagnet with TN = 21 K, whereas the CoII framework orders as a canted antiferromagnet 

with Tc = 10 K. The different magnetic behavior observed for these two isostructural compounds 

was proposed to arise from the higher anisotropy of octahedral CoII ions compared to FeII centers. 

Specifically, the local anisotropy, in conjunction with the antisymmetric exchange 

interaction,213,214 was posited to be the origin of spin canting in the CoII framework.   

8.3.7.4 Azole- and Azolatecarboxylate Compounds 

 

Figure 8.44 Comparison of bis-bidentate ligands with N4, N2O2, NO3, and O4 donor sets. 
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In addition to the pyridine- and pyrimidinecarboxylate-based frameworks discussed above, one 

FeII framework and several CoII frameworks featuring linkers made up of imidazole, triazole, 

tetrazole, and thiodiazole cores 

functionalized with one or two carboxylate 

groups have been shown to exhibit magnetic 

order at low temperatures.412–416 The 

homoleptic compound FeII(4-imac)2·2MeOH 

(4-imac− = 4-imidazoleacetate) was reported 

in 1991, and at that time it displayed the 

highest critical temperature (Tc = 15 K) for a 

molecule-based compound exhibiting canted 

antiferromagnetic order.412 The structure of 

this compound is comprised of layers of 

distorted octahedral FeII ions linked by 

carboxylate groups, with MeOH solvent 

molecules located in the interlayer space that 

participate in hydrogen bonding interactions 

with the 2D framework. The presence of a 

canted spin structure was hypothesized to 

stem from the presence of two spin 

sublattices due to local distortion of the FeII 

centers. Accordingly, antiferromagnetic 

 

Figure 8.45 Crystal structure of 

[FeII
2(pymca)3](OH)·H2O, as viewed along the 

crystallographic c axis. Orange, red, blue, and gray 

spheres represent Fe, O, N, and C atoms, respectively; 

H atoms and guest molecules are omitted for clarity. 

The expanded view highlights the three types of 

magnetic exchange pathways in the honeycomb layer: 

N–C–N (green), anti–anti O–C–O (light blue), and 

trans N–C–C–O (red orange).  
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nearest-neighbor interactions via the 

carboxylate bridges lead to an 

uncompensated magnetic moment within 

each layer, and magnetic interactions 

between layers, through the hydrogen-

bonded network, were assumed to induce the 

formation of a long-range ordered state. 

Notably, this framework displays a hysteresis 

loop at 4.2 K with a large coercive field of Hc 

= 6200 Oe. 

Of the Co-based frameworks within this 

series, the compound 

CoII
3(OH)2(btca)2·3.7H2O (btca2− = 

benzotriazolate-5-carboxylate) features 

similar hydroxo-bridged ferrimagnetic 

chains as the compound CoII
3(OH)2(3,4-

pydc)2(H2O)2 (see Figure 8.46, top and 

center), but it displays more complicated 

magnetic behavior. Namely, it orders as a 

ferrimagnet below Tc = 8 K and exhibits 

single-chain magnet behavior below the 

ordering temperature with a relaxation 

 

Figure 8.46 Crystal structure of 

CoII
3(OH)2(btca)2·3.7H2O, as viewed along the 

crystallographic c (top) and b axis (center), 

highlighting the 1D channels and hydroxo-bridged 

chains, respectively. Purple polyhedra represent 

CoIIN2O3 and CoIIN2O4 units. Purple, red, blue, and 

gray spheres represent Co, O, N, and C atoms, 

respectively; H atoms and solvent molecules are 

omitted for clarity. Bottom: Variable-temperature ac 

magnetic susceptibility data for 

CoII
3(OH)2(btca)2·3.7H2O, collected under zero 

applied dc field at various frequencies (see inset). 

Reproduced from ref. 413 with permission from 

Wiley-VCH Verlag GmbH & Co. 
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barrier of Δτ = 85(5) cm−1 and τ0 = 2.6 × 10−11 s (see Figure 8.46, bottom).413 Interestingly, the 

desolvated framework retains the original structure and exhibits long-range canted 

antiferromagnetic order with TN = 4.5 K and metamagnetic behavior. The change in magnetic 

properties observed upon desolvation was attributed to stronger antiferromagnetic interactions 

between the ferrimagnetic chains when the pores of the framework are empty rather than filled 

with H2O molecules.413 All other members within this series of frameworks feature 3D structures 

without inorganic subnetworks.414–416 The magnetic properties for these compounds are 

characterized by spin-canted antiferromagnetism due to canting of the antiferromagnetically 

coupled magnetic moments of highly anisotropic octahedral CoII ions. Accordingly, these 

frameworks exhibit long-range antiferromagnetic or canted antiferromagnetic order with TN = 2.4–

9 K,414–416 with metamagnetic415 and spin glassy behavior414 also having been observed.  

8.3.8 Compounds Containing Diamagnetic Benzoquinoid Ligands 

8.3.8.1 Introduction 

Encouraged by the success of oxalato linkers in furnishing magnets with predictable structures 

and relatively high ordering temperatures, researchers have also explored other types of bis-

bidentate bridging ligands. Of particular interest are ligands that allow for greater chemical 

tunability than the oxalato ligand while retaining strong magnetic exchange coupling between 

metal centers. Such ligand modifications may be employed to tune the magnetic properties of the 

frameworks, as well as to introduce additional functionalities. Toward that end, 2,5-dihydroxy-

1,4-benzoquinone and its derivatives are particularly attractive candidates (see Figure 8.47).417 

Specifically, these ligands can be readily accessed in three redox states (−2, −3•, −4), all of which 

allow for strong covalent interactions between the ligands and a wide range of metal centers to 
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afford compounds with well-defined structures.418,419 In addition, despite the long distance between 

metal centers, the conjugated system can provide an effective pathway for magnetic exchange 

interactions. Both the substituents (R) on the aromatic ring and donor atoms (E = O, S, NR, PR, 

etc.) can be varied to investigate how electronic and steric effects of different atoms or groups 

affect the magnetic properties of the resulting frameworks. Together, this illustrates the high 

degree of chemical tunability for this family of ligands and their potential to provide magnetic 

materials with predictable structures and properties. In this section, we provide an overview of 

magnets featuring diamagnetic benzoquinoid linkers.  

8.3.8.2 Benzoquinoid Compounds 

Benzoquinoid ligands may furnish homo- and heterometallic 1D, 2D, and 3D coordination 

polymers of diverse structure types.418–421 The topology of networks comprised of octahedral metal 

centers that are tris-chelated by bis-bidentate benzoquinoid ligands is dictated by the distribution 

of their absolute configurations, similar to what is observed for oxalate frameworks. Specifically, 

a 2D honeycomb lattice is formed when neighboring metal centers are of opposing chiralities (Δ 

or Λ), whereas a 3D network of (10,3)-a topology results when all the metal centers adopt the same 

absolute configuration. Owing to the bigger size of benzoquinoid ligands compared to oxalate, this 

type of 3D structure features two interpenetrated (10,3)-a nets of opposing chiralities, resulting in 

achiral compounds.420,421 Note that the 3D 

(10,3)-a topology is rare for benzoquinoid-

based coordination solids. Accordingly, all 

current examples of frameworks bridged by 

diamagnetic benzoquinoid derivatives that 

 

Figure 8.47 Redox series of deprotonated 

benzoquinoid ligands with donor atoms E and 

substituents R. 
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exhibit permanent magnetic behavior are 2D networks of honeycomb topology. Specifically, these 

compounds feature dianionic tetraoxolene-

based ligands (E = O) and are synthesized 

following the metalloligand approach by 

reacting a pre-formed homoleptic tris-

chelated octahedral metal complex of 

formula [MIII(R2An)3]
3− (MIII = CrIII, FeIII; R 

= Cl, Br, I, H) with divalent transition metal 

ions, such as Mn2+, Fe2+, and Co2+, in the 

presence of templating cations.422–429   

The first structurally-characterized 

layered magnets of this type were three chiral 

compounds of formula 

[(H3O)(phz)3][MnIIMIII(R2An)3]·solvent 

(phz = phenazine; MIII = CrIII, FeIII; Cl2An2− 

= chloranilate; Br2An2− = bromanilate; 

solvent = H2O, C3H6O) and the achiral 

compound (Bu4N)[MnIICrIII(Cl2An)3] 

reported in 2013.422 The honeycomb 

structure is comprised of anionic layers of 

[MnIIMIII(R2An)3]
− alternating with cationic 

layers formed by the chiral Δ-[(H3O)(phz)3]
+ 

 

Figure 8.48 Variable-temperature ac magnetic 

susceptibility data for (Bu4N)[MnIICrIII(R2An)3] (R = 

Cl, Br, I, H), collected under zero applied dc field at 1 

Hz frequency (top and center). Bottom: Plot of 

magnetic ordering temperature (Tc; left scale, red) and 

Weiss temperature (θ; right scale, blue) vs Pauling 

electronegativity of the R substituents. Reprinted with 

permission from ref. 422. Copyright 2013 American 

Chemical Society. 
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or achiral (Bu4N)+ ions. The layers are eclipsed for the compounds with Δ-[(H3O)(phz)3]
+ cations, 

generating hexagonal channels, but display alternate packing when (Bu4N)+ counterions were 

employed. Note that the use of a chiral templating cation leads to a chiral structure owing to 

favorable Δ–Δ interactions, in analogy to what had previously been observed for similar metal 

oxalates.  

Magnetic measurements on the MnIICrIII compounds revealed antiferromagnetic interactions 

between metals ions through the (R2An)2− (R = Cl, Br) linkers to afford ferrimagnetic layers. 

Moreover, these compounds exhibit ferrimagnetic order with Tc ≈ 5–6 K, as confirmed by ac 

susceptibility measurements. While the type of templating cation did not affect the ordering 

temperature of the anionic lattices, the value of Tc was found to be significantly affected by the 

nature of the substituent on the benzoquinoid ligand. Specifically, when the ligand substituent was 

varied from R = Cl to Br to I to H, the ordering temperature increased from Tc = 5.5 to 6.3 to 8.2 

to 11.0 K for the series with (Bu4N)+ counterions (see Figure 8.48, top and center). This observed 

trend in Tc (Cl < Br < I < H) correlates linearly with the electronegativity of the ligand substituent 

(see Figure 8.48, bottom). Here, the higher electronegativity of the ligand substituent results in less 

electron density on the benzoquinoid ring, and thus weaker coupling and lower Tc. Indeed, the 

value of the Weiss temperature (θ) follows the same trend, with the strongest antiferromagnetic 

coupling observed for R = H (see Figure 8.48, bottom). As such, this study illustrates that the 

ligand substituent can be employed to tune the magnetic ordering temperature in these materials. 

Note however, that only the R = Cl derivative has been crystallographically characterized, as the 

poor crystallinity of the other members of this series has prevented full characterization. To 

compare, the MnIIFeIII analogue displays similar antiferromagnetic intralayer interactions and a 
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long-range ordered state was observed below ca. 3.5 K owing to spin canting.422  

Other strategies to tune the magnetism in this family of compounds include the employment 

of coligands and/or solvent guest molecules. For instance, the use of benzaldehyde as solvent in 

the preparation of these benzoquinoid frameworks afforded the compounds 

(Bu4N)[MnIICrIII(R2An)3(PhCHO)]·PhY (R = Cl, Br; Y = H, CHO), which feature 

heptacoordinated MnII ions.428 These compounds display an analogous honeycomb structure as 

described above, with eclipsed layers, and exhibit ferrimagnetic order below Tc = 6.7–7.0 K. These 

ordering temperatures are slightly higher than those observed for (Bu4N)[MnIICrIII(R2An)3] (R = 

Cl, Br), indicating that the presence of coligands and lattice solvent molecules can be employed to 

fine-tune the magnetic ordering temperature, attributed to slight structural changes that alter the 

strength of exchange interactions. More significant changes in Tc were observed upon 

incorporating other benzene derivatives (PhBr, PhCl, PhI, PhMe, PhCN, PhNO2) into the 

hexagonal pores of the (Bu4N)[MnIICrIII(Br2An)3] framework.429 Specifically, these compounds 

afforded ordering temperatures ranging from Tc = 9.5 K for PhBr to Tc = 11.4 K for PhI, which are 

much higher values than that of Tc = 6.3 K obtained for the desolvated framework. The observed 

increase in Tc upon inclusion of the benzene derivatives was proposed to arise from host–guest 

interactions, namely π–π stacking interactions between the benzene rings of the solvates and 

benzoquinoid rings of the ligands, to give important structural and/or electronic changes. 

Unfortunately, full structural characterization for the desolvated framework is not yet available to 

test these hypotheses. 

In line with earlier studies with bimetallic oxalates,248–253 spin-crossover FeIII cations have been 

incorporated into the pores of 2D benzoquinoid frameworks with the goal of achieving 
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multifunctional magnetic materials.423,424 In contrast to the minimal impact of the inserted cations 

on Tc for the oxalate frameworks, a significant enhancement in the magnetic ordering temperature 

was observed upon introducing a range of cationic spin-crossover FeIII complexes into the pores 

of anionic [MnIICrIII(R2An)3]
− (R = Cl, Br) lattices.423,424 These compounds exhibit honeycomb 

structures and ferrimagnetic behavior, similar to the frameworks with (Bu4N)+ cations, albeit with 

a nearly two-fold increase in Tc, to values of ca. 10–11 K. Note, however, that the increase in Tc is 

likely not caused by magnetic interactions, as a near identical ordering temperature was obtained 

when a paramagnetic FeIII complex was replaced by a diamagnetic GaIII analogue.424 Furthermore, 

the FeIII complexes did not display spin-crossover behavior after inclusion into the benzoquinoid 

lattices, rather they remained exclusively in their low-spin or high-spin state,423,424 presumably 

owing to the absence of intermolecular interactions that can facilitate cooperative spin-crossover. 

As such, these hybrid materials did not show coexistence of spin-crossover and long-range 

magnetic order, and the observed change in Tc likely stems from structural changes caused by 

introduction of larger cations into the frameworks. 

Size effects of the templating cation on the magnetic properties of these materials have been 

further illustrated through a series of MnIICrIII frameworks with inserted alkylammonium cations 

of various sizes.425 While the compounds (Me2NH2)[MnIICrIII(Br2An)3]·2H2O, 

(Et2NH2)[MnIICrIII(Br2An)3], and (Et3NH)[MnIICrIII(Cl2An)3] feature the typical honeycomb 

layered structures with the ammonium cations occupying the cavities in the hexagonal channels 

(see Figure 8.49, left), the employment of the slightly larger (EtiPr2NH)+ cation provided a 

different bilayer structure for the compound (EtiPr2NH)[MnIICrIII(Br2An)3]·0.5CHCl3·H2O. Here, 
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half of the cations resides in the pores and the other half is located in the interlayer space (see 

Figure 8.49, right). These structural changes have profound effects on the magnetic properties for 

these compounds. Specifically, the compounds possessing regular honeycomb structures display 

the typical long-range ferrimagnetic order below Tc = 7.9–8.9 K, whereas the bilayer compound 

with (EtiPr2NH)+ cations exhibits weak antiferromagnetic interactions between the ferrimagnetic 

layers when it is measured in contact with the mother liquor. The solvated bilayer framework 

 

Figure 8.49 Crystal structures of (Et2NH2)[MnIICrIII(Br2An)3] (left) and 

(EtiPr2NH)[MnIICrIII(Br2An)3]·0.5CHCl3·H2O (right), as viewed along the crystallographic c (top) and b 

axis (bottom), highlighting the different arrangement of alkylammonium cations in the two compounds. 

Dark red, magenta, green, red, blue, and gray spheres represent Br, Mn, Cr, O, N, and C atoms, 

respectively; H atoms and solvent molecules are omitted for clarity.  
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exhibits long-range antiferromagnetic order 

and metamagnetic behavior. Interestingly, 

the dried sample shows a ferrimagnetic-like 

order below Tc = 9.0 K, which is attributed 

to a collapse of the structure. Notably, the 

desolvation/solvation process is reversible, 

thereby demonstrating the reversible 

switching of magnetic properties for this 

compound. The origin of this guest-

dependent behavior was speculated to arise 

from halogen–halogen interlayer 

interactions that are not present in the 

compounds with the smaller 

alkylammonium cations. Furthermore, these 

compounds show moderate proton 

conductivities, and thus belong to a rare class 

of multifunctional materials that show a 

coexistence of long-range magnetic order 

and proton conduction. 

In addition to the heterobimetallic MnIICrIII and MnIIFeIII 2D benzoquinoid frameworks, 

homometallic mixed-valence FeIIFeIII frameworks have also been recently reported.426,427 The 

compounds [(H3O)(H2O)(phz)3][FeIIFeIII(R2An)3]·12H2O (phz = phenazine; Cl2An2− = 

 

Figure 8.50 Variable-temperature electrical resistivity 

data for [(H3O)(H2O)(phz)3][FeIIFeIII(Cl2An)3]·12H2O 

(top) and [(H3O)(H2O)(phz)3][FeIIFeIII(Br2An)3] 

·12H2O (bottom), obtained along the hexagonal layers 

(||) and perpendicular to the layers (┴). Inset: Arrhenius 

plots of the data, with solid lines denoting linear fits to 

the Arrhenius law for the two semiconducting regimes. 

Reprinted with permission from ref. 426. Copyright 

2017 American Chemical Society. 
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chloranilate; Br2An2− = bromanilate) show the honeycomb layered structure with eclipsed packing 

of layers.426 Variable-temperature Q-band EPR spectra revealed that both frameworks are Robin–

Day class II mixed-valence compounds, as the appearance of a signal at ca. 20–40 K attributed to 

the S = 5/2 FeIII center indicated that the delocalized electron becomes trapped at low temperatures. 

Indeed, magnetic susceptibility measurements are consistent with class II mixed valency, as the 

presence of distinct FeII and FeIII sites at low temperature gives rise to ferrimagnetic long-range 

order.  

Compared to the MnIICrIII frameworks with similar cations, the ordering temperatures for the 

FeIIFeIII derivatives of Tc = 2.1–2.4 K are much lower.422 Interestingly, the chloranilate-bridged 

compound (R = Cl) orders at a slightly higher temperature than the bromanilate-bridged (R = Br) 

congener, suggesting that the magnetic coupling strength increases as the electronegativity of R 

increases,426 in contrast with the previous observation for the analogous MnIICrIII series with R = 

Cl, Br, I, H.422 This different behavior may be explained by the double exchange mechanism 

present in the FeIIFeIII series. Furthermore, the electron delocalization in these compounds provides 

high electrical conductivity in the plane parallel to the hexagonal layers, with room-temperature 

values of σ|| = 0.03 and 0.003 S cm−1 for R = Cl and Br, respectively (see Figure 8.50), confirming 

their semiconducting behaviors.426 Similar behavior has been observed for the isostructural 

framework compound (tag)[FeIIFeIII(ClCNAn)3]·29H2O (tag+ = triaminoguanidinium; ClCNAn2− 

= chlorocyanoanilate), which features an asymmetric benzoquinoid ligand.427 This compound has 

a slightly higher magnetic ordering temperature of Tc = 4 K and a slightly lower in-plane room- 

temperature conductivity of σ|| = 0.002 S cm−1. Notably, the benzoquinoid-based FeIIFeIII 

frameworks exhibit much higher electrical conductivity than analogous oxalate-bridged 
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compounds,430 owing to their greater effectiveness in promoting electron delocalization through a 

small-polaron hopping mechanism.427    

In summary, the 2D frameworks based on diamagnetic benzoquinoid linkers exhibit modest 

magnetic ordering temperatures (Tc = 5.5–11.4 K) that can be tuned by the choice metal centers, 

bridging ligand substituents, templating cations, and guest molecules. Furthermore, this family of 

materials represents rare examples of compounds that show both long-range magnetic order and 

electrical conductivity, making them attractive candidates for the creation of multifunctional 

magnetic materials.  

8.4 MOF Magnets with Radical Bridging Ligands 

8.4.1 Introduction 

Magnetic exchange coupling between metal centers bridged by diamagnetic organic linkers, 

as discussed in previous sections, occur via an indirect, and often relatively weak, superexchange 

mechanism.1,4,10 Moreover, the strength of these interactions is highly dependent on the relative 

orientation of the metal ions and decreases drastically when the distance between them 

increases.1,4,10,14,146 As such, the realization of metal-organic materials with strong magnetic 

coupling and thus long-range magnetic order remains an important challenge. One strategy toward 

this end is to connect paramagnetic metal centers by organic radical linkers, as direct exchange 

coupling between the metals and radical spins can give rise to much stronger interactions. Here, 

the paramagnetic linker acts as a magnetic relay and its diffuse spin orbitals enable good overlap 

with metal-based magnetic orbitals, thereby facilitating effective magnetic communication over 

longer distances. Furthermore, the use of organic radical linkers offers facile redox chemistry that 

may allow for switchable magnetic properties and multifunctionality, such as coexistent long-
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range magnetic order and electrical conductivity. This metal-radical approach26,27 has been highly 

successful over the past two decades and has provided molecule-based magnets with unique 

magnetic properties and multifunctional behavior. In this section, we highlight remarkable 

benchmarks and recent advances in the field of radical-based framework magnets. A summary of 

the radical linkers discussed herein is provided in Figure 8.51. Note that compounds featuring 

paramagnetic radical cations that are not covalently bound to the magnetic framework will not be 

discussed here, but they are included in previous sections of this review. Framework magnets 

based on radical linkers are enumerated in Tables 8.18 and 8.19. 

8.4.2 Nitroxide Radical-Bridged Compounds 

 

Figure 8.51 Organic radical linkers discussed in this review.  
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Derivatives of nitronyl nitroxide represent a class of highly stable organic radicals that feature 

an unpaired electron delocalized over two coordinating O atoms (see Figure 8.51, top left). 

Accordingly, these radicals can behave as bis-monodentate ligands and are attractive spin carriers 

in magnetic materials. The main limitation of these ligands is the poor coordinating ability of the 

N–O group toward metal ions owing to its weak Lewis basicity. However, this problem can be 

circumvented by employing electron-withdrawing coligands, such as 1,1,1,5,5,5-

hexafluoroacetylacetonate (hfac−), which act to increase the Lewis acidity of the metal centers and 

thus facilitate the formation of compounds with strong metal–radical bonds. Nitronyl nitroxide 

radicals are most commonly encountered in 1D chain compounds,98–112 but they have also been 

successfully incorporated into networks of higher dimensionalities.431–435  

The first example of such a framework was the 3D oxamate-based compound (4-

MePyNO)2MnII
2(CuII(opba))3(DMSO)2·2H2O (4-MePyNO+• = 2-(4-N-methylpyridinium)-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical; opba4− = 1,2-phenylenebis(oxamate)), 

which features a fully interlocked structure with three distinct spin carriers: 4-MePyNO+• (S = ½), 

MnII (S = 5/2), and CuII (S = ½).431,432 The structure consists of two nearly perpendicular hexagonal 

layers with MnII ions at the corners and CuII ions at the middle of the edges of each hexagon. 

Nitronyl nitroxide radical cations link two-thirds of the CuII centers to form linear chains, thereby 

connecting the two networks (see Figure 8.52). Variable-temperature dc susceptibility and 

magnetization data revealed characteristic ferrimagnetic behavior with the occurrence of a long-

range order below Tc = 22.5 K, owing to strong antiferromagnetic coupling between MnII and CuII 

ions through the oxamate bridge. Moreover, the field dependence of the magnetization indicated 

that the radical cation interacts ferromagnetically with the CuII centers in the CuII-radical chain 
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and antiferromagnetically with the MnII ions. Furthermore, this compound behaves as a soft 

magnet with a small coercive field (Hc < 10 Oe) at 4.2 K.  

A similar interlocked structure and ferrimagnetic behavior (Tc = 22.8 K) was observed upon 

replacement of the methyl groups on the nitroxide radical cations with slightly larger ethyl 

groups.433 However, upon exchanging the MnII ions for more anisotropic CoII centers, the magnetic 

ordering temperature increased to Tc = 37 K with a drastic enhancement in the coercive field.433,434 

Specifically, the coercive field for the compound (4-

EtPyNO)2CoII
2(CuII(opba))3(DMSO)0.5·DMSO·0.25H2O  (4-EtPyNO+• = 2-(4-N-

ethylpyridinium)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical), as obtained from 

magnetic hysteresis measurements at 6 K, was found to be highly dependent on the size of the 

 

Figure 8.52 Crystal structure of (4-MePyNO)2MnII
2(CuII(opba))3(DMSO)2·2H2O, highlighting the 

honeycomb layer (left) and the interlocking motif of two nearly perpendicular hexagons (green and orange) 

formed by nitronyl nitroxide radical ligands bridging the CuII centers (right). Cyan, magenta, red, blue, and 

gray spheres represent Cu, Mn, O, N, and C atoms; H atoms and solvent molecules are omitted for clarity. 
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crystallites. While the largest crystals gave a value of Hc = 8500 Oe, a remarkable coercive field 

of Hc > 2.4 T was obtained for crystals that were ca. 50 times smaller.433,434 The analogous (4-

EtPyNO)2NiII
2CuII

3 framework exhibits an ordering temperature (Tc = 28 K) and a coercive field 

(Hc = 500 Oe at 6 K) that fall in between the values for the (4-EtPyNO)2MnII
2CuII

3  and (4-

EtPyNO)2CoII
2CuII

3  congeners.434  

A slightly larger increase in Tc was observed when nitronyl nitroxides with Pr substituents were 

employed.435 In particular, the isostructural framework 

(PrPyNO)2MnII
2(CuII(opba))3·3.3DMSO·5H2O (4-PrPyNO+• = 2-(4-N-propylpyridinium)-

4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical) features similar ferrimagnetic layers and 

ferromagnetic chains as the other members of this series of compounds and orders below Tc = 24.1 

K. Interestingly, very low temperature magnetization data at 120 mK revealed a metamagnetic-

like transition under a magnetic field of ca. 2.1 T, attributed to flipping of half of the radical spins 

in the CuII-radical chains.435 

In addition to the oxamate-based frameworks, where the nitronyl nitroxide radicals act as 

coligands, two compounds featuring MnII(hfac)2 complexes bridged by trinitroxide radicals have 

demonstrated permanent magnetism.436,437 The employment of the three-fold symmetric ligand 

1,3,5-tris(p-(N-tert-butyl-N-oxyamino)phenyl)benzene triradical (TOAPB) afforded a 2D layered 

structure of honeycomb topology. The resulting compound (TOAPB)2(MnII(hfac)2)3·Hp exhibits 

long-range magnetic order with Tc = 3.4 K, which was speculated to arise from ferromagnetic 

coupling between ferrimagnetic layers.436,437 However, moving to a linear trinitroxide radical that 

displays much stronger intramolecular nitroxide–nitroxide exchange coupling438 provided a 

parallel cross-shaped 3D framework, (BAPN)2(MnII(hfac)2)3 (BAPN = bis(3-tert-butyl-5-(N-oxy-
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tert-butylamino)phenyl) nitroxide triradical), which orders at Tc = 46 K.437 The magnetic data for 

this compound are consistent with antiferromagnetic interactions between MnII ions and nitroxide 

radicals, and ferromagnetic coupling between nitroxide radicals within each ligand, giving an 

overall S = 9/2 ground state. Finally, note that despite the radical character of this compound it 

displays high chemical stability, as no degradation was observed after a year at room temperature 

in air.  

Homoleptic MnII compounds featuring bis-chelating nitronyl-nitroxide ligands can also give 

rise to spontaneous magnetization.439 Here, the metal coordination sphere is free of electron-

withdrawing groups. One such compound of formula [MnII
2(NITIm)3](ClO4) (NITIm−•  = 2-(2-

imidazol-1-ide)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical) has been characterized by 

X-ray diffraction. The structure displays octahedral MnII centers that are tris-chelated by anionic 

bis-bidentate nitroxide ligands to give a mer-MnIIN3O3 coordination sphere. These units are 

arranged into a 2D framework of honeycomb topology, with perchlorate counterions located in the 

interlayer space. This compound features ferrimagnetic layers, as confirmed by a saturation 

magnetization value of Ms = 6.7(1) μB mol−1 that is close to the theoretical value of 7 μB mol−1 

expected for antiferromagnetic coupling between two S = 5/2 MnII ions and three S = ½ radicals. 

Moreover, the framework exhibits magnetic order below Tc = 1.4 K and a hysteresis loop at 85 mK 

with a coercive field of Hc = 270 Oe and a remanent magnetization of Mr = 0.22 μB mol−1.  

8.4.3 Triphenylmethyl Radical-Bridged Compounds 

Another stable multitopic organic radical linker suitable for the synthesis of framework 

materials is the polychlorinated triphenylmethyl tricarboxylate radical (PTMTC3−•) (see Figure 

8.51, top right). This radical features a central carbon atom with high spin density that is sterically 
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shielded by the bulky chloro substituents, and 

the half-life of this species in solution at room 

temperature under aerobic conditions is 

estimated to be of the order of 100 years. 

Furthermore, it is thermally stable to 

temperatures up to 300 °C.440 The trigonal 

symmetry of this polycarboxylato ligand 

facilitates the formation of 2D and 3D 

networks. 

The first example of a framework magnet 

incorporating this tricarboxylate-

functionalized radical bridging ligand was the 

2D framework compound 

CuII
3(PTMTC)2(py)6(EtOH)2(H2O)·10EtOH·6H2O (py = pyridine) (MOROF-1).441 The structure 

of this compound features layers of honeycomb topology, with the central carbon on the 

PTMTC3−• ligands occupying each vertex of the honeycomb. Each CuII center resides in a square 

pyramidal coordination environment made up of two monodentate carboxylate groups, two 

pyridine ligands, and one EtOH or H2O molecule (see Figure 8.53). Eclipsed stacking of the layers 

generates 1D hexagonal channels with very large pores (31 × 28 Å2).  

Desolvation of this compound occurs rapidly at room temperature with dramatic contraction 

in crystal volume (25–35%) and complete loss of crystallinity. However, the original structure is 

mostly recovered upon soaking the material in EtOH or MeOH, as confirmed by PXRD analysis. 

 

Figure 8.53 Crystal structure of 

CuII
3(PTMTC)2(py)6(EtOH)2(H2O)·10EtOH·6H2O, 

as viewed along the crystallographic c axis. Cyan, 

green, red, blue, and gray spheres represent Cu, Cl, O, 

N, and C atoms, respectively; H atoms and solvent 

molecules are omitted for clarity. 
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Notably, other organic solvents were unable to induce this quasi-reversible “shrinking–breathing” 

process. Variable-temperature dc magnetic susceptibility measurements on a crystalline sample in 

contact with EtOH revealed antiferromagnetic interactions between CuII and radical linkers to give 

an overall ferrimagnetic interaction, with a minimum value of χMT at 31 K followed by a rapid 

upturn. The large increase in the value of χMT at low temperature suggests the onset of a long-

range magnetic order, which was confirmed by ac susceptibility measurements. In contrast, the 

desolvated compound behaves as a paramagnet.441 

Treatment of the PTMTC3−• radical ligand with CoII ions afforded a framework with a different 

topology and distinct magnetic behavior.442 Specifically, this compound of formula 

CoII
6(PTMTC)4(py)17(EtOH)(H2O)4 (MOROF-3) exhibits an unusual (6,3)-helical 2D structure, 

and isothermal magnetization measurements at 1.8 K suggested coexisting ferro- and 

antiferromagnetic interactions between CoII ions and PTMTC3−• radicals. This behavior was 

attributed to the presence of mixed mono- and bidentate ligand binding modes in the structure and 

the asymmetry of the trigonal nodes. This compound did not reveal hysteretic behavior at 1.8 K; 

however, an onset of a signal in the out-of-phase ac susceptibility (χM′′) under an external dc field 

of 500 Oe suggested that long-range magnetic order may occur at a lower temperature.  

8.4.4 Organonitrile Radical-Bridged Compounds 

8.4.4.1 TCNE Radical-Bridged Compounds 

Building on the remarkable permanent magnetic behavior above room temperature observed 

for the amorphous compound V(TCNE)x·yCH2Cl2 (x ≈ 2; y ≈ 0.5),83–86 a tremendous effort has 

been directed toward synthesizing and structurally-characterizing related materials featuring 

TCNE−• radical ligands. Such in-depth structural analysis is critical to deduce the structure–
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property relationships for this family of magnets and to enable the rational design of molecule-

based magnets with high ordering temperatures for targeted applications.  

The first structurally-characterized framework magnet featuring the TCNE−• radical anion was 

the compound [FeII(TCNE−•)(MeCN)2](FeIIICl4) reported in 2006.443 The structure, obtained from 

Rietveld refinement of synchroton PXRD data, is comprised of corrugated layers of FeII ions 

bridged by planar μ4-TCNE−• radical anions. The octahedral coordination sphere of the FeII centers 

is completed by two axial MeCN molecules and the interlayer space is occupied by (FeIIICl4)
− 

anions. This compound orders as an antiferromagnet below 90 K, and this order was attributed to 

antiferromagnetic coupling between ferrimagnetic [FeII(TCNE−•)(MeCN)2]
+ layers. However, this 

state is only metastable due to a strong structural magnetic anisotropy, and an irreversible 

transformation to a more stable ferrimagnetic state was observed upon application of a small 

magnetic field. Accordingly, this compound exhibits magnetic hysteresis at 50 K with a coercive 

field of Hc = 1730 Oe and a remanent magnetization of Mr = 7500 Oe cm3 mol−1.  

More recently, the minimal impact of the counteranion on the 2D layered structure and 

magnetic properties for this type of compound was demonstrated.444 In particular, replacing the 

(FeIIICl4)
− ions with larger (SbVF6)

− ions afforded the isostructural compounds 

[MII(TCNE−•)(MeCN)2](SbVF6)·xCH2Cl2·yMeCN (MII = MnII, FeII) that display long-range 

magnetic order below 67 and 96 K for MII = MnII and FeII, respectively. The MnII congener exhibits 

additional spin glass behavior, speculated to stem from the presence of a significant amount of an 

amorphous phase originating from partial loss of axially coordinated MeCN molecules. 

Another important step toward better understanding the magnetic properties of TCNE−• 

radical-based systems was the structural characterization of the compound 
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FeII(TCNE)2·0.32CH2Cl2.
445 Its structure possesses corrugated layers of octahedral FeII centers 

each bonded to four μ4-TCNE−• radical anions, and these layers are connected by diamagnetic μ4-

[C4(CN)8]
2− ions to generate a 3D framework. Note that the diamagnetic ligands were formed in 

situ through the dimerization of TCNE−• radical anions via C–C bond formation. Accordingly, the 

compound is best formulated as FeII(TCNE−•)[C4(CN)8]0.5·0.32CH2Cl2. The dominant spin 

interaction contributing to the ferrimagnetic behavior for this compound is the antiferromagnetic 

direct exchange coupling between FeII and TCNE−• radical anions in the layers.445 The realization 

of a mixture of paramagnetic and diamagnetic TCNE ligands in this compound clarified its high 

saturation magnetization value and the similar ordering temperature of ca. 100 K as observed for 

the previously characterized 2D layered frameworks discussed above.87,88,445  

The isostructural MnII analogue of the mixed-TCNE ligand framework, 

MnII(TCNE−•)[C4(CN)8]0.5·0.74CH2Cl2, has also been reported.72 Here, significant 

antiferromagnetic interactions between ferrimagnetic layers via the diamagnetic [C4(CN)8]
2− 

ligands give rise to dominant antiferromagnetic behavior. This framework exhibits long-range 

antiferromagnetic order with TN = 68 K, as determined by an insignificant χM′′ signal and the 

coincidence of zero-field-cooled and field-cooled magnetization data. 

The reaction of TCNE with MnIII2(THF)3 in CH2Cl2 afforded two compounds with drastically 

different structures depending on the reaction time. Interestingly, both compounds exhibit a 

magnetic ordering temperature of Tc = 171 K, which represents the current record among 

structurally-characterized MOF magnets.72,73 A reaction time of two days gave the 3D framework 

MnII(TCNE−•)1.5(I3)0.5·0.5THF.72 In contrast to the 3D frameworks discussed above, this 
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compound features exclusively TCNE−• 

radical ligands. The structure comprises 

octahedral MnII ions bonded to six 

different μ4-TCNE−• ligands, four of 

which are involved in forming corrugated 

sheets and the other two bridge adjacent 

planes  (see Figure 8.54, top). Notably, the 

angle between intra- and interlayer MnII–

N bonds is ca. 90° and isolated linear 

chains of I3
− ions are present for charge 

compensation. Variable-temperature dc 

susceptibility and magnetization 

measurements revealed characteristic 

ferrimagnetic behavior with a sharp 

upturn in χMT at ca. 185 K and a 

bifurcation temperature for the zero-field-

cooled (ZFC) and field-cooled (FC) 

magnetization data of Tb = 171 K (see 

Figure 8.54, center and bottom). The 

presence of long-range magnetic order 

was further confirmed by ac susceptibility 

studies, and magnetic hysteresis was 

 

Figure 8.54 Top: Crystal structure of 

MnII(TCNE−•)1.5(I3)0.5·0.5THF. Magenta, blue, and gray 

spheres represent Mn, N, and C atoms, respectively; I3
− 

ions and solvent molecules are omitted for clarity. Center: 

Variable-temperature dc magnetic susceptibility data for 

MnII(TCNE−•)1.5(I3)0.5·0.5THF, collected at 1000 Oe. 

Bottom: Zero-field-cooled (ZFC) and field-cooled (FC) 

magnetization data for MnII(TCNE−•)1.5(I3)0.5·0.5THF, 

collected at 5 Oe. Reproduced from ref. 72 with 

permission from Wiley-VCH Verlag GmbH & Co. 
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observed at 10 K with a coercive field of Hc = 600 Oe and a remanent magnetization of Mr = 8000 

Oe cm3 mol−1. Overall, this magnetic behavior is indicative of a soft 3D ferrimagnet, which can be 

attributed to direct antiferromagnetic coupling between MnII and TCNE−• radical ligands within 

and between layers. Interestingly, preliminary experiments revealed that the ordering temperature 

increases upon application of an external 

pressure, reaching a value of Tc = 273 K 

under 14.2 kbar pressure.72  

The second compound, a 2D framework 

of the formula MnII(TCNE−•)I(H2O), was 

obtained after allowing the reaction solution 

to stand for six months.73 This species 

features a similar corrugated layered 

structure as [MII(TCNE−•)(MeCN)2]
+ (MII = 

MnII, FeII), albeit with two distinct 

environments for the μ4-TCNE−• ligands 

owing to different dihedral angles between 

the mean MnIIN4 and TCNE-C6 planes (see 

Figure 8.55). Furthermore, the interlayer 

separation of 5.00 Å is significantly shorter 

than those in other structurally-characterized 

MII-TCNE frameworks, which are all above 

8.0 Å. The magnetic properties for this 

 

Figure 8.55 Crystal structure of MnII(TCNE−•)I(H2O), 

as viewed along the crystallographic b (top) and c axis 

(bottom), highlighting the corrugated layered structure 

and two types of μ4-TCNE−• ligand environments. 

Violet, magenta, red, blue, and gray spheres represent 

I, Mn, O, N, and C atoms, respectively; H atoms are 

omitted for clarity.  
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compound are very similar to those observed for the 3D framework 

MnII(TCNE−•)1.5(I3)0.5·0.5THF. Specifically, the zero-field-cooled (ZFC) and field-cooled (FC) 

magnetization curves measured under an applied field of 5 Oe revealed a bifurcation temperature 

of Tb = 172 K and a remanent magnetization that was coincident with the field-cooled data. The 

latter provided an ordering temperature of Tc = 171 K, which was in agreement with ac 

susceptibility data. Furthermore, magnetic hysteresis at 10 K revealed a coercive field of Hc = 400 

Oe and a remanent magnetization of Mr = 60 Oe cm3 mol−1.  

The long-range order for MnII(TCNE−•)I(H2O) was attributed to antiferromagnetic interactions 

between canted ferrimagnetic 2D layers. The lower saturation and remanent magnetization values 

compared to those obtained for MnII(TCNE−•)1.5(I3)0.5·0.5THF provided support for this 

interpretation. Furthermore, the short inter- and intralayer distances, along with the high value of 

Tc suggest a 3D magnetic order for this compound, and thus non-negligible interlayer interactions. 

Finally, note that both MnII(TCNE−•)I(H2O) and MnII(TCNE−•)1.5(I3)0.5·0.5THF are soft magnets, 

which is expected given the nearly isotropic MnII centers in these compounds. 

8.4.4.2 TCNQ Radical-Bridged Compounds 

In addition to extensive studies on TCNE-based radical systems, compounds featuring the 

larger derivative 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) have also been of immediate 

interest owing to the higher chemical tunability of this building unit. Specifically, the central 

aromatic ring can be functionalized with various substituents to tune both electronic and steric 

properties of the ligand (see Figure 8.51, bottom left). Linkers based on TCNQ derivatives have 

been of particular focus in the design of electrically conductive framework magnets. For that 

purpose, the employment of electron-rich dimeric Ru2 paddlewheel building units and TCNQ-
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based linkers has been highly successful, affording a number of frameworks that display 

permanent magnetic behavior.446–452 Here, an electron transfer from the RuII
2 moieties to TCNQ-

based ligands (TCNQRx; R denotes the type of substituent on the aromatic ring and x denotes the 

number of substituents) can lead to a mixed-valence state of the form [Ru2
4.5+]–(TCNQRx

−•)–

[Ru2
4.5+]. Such electron transfer results in magnetic double-exchange interactions between S = 1 

RuII
2 and S = 3/2 RuII,III

2 units via the TCNQRx
−• (S = ½) radical anion that may lead to long-range 

magnetic order. 

The first example of a successful 

implementation of this strategy to generate a 

magnet was the 2D framework compound 

(Ru2(TFA)4)2(TCNQF4)·3(p-xylene) (TFA− 

= trifluoroacetate; TCNQF4 = 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyano-p-quinodi-

methane).446,447 The structure of this 

compound displays Ru2(TFA)4 paddlewheel 

units with two cyano groups from distinct 

TCNQF4 ligands coordinated to the axial 

sites of the Ru centers. The overall structure 

has a fishnet-like hexagonal topology (see 

Figure 8.56, top). The Ru–Oequatorial bond 

distance is strongly influenced by the 

oxidation state of the Ru2 paddlewheel core, 

 

Figure 8.56 Top: Crystal structure of 

(Ru2(TFA)4)2(TCNQF4)·3(p-xylene), highlighting the 

paddlewheel unit (left) and the fishnet-like hexagonal 

topology (right). Green, light orange, red, blue, and 

gray spheres represent Ru, F, O, N, and C atoms, 

respectively; solvent molecules are omitted for clarity. 

Bottom: Variable-temperature dc magnetic 

susceptibility data for (Ru2(TFA)4)2(TCNQF4)·3(p-

xylene), collected under an applied field of 1 T. 

Reprinted with permission from ref. 446. Copyright 

2006 American Chemical Society.  
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indicative here of the partially oxidized state Ru2
4.5+. Furthermore, analysis of the degree of charge 

transfer using the Kistenmacher relationship453 for the TCNQF4 ligand was consistent with one-

electron transfer from two Ru2
II(TFA)4 units to one TCNQF4 ligand, such that this compound is 

better formulated as (Ru2
4.5+(TFA)4)(TCNQF4

−•)(Ru2
4.5+(TFA)4)·3(p-xylene). This compound 

exhibits long-range antiferromagnetic order below TN = 95 K, as evidenced by a maximum value 

of χMT at 96 K (see Figure 8.56, bottom) and no χM′′ signal. Additionally, a spin-flop transition to 

a paramagnetic phase was observed with a critical field of 4740 Oe at 1.82 K, and a large open 

butterfly-type hysteresis loop indicated an intermediate canted spin phase.  

This metamagnetic-like behavior was posited to stem from antiferromagnetic interactions 

between strongly coupled magnetic layers and the strong magnetic anisotropy from the Ru2 units. 

Notably, the room-temperature electrical conductivity for this compound is σ = 4.6 × 10−4 S cm−1, 

which is 100 times greater than that observed for the analogue bearing RuII
2 and a diamagnetic 

TCNQ bridging ligand. Along these lines, the electron affinity of the TCNQRx acceptor plays a 

critical role in determining the efficiency of electron-transfer from the Ru2
II core.454,455 Indeed, the 

mixed-valence state was not accessed when the TCNQF4 ligand was replaced by less 

electronegative TCNQ derivatives, including TCNQH4, TCNQBr2, TCNQCl2, and TCNQF2.
447 

Accordingly, those compounds showed only paramagnetic behavior. 

Interestingly, the mixed-valence state could also be accessed by employing Ru2 paddlewheel 

units with 1,2-chlorobenzoate (1,2-Clbz–) ligands in conjunction with TCNQ(OMe)2 (2,5-

dimethoxy-7,7,8,8-tetracyano-p-quinodimethane) bridging ligands.448 The resulting compound 

(Ru2
4.5+(1,2-Clbz)4)(TCNQ(OMe)2

−•)(Ru2
4.5+(1,2-Clbz)4)·CH2Cl2 is isostructural to the 2D 

network described above and shows similar long-range antiferromagnetic order under low external 
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magnetic fields (H < 300 Oe) with TN = 75 K, along with metamagnetic behavior. However, this 

compound undergoes a near reversible desolvation process without losing crystallinity, with 

associated changes in magnetic properties. Specifically, the desolvated framework behaves as a 

ferromagnet below TC ≈ 56 K, as evidenced by the growth of a χM′′ signal during the desolvation 

process. The difference in magnetic behavior for the two compounds was attributed to slight 

structural changes caused by the order/disorder of 1,2-Clbz– ligands. In particular, the disorder of 

the phenyl groups in the desolvated framework was speculated to disturb the antiferromagnetic 

interlayer interactions that are responsible for the antiferromagnetic behavior of the solvated 

framework.448 Note that the magnetic properties of TCNQ-based frameworks had previously been 

shown to be altered by a reversible desolvation/solvation process.456 However, in that case, only 

the poorly crystalline desolvated compound displayed magnet-like behavior. 

Another fascinating example of how drastic changes in magnetic behavior can be induced by 

desolvation/solvation treatments is the isostructural compound (Ru2(2,3,5-

Clbz)4)2(TCNQMe2)·4CH2Cl2 (2,3,5-Clbz− = 2,3,5-trichlorobenzoate; TCNQMe2 = 2,5-dimethyl-

7,7,8,8-tetracyano-p-quinodimethane).449 The solvated framework displays a charge-localized 

state that is formulated as (Ru2
4+(2,3,5-Clbz)4)(TCNQMe2

−•)(Ru2
5+(2,3,5-Clbz)4)·4CH2Cl2 and 

orders below Tc = 101 K owing to ferromagnetic interactions between ferrimagnetic layers. In 

contrast, the desolvated framework displays a charge-disproportionate disordered state at ca. 100 

K with a formula of (Ru4/5+
2(2,3,5-Clbz)4)(TCNQMe2

−•/TCNQMe2
2−)(Ru2

5+(2,3,5-Clbz)4). This 

electronic state transfers to the nearly fully charge-transferred state of formula (Ru2
5+(2,3,5-

Clbz)4)(TCNQMe2
2−)(Ru2

5+(2,3,5-Clbz)4) at high temperatures. The desolvated framework also 

orders as a ferrimagnet, but with a drastically lower ordering temperature of Tc = 34 K that is in 
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accord with the presence of both TCNQMe2
−• radical and diamagnetic dianionic bridging ligands. 

Notably, the desolvation/solvation process is mostly reversible, both with respect to structural and 

magnetic properties, demonstrating a switchable change in the magnetic ordering temperature of 

ca. 70 K, achieved by guest-induced electronic state and slight structural modulations. Although 

the electrical conductivity for these compounds has not been reported, this study highlights that a 

guest-induced modulation of electronic states may be an attractive route toward multifunctional 

magnetic MOFs and other porous materials. 

A similar modification of the electronic states for these compounds was achieved by tuning 

the electron-donating ability of the TCNQ ligands.450 Specifically, changing the position of 

fluorine atoms on the aromatic ring from ortho to meta to para afforded a series of three 

compounds of the general formula (Ru2(1,x-Fbz)4)2(TCNQ(OMe)2)·solvent (1,x-Fbz− =1,x-

difluorobenzoate; x = 2–4) that exhibit different charge-ordered states. While the framework 

bearing 1,2-Fbz− ligands displays the mixed-valence state (Ru2
4+(1,2-

Fbz)4)(TCNQ(OMe)2
−•)(Ru2

5+(1,2-Fbz)4), the analogue with 1,3-Fbz− ligands features exclusively 

Ru2
5+ paddlewheel units and diamagnetic TCNQ(OMe)2

2− linkers. On the other hand, the 

derivative bearing 1,4-Fbz− ligands represents the intermediate charge-disproportionate ordered 

state with a mixture of Ru2
4+, Ru2

5+, TCNQ(OMe)2
−•, and TCNQ(OMe)2

2− moieties in the ratio 

1:3:1:1, similar to the desolvated (Ru2(2,3,5-Clbz)4)2(TCNQMe2) framework discussed above. 

The mixed-valence framework exhibits long-range ferrimagnetic order with Tc = 88 K, followed 

by antiferromagnetic order at TN = 83 K, ascribed to antiferromagnetic coupling between 

ferrimagnetic layers. In contrast, the charge-disproportionate framework orders as a ferrimagnet at 

a much lower temperature of Tc = 27 K, owing to the alternating arrangement of strongly coupled 
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ferrimagnetic and weakly coupled 

paramagnetic domains via TCNQ(OMe)2
−• 

and TCNQ(OMe)2
2− ligands, respectively. 

This change in Tc with charge state is in 

accord with the study discussed above. Note 

that this electronic state modulation can also 

be tuned by applied pressure. 

Additional functional groups, such as 

1,2,5-thiadiazole moieties, can be 

incorporated onto the TCNQ backbone to 

afford suitable bridging ligands for the 

synthesis of framework magnets. Two such 

2D frameworks of fishnet-like topology 

feature localized mixed-valence [Ru2
4+]–

((BTDA-TCNQ)−•)–[Ru2
5+] (BTDA-TCNQ 

= bis(1,2,5-thiadiazolo)tetracyano-p-

quinodimethane) states and exhibit ordering 

temperatures of Tc = 83–93 K, in accord with 

other members of this class of frameworks 

discussed above.451 In addition, one 3D 

framework magnet featuring this ligand has been synthesized. This compound, (Ru2(1,3-

Fbz)4)2(BTDA-TCNQ)·1.6(4-ClPhMe)·3.4CH2Cl2, features similar Ru2 paddlewheel units as the 

 

Figure 8.57 Crystal structure of (Ru2(1,3-

Fbz)4)2(BTDA-TCNQ)·1.6(4-ClPhMe)·3.4CH2Cl2, 

highlighting the paddlewheel unit (top) and the helical 

3D network (bottom) viewed along the 

crystallographic a axis. Green, gold, light orange, red, 

blue, and gray spheres represent Ru, S, F, O, N, and C 

atoms, respectively; H atoms and solvent molecules 

are omitted for clarity.  
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2D frameworks, however, twisting of the μ4-(BTDA-TCNQ) bridging ligands leads to the 

formation of helical chains that connect into a 3D network (see Figure 8.57).452 Bond length 

analysis implies a charge-localized state with non-integer values, (Ru2
(4 + δ)+(1,3-Fbz)4)((BTDA-

TCNQ)(1 + δ)−)(Ru2
5+(1,3-Fbz)4) (δ ≈ 0.1–0.4). This compound exhibits long-range magnetic order 

with Tc = 107 K and coercive fields were detected up to 100 K, providing a value of Hc = 7250 Oe 

at 1.8 K.452 Indeed, this is the highest magnetic ordering temperature reported for a TCNQ-based 

magnet. Note, however, that the value of Tc for this only example of a 3D TCNQ-based magnet is 

only 6 K higher than that for the best 2D analogue.449 Both compounds feature the same charge-

localized one-electron transfer state, as such a double-exchange mechanism is likely needed to 

provide much higher ordering temperatures for this family of magnets.  

Finally, a homologous series of compounds of formula MII(TCNQ)2 (M
II = MnII, FeII, CoII, 

NiII) has been reported to show spontaneous magnetization.90 These compounds exhibit ordering 

temperatures of Tc = 7–44 K and behave as glassy magnets. However, owing to their poor structural 

characterization, these compounds will not be discussed further in this review.  

8.4.5 Semiquinoid Radical-Bridged Compounds 

As illustrated in the previous section, 2D framework magnets featuring diamagnetic 

tetraoxolene linkers exhibit high chemical tunability but modest magnetic ordering temperatures 

owing to the relatively weak superexchange coupling between metal centers through long 

diamagnetic linkers. As such, taking advantage of the facile redox chemistry of benzoquinoid 

ligands and building on the promise of the radical-bridged systems discussed above, recent efforts 

have focused on incorporating semiquinoid radical linkers into frameworks.  



 

806 

 

The compound (Me2NH2)2[Fe2(Cl2An)3]·2H2O·6DMF (Cl2An2− = chloranilate) represents the 

first example of a structurally-characterized extended solid with tetraoxolene radical linkers.457 

The structure of this compound features 2D honeycomb layers, with each Fe center ligated by three 

bis-bidentate chloranilate ligands. The layers are eclipsed, leading to the formation of 1D 

hexagonal channels, and the charge of the dianionic network is compensated by (Me2NH2)
+ ions 

situated in the pores within the layers. Bond distance analysis, in conjunction with Raman and 

Mössbauer spectroscopy, revealed delocalized ligand mixed-valency and the presence of 

exclusively high-spin FeIII ions. As such, spontaneous electron transfer from the FeII starting 

material to Cl2An2− occurred during synthesis to provide a framework best formulated as 

[FeIII
2(Cl2An8/3−)3]

2−. Variable-temperature magnetization studies showed a spontaneous 

magnetization to occur below 100 K (see 

Figure 8.58). The long-range order, which 

was posited to be of 2D ferrimagnetic nature, 

was confirmed by ac susceptibility 

measurements to provide an ordering 

temperature of Tc = 80 K. This compound 

behaves as a glassy magnet with a coercive 

field of Hc = 2630 Oe at 1.8 K. Furthermore, 

the framework remains intact upon 

desolvation and exhibits a very high 

Brunauer–Emmett–Teller (BET) surface area 

of 885(105) m2 g−1. The desolvated 

 

Figure 8.58 Variable-temperature field-cooled dc 

magnetization data for 

(Me2NH2)2[Fe2(Cl2An)3]·2H2O·6DMF (blue) 

and (Me2NH2)2[Fe2(Cl2An)3] (red), collected under an 

applied field of 10 Oe. Inset: Variable-field dc 

magnetization data for 

(Me2NH2)2[Fe2(Cl2An)3]·2H2O·6DMF at 60 K (blue) 

and  (Me2NH2)2[Fe2(Cl2An)3] at 10 K (red). Reprinted 

with permission from ref. 457. Copyright 2015 

American Chemical Society.  
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compound also displays ferrimagnetic 

behavior, albeit with a lower ordering 

temperature of Tc = 26 K, attributed to 

structural distortions of the framework. 

Accordingly, this framework magnet adds to 

the handful of metal-organic compounds that 

display reversible solvent-induced switching 

of magnetic ordering temperature. 

Furthermore, this compound exhibits high 

room-temperature electrical conductivity 

values of σ = 1.4(7) × 10−2 and 1.0(3) × 10−3 

S cm−1 for the solvated and desolvated forms, 

respectively.458 The coexistence of high-

temperature magnetic order and high conductivity, as observed for these frameworks, is 

remarkable and nearly unprecedented in a metal-organic material (see Figure 8.59).  

This compound can be reduced by one electron per formula unit with Cp2CoII (Cp− = 

cyclopentadienyl anion) via post-synthetic single-crystal-to-single-crystal process to afford the 

compound [Cp2CoIII]1.43(Me2NH2)1.57[FeIII
2(Cl2An3−•)3]·4.9DMF, which features exclusively 

Cl2An3−• radical bridging ligands. The 2D honeycomb structure remains intact and despite a net 

decrease in overall spin magnitude, the reduced compound exhibits long-range order with Tc = 105 

K, which represents an increase of 25 K over that for the parent framework. This behavior was 

attributed to stronger intralayer coupling due to increased radical character and anionic charge of 

 

Figure 8.59 Plot comparing the magnetic ordering 

temperature and room-temperature electrical 

conductivity values for structurally-characterized 

metal-organic solids, highlighting the ability of 2D 

semiquinoid frameworks to exhibit high values of both 

properties. Blue circles = 2D semiquinoid 

frameworks; purple hexagons = metal-oxalate solids 

cocrystallized with conductive cations; magenta 

squares = TCNQ-bridged solids; green triangles = 3D 

iron-quinoid solids; orange diamonds = TCNE-

bridged solids; hollow red squares = halogen-bonded 

salts. Reprinted with permission from ref. 458. 

Copyright 2017 American Chemical Society.  
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the chloranilate ligands. This framework was also tentatively described as a 2D ferrimagnet. 

Notably, this compound exhibits an open magnetic hysteresis loop up to 100 K with coercive fields 

of Hc = 4520 and 9 Oe at 1.8 and 100 K, respectively. However, the room-temperature electrical 

conductivy for the reduced compound is σ = 5.1(3) × 10−4 S cm−1, which is significantly less than 

that for the parent framework. The decrease in conductivity was hypothesized to arise from loss of 

ligand mixed-valency, as facile charge hopping is prevented when the hole is filled by an electron. 

Nevertheless, these combined values of Tc and σ are exceptionally high for metal-organic materials 

(see Figure 8.59), highlighting the tremendous potential for metal-semiquinoid frameworks as 

conductive magnets. 

There is also a great interest in 

developing materials with simultaneously 

switchable magnetic and electrical 

properties, as they may enable dramatic 

improvements in spintronic technologies 

including data storage and processing.459 

Toward this end, the paramagnetic 2D MnII 

benzoquinoid framework compound 

(Me4N)2[MnII
2(Cl2An2−)3]·3.2Et2O was 

reduced by three electrons via post-synthetic 

single-crystal-to-single-crystal chemical 

reduction process, in analogy to the FeIII 

framework discussed above, to afford the 

 
Figure 8.60 Plot of current density vs electrical field 

strength for    (Me4N)2[MnII
2(Cl2An2−)3]·3.2Et2O 

(orange) and Na3(Me4N)2[MnII
2(Cl2An3−•)3]·3.9THF 

(green), collected at 295 K, highlighting the much 

higher electrical conductivity for the latter compound. 

Inset: Schematic of the repeating units in these 

compounds with diamagnetic ligands in orange and 

radical ligands in green. The violet data points 

correspond to the re-oxidized compound, highlighting 

the reversibility of the redox-switching process. 

Reproduced from ref. 460 with permission from the 

Royal Society of Chemistry. 
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compound Na3(Me4N)2[MnII
2(Cl2An3−•)3]·3.9THF.460 This reduced compound is a permanent 

magnet below Tc = 41 K (Hc = 300 Oe at 1.8 K) and exhibits a room-temperature conductivity 

value of σ = 2.27(1) × 10−8 S cm−1, which is 200,000-fold higher than that for the parent compound 

(see Figure 8.60). Importantly, this redox chemistry is reversible (see Figure 8.60). While both the 

magnetic ordering temperature and electrical conductivity are modest, this framework provides an 

important proof-of-principle example that 

highlights the ability of MOFs to serve as a 

facile platform to achieve simultaneous 

redox-switching of permanent magnetic 

behavior and electrical conductivity.  

In addition to these 2D metal-

semiquinoid magnets, a structurally-

characterized 3D framework of similar 

composition has demonstrated long-range 

magnetic order.461 The compound 

(Bu4N)2[FeIII
2(dhbq3−•)2(dhbq2−)] (dhbq2− = 

2,5-dioxidobenzoquinone) displays similar 

ligand mixed-valency as the 2D analogue 

above, with formally two dhbq3−• radical 

ligands and one diamagnetic dhbq2− ligand 

per formula unit. The type of mixed-valency 

in this compound was established as Robin–

 

Figure 8.61 Top: Crystal structure of 

(Bu4N)2[FeIII
2(dhbq3−•)2(dhbq2−)], as viewed along the 

crystallographic a axis (right), highlighting the 

coordination environment of FeIII (left). Orange, red, 

and gray spheres represent Fe, O, and C atoms, 

respectively; H atoms and (Bu4N)+ ions are omitted for 

clarity. Bottom: Variable-temperature electrical 

conductivity data for (Bu4N)2[FeIII
2(dhbq3−•)2(dhbq2−)] 

(blue squares) and Na0.9(Bu4N)1.8[FeIII
2(dhbq3−•)2.7 

(dhbq2−)0.3] (orange spheres). Black lines denote 

Arrhenius fits to the data. Reprinted with permission 

from ref. 461. Copyright 2015 American Chemical 

Society.  
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Day class II/III mixed-valency from the sharp absorption edge of the intervalence charge transfer 

band in the diffuse reflectance UV-Vis-NIR spectrum, representing the first observation of a class 

II/III mixed-valency in a MOF. The structure of this framework consists of two interpenetrated 

(10,3)-a nets of opposing chiralities, where the FeIII ions are in an analogous octahedral 

coordination environment as in the 2D honeycomb structures (see Figure 8.61, top).420,421 Variable-

temperature dc magnetic susceptibility measurements, in conjunction with low-temperature 

magnetic hysteresis data, suggested competing ferromagnetic and antiferromagnetic interactions 

that prevented the occurrence of 3D order until antiferromagnetic metal−radical coupling prevailed 

at low temperature, giving rise to long-range ferrimagnetic order below Tc = 8 K.461 In contrast to 

the low magnetic ordering temperature, this compound exhibits the highest room-temperature 

electrical conductivity value of σ = 1.6(1) × 10−1 S cm−1 reported for a 3D MOF (see Figure 8.61, 

bottom). The high conductivity was attributed to strong electronic correlation within this material 

owing to the mixed-valence state of the quinoid linkers.  

Post-synthetic chemical reduction of this compound by 0.7 electrons per formula unit afforded 

the compound Na0.9(Bu4N)1.8[FeIII
2(dhbq3−•)2.7(dhbq2−)0.3], which exhibits a near identical 3D 

structure as the parent material based on PXRD analysis. This reduced compound exhibits a 

slightly higher magnetic ordering temperature of Tc = 12 K and a significantly lower room-

temperature conductivity of σ = 6.2(1) × 10−3 S cm−1 compared to the parent framework (see Figure 

8.61, bottom). These correlated changes in magnetic ordering temperature and electrical 

conductivity are in accord with those observed for the 2D analogue, consistent with the increased 

number of strong metal–radical interactions and fewer holes after reduction. 

8.4.6 A Pyrazine Radical-Bridged Compound 
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Recently, the redox activity of the pyrazine ligand was exploited to generate an air-stable 

layered solid that exhibits both long-range magnetic order and high electronic conductivity.462 

Specifically, the charge-neutral compound CrIIICl2(pyz0.5−•)2 (pyz = pyrazine) was accessed 

through a reaction between CrIICl2 and pyrazine at 200 °C. Its 2D structure is comprised of nearly 

square-grid layers of octahedral CrIII ions bridged by pyrazine linkers, with the layers stacking in 

a staggered fashion. Crystallographic and spectroscopic analyses were consistent with a 

spontaneous one-electron reduction of the pyrazine moieties per formula unit occurring during 

synthesis, where the extra electron is delocalized over two ligands. Accordingly, this compound 

shows strong π–d conjugation and antiferromagnetic exchange coupling between CrIII and the 

pyrazine radical ligands, giving rise to ferrimagnetic order below ca. 55 K. Furthermore, hysteretic 

behavior with a remanent magnetization was observed below the ordering temperature. The 

interlayer magnetic interactions are very weak, indicating a primarily 2D magnetic character for 

this compound. Moreover, CrIIICl2(pyz0.5−•)2 exhibits a high room-temperature electrical 

conductivity of σ = 3.2 × 10−2 S cm−1, which operates via 2D hopping-based transport mechanism. 

Notably, this conductivity value is on the same order of magnitude as that for the best 2D 

semiquinoid-bridged framework magnet. 

To summarize this section, frameworks based on organic radical linkers often show unusually 

high magnetic ordering temperatures (see Tables 8.18 and 8.19), with many eclipsing liquid 

nitrogen temperature of 77 K, owing to the strong antiferromagnetic metal−radical exchange 

coupling. Furthermore, the redox activity of radical ligands, such as pyrazine and TCNQ- and 

semiquinoid-based ligands, has been exploited to furnish framework materials with exceptionally 

high electrical conductivity. The simultaneous high conductivity and magnetic ordering 
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temperature observed for these compounds is unprecedented among coordination solids. This 

behavior, along with the vast scope of chemical tunability possible for the radical bridging ligands, 

highlights the tremendous potential for this class of frameworks as magnetic conductors.    

8.5 Conclusions and Outlook 

The combination of the coordination chemistry toolbox and crystal engineering techniques has 

enabled the rational design of molecule-based framework magnets with exceptional properties. 

The foregoing discussion surveys the development of the field of metal-organic framework 

magnets, focusing on structurally-characterized compounds featuring a wide range of diamagnetic 

and radical linkers. The work highlighted above illustrates that the chemical versatility of organic 

ligands and their capability of mediating magnetic exchange between paramagnetic metal centers 

has furnished frameworks of numerous structure types exhibiting permanent magnetism and other 

novel magnetic and functional behavior.  

Structural characterization of these compounds has been critical to elucidate the mechanism of 

long-range magnetic behavior, in particular the interplay between intra- and intersubunit exchange 

interactions. Such studies have provided important design principles for generating new 

framework magnets with high ordering temperatures. Specifically, the employment of π-

conjugated organic linkers facilitates electronic and magnetic communication over much longer 

distances than their non-conjugated counterparts, and thus enables the formation of open 

framework structures with permanent magnetic behavior. Furthermore, compounds featuring one 

primary pathway of magnetic exchange typically exhibit higher values of Tc than those showing 

more complicated structures and multiple exchange pathways, as different interactions commonly 

act in opposing directions, and thus overall decrease the coupling strength between metal centers. 



 

813 

 

Along these lines, the incorporation of organic radical linkers has been particularly successful, 

affording the MOF magnets that display the highest ordering temperatures (Tc up to 171 K).72,73 

Despite the success and rapid advancement of these materials, their performance is still modest 

compared to those of inorganic solid-state magnets, which show permanent magnetic behavior 

above room temperature.  

A few examples of amorphous room-temperature metal-organic magnets have already been 

realized,13,83–86,89 suggesting that structural characterization of these types of compounds is within 

reach. Indeed, a layered mixed-valence phthalocyaninato FeIIFeIII framework was recently 

reported to possess ferromagnetism and magnetic hysteresis up to 350 K.463 This compound is 

polycrystalline, leading to superparamagnetic behavior with a large distribution of blocking 

temperatures. Accordingly, several strategies can be foreseen to design structurally well-defined 

MOF magnets that operate at high temperatures. One route that holds tremendous promise is the 

introduction of high-anisotropy metal ions, such as 4d/5d transition metal and lanthanide ions, into 

framework materials. Here, large spin-orbit coupling manifests in high magnetic anisotropy, which 

is an essential element in achieving hard permanent magnets. Since heavy transition metal centers 

typically adopt low-spin states, the combination of 3d and 4d/5d transition metal centers with high 

electronic spin and magnetic anisotropy, respectively, might be an attractive way to improve the 

performance of such magnets. Along these lines, combining first-row transition metals with MoIII 

has enabled exceptionally strong magnetic coupling through cyanide in molecular 

complexes.464,465 Furthermore, multimetallic transition metal-lanthanide frameworks are also of 

interest, as most high-performing inorganic solid-state magnets, such as Nd2Fe14B and SmCo5, 

feature both types of metal centers. 
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Another attractive approach toward increasing the ordering temperatures of framework 

magnets is to move from O- and N-based donors to S- and P-based ligands. The more radially 

diffuse orbitals of sulfur and phosphorous relative to oxygen and nitrogen should provide a route 

to stronger magnetic coupling between metal centers and organic linkers, as has been demonstrated 

in dinuclear semiquinoid-bridged CrIII
 complexes.466 Moreover, the use of sulfur-based ligands is 

particularly interesting owing to the high electrical conductivity of organosulfur compounds, such 

as tetrathiafulvalene and its derivatives,242 rendering such frameworks promising candidates as 

conductive magnets. Notably, post-synthetic metal- and linker-exchange reactions, which have 

been the subject of substantial recent efforts,38–45 may afford frameworks with irreversible metal–

ligand coordination, as such materials are often not accessible through direct synthesis. 

Finally, as illustrated with the examples in this review, emerging research has demonstrated 

that the magnetic and electronic properties of framework magnets can be modulated in a reversible 

manner through both chemical and physical processes, such as inclusion or removal of guest 

molecules and redox reactions. This multifunctional behavior highlights the prospect for these 

compounds in sensing applications and magnetic switching devices. Indeed, the high electrical 

conductivity of several radical-bridged framework magnets underscores the potential for these 

materials for spintronics applications. 

8.6 Supporting Information 

8.6.1 Supplementary Tables 
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Table 8.1 Magnetic data for 2D metal-organic framework magnets with diamagnetic bridging 

ligands. 

Compounda,b 
Magnetic 

order 
Tc (K) Other relevant structural and magnetic notes Ref. 

2D inorganic networks (I2O0) 

CoII(gly) CAFM 35.5 M–O–M connectivity 467,468 

CoII
2(OH)(2-pmb) CAFM 31.0 

M–O–C–O–M/M–O–P–O–M/M–O–M 

connectivity; magnetic hysteresis at 2 K with Hc = 
4.3 T and Mr = 0.22 μB mol−1  

222 

CoII(thiosal) CAFM 9 
M–S–M/M–O–M/M–O–C–O–M connectivity; 
magnetic hysteresis at 4.5 K with Hc = 45 Oe 

326 

NiII
4(mdp)2(H2O)3 (VSB-2) FM 3.1(1) M–O–P–O–M/M–O–M connectivity 216 

2D inorganic-organic networks (I1O1) 

MnII
2CuII

2(Me3mpba)2(H2O)6·8H2O FM  20.0 
M–O–C–O–M/M–O–C–N–M connectivity; 

magnetic hysteresis at 2.0 K with Hc = 100 Oe 
289 

(MV)[MnII
2CuII

3(mpba)3(H2O)3] 

·20H2O 
FM  19.0 

M–O–C–O–M/M–O–C–N–M connectivity; 

reversible dehydration/hydration 
290 

(Bu4N)4[MnII
4CuII

6(Me2pma)12 

(DMSO)2]·8DMSO·2H2O 
FM 10 M–O–C–O–M/M–O–C–N–M connectivity 297 

CoII
2CuII

2(mpba)2(H2O)6·6H2O AFM 9.5 

M–O–C–O–M/M–O–C–N–M connectivity; field-

induced transition to a FM-like state below TN 
when H > 1200 Oe; spin glass behavior below TN 

288 

MnII(2,2-dmsucc)(H2O) AFM 8 M–O–C–O–M/M–O–M connectivity 307 

CoII(bpdc)(iqno) AFM 3.65 
M–O–C–O–M/M–O–M connectivity; SCM 

behavior below TN (Δτ = 20 cm−1; τ0 = 5.8 × 10−9 s)  
469 

2D organic networks (I0O2) 

(Ph3HpP)[FeIIFeIII(ox)3] FiM 48(1) M–O–C–O–M connectivity 230 

(Ph3PeP)[MnIIFeIII(ox)3] FiM 33.2(2) M–O–C–O–M connectivity 230 

NiII(ox)(4,4′-bpy) AFM 26 

M–O–C–O–M intrachain connectivity; field-
induced transition to a FM-like state below TN 

when H > 5.0 T 

255,256 

[K(18-crown-6)]3 

[FeII
3(H2O)4(FeIII(ox)3)3] 

FiM 25.5 M–O–C–O–M connectivity 236 

Na2[NiII(mal)2]·2H2O CAFM 24(1) 
M–O–C–O–M connectivity; magnetic hysteresis at 

5 K with Mr = 0.014 μB mol−1 
305 

FeII(ox)(MeOH) CAFM 23 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 250 Oe and Mr = 0.007 μB mol−1 
258 

[FeII
2(pymca)3](OH)·H2O AFM 21 M–O–C–O–M/M–N–C–N–M connectivity 411 

[FeII(H2O)2]1.5[NiII(H2O)2]1.5 

[FeIII(ox)3]2·2(18-crown-6) 
FiM 20.0 

Magnetic hysteresis at 2 K with Hc = 160 Oe and 
Mr = 0.1 μB mol−1 

240 

[FeII(H2O)2]1.5[MnII(H2O)2]1.5 

[FeIII(ox)3]2·2(18-crown-6) 
FiM 19.5 

Magnetic hysteresis at 2 K with Hc < 100 Oe and 

Mr < 0.1 μB mol−1 
240 
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[Cp*
2FeIII][CoIIFeIII(ox)3] FiM 19.5 M–O–C–O–M connectivity 233 

Na2[FeII(mal)2]·2H2O CAFM 16(1) 
M–O–C–O–M connectivity; magnetic hysteresis at 
5 K with Mr = 0.26 μB mol−1 

305 

[K(18-crown-6)]3 

[CoII
3(H2O)4(FeIII(ox)3)3] 

FiM 16 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 1.53 T and Mr = 0.95 μB mol−1 
236 

FeII(4-imac)2·2MeOH CAFM 15 
M–O–C–O–M connectivity: magnetic hysteresis at 

4.2 K with Hc = 6200 Oe and Mr = 0.22 μB mol−1 
412 

[Cp*
2FeIII][NiIICrIII(ox)3] FM 14.5 

M–O–C–O–M connectivity; magnetic hysteresis at 

5 K with Hc = 250 Oe 
233 

[K(18-crown-6)]3 

[MnII
3(H2O)4(FeIII(ox)3)3] 

CAFM 14 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 180 Oe and Mr = 1.14 μB mol−1 
236 

[Cp*
2FeIII][FeIIRuIII(ox)3] FM 13.8 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 2210 Oe and Mr = 2.5 μB mol−1 

217 

[Cp*
2FeIII][FeIICrIII(ox)3] FM 13.0 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 1100 Oe and Mr = 3.60 μB mol−1 

233,234 

Na2[CoII(mal)2]·2H2O AFM 13(1) M–O–C–O–M connectivity 305 

CoII(ox)(4,4′-bpy) CAFM 13 

M–O–C–O–M intrachain connectivity; field-

induced transition to an AFM ordered state below 
TN when H > 1.0 T 

255,256 

[FeII(H2O)2]3[FeIII(ox)3]2 

·2(18-crown-6) 
FiM 12.2 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 1100 Oe and Mr < 0.1 μB mol−1 
240 

FeII(ox)(4,4′-bpy) CAFM 12 M–O–C–O–M intrachain connectivity 255,256 

[GaIII(acac2-trien)][MnIICrIII(Br2An)3] 

·2MeCN 
FiM 11.6 M–O–C–C–C–O–M connectivity 424 

[K(18-crown-6)]3 

[NiII
3(H2O)4(FeIII(ox)3)3] 

FiM 11.5 
M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 230 Oe and Mr < 0.01 μB mol−1 

236 

[FeIII(acac2-trien)][MnIICrIII(Br2An)3] 

·2MeCN 
FiM 11.4 M–O–C–C–C–O–M connectivity 424 

CoII(pzdo)2(NCS)2 AFM 11.2 M–O–N–C–C–N–O–M connectivity 376 

Ba2[CoII
2(ox)3Cl2]·4H2O AFM 11(1) M–O–C–O–M connectivity 257 

[FeIII(acac2-trien)][MnIICrIII(Cl2An)3] 

·2MeCN 
FiM 10.8 M–O–C–C–C–O–M connectivity 424 

[FeIII(4-OH-sal2-trien)] 

[MnIICrIII(Cl2An)3]·23H2O 
FiM 10.4 

M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 870 Oe 
423 

[FeIII(sal2-epe)] 

[MnIICrIII(Br2An)3]·6MeCN 
FiM 10.2 

M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 100 Oe 
423 

[CoII
2(pymca)3](OH)·H2O CAFM 10 

M–O–C–O–M/M–N–C–N–M connectivity; 
magnetic hysteresis at 2 K with Hc = 580 Oe and 

Mr = 94 Oe cm3 mol−1 

411 

[FeIII(sal2-trien)][MnIICrIII(Cl2An)3] 

·0.5CH2Cl2·0.5H2O·MeOH·5MeCN 
FiM 10 

M–O–C–C–C–O–M connectivity; magnetic 
hysteresis at 2 K with Hc = 350 Oe 

423,424 
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[FeIII(5-Cl-sal2-trien)] 
[MnIICrIII(Br2An)3]·CH2Cl2·2MeOH 

·3.5MeCN·4H2O 
FiM 9.8 

M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 660 Oe 
423 

(EtiPr2NH)[MnIICrIII(Br2An)3] 

·0.5CHCl3·H2O 
AFM 9.6 

M–O–C–C–C–O–M connectivity; reversible 
desolvation/solvation; guest-dependent modulation 

of Tc; field-induced transition to a CAFM state 

below TN when H > 4900 Oe 

425 

(Bu4N)[MnIICrIII(Br2An)3]·1.75PhBr FiM 9.5 

M–O–C–C–C–O–M connectivity; guest-dependent 

modulation of Tc and Hc; magnetic hysteresis at 2 K 

with Hc = 330 Oe 

429 

[CoII(H2O)2]1.5[MnII(H2O)2]1.5 

[FeIII(ox)3]2·2(18-crown-6) 
FiM 9.4 

Magnetic hysteresis at 2 K with Hc = 6300 Oe and 

Mr = 0.3 μB mol−1 
240 

[Cp*
2FeIII][CoIICrIII(ox)3] FM 9.0 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 130 Oe and Mr = 1.20 μB mol−1 
233,234 

(Et2NH2)[MnIICrIII(Br2An)3] FiM 8.9 
M–O–C–C–C–O–M connectivity; magnetic 
hysteresis at 2 K with Hc = 1000 Oe 

425 

MnII(pzdo)2(NCS)2 AFM 8.4 M–O–N–C–C–N–O–M connectivity 376 

CoII(pym)2(NCS)2 FM 8.2 
M–N–C–N–M connectivity; magnetic hysteresis at 

2.3 K with Hc = 120 Oe and Mr = 0.25 μB mol−1 
377 

[ZIII(sal2-trien)]2[MnII
2(ox)3] 

·solvent 
CAFM 8.1 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 48 Oe (Z = FeIII) and 660 Oe (Z = 
InIII) 

248 

(Et3NH)[MnIICrIII(Cl2An)3] FiM 8.0 
M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 1500 Oe 
425 

(Me2NH2)[MnIICrIII(Br2An)3]·2H2O FiM 7.9 
M–O–C–C–C–O–M connectivity; magnetic 
hysteresis at 2 K with Hc = 900 Oe 

425 

Na2[MnII(mal)2]·2H2O AFM 8(1) M–O–C–O–M connectivity 305 

(Et3NH)[CoII
1.5(hfipbb)2] CAFM 8 

Trimers of CoOx (x = 5, 6); M–O–C–O–M/M–O–

M connectivity 
361 

[K(18-crown-6)]3 

[FeII
3(H2O)4(CrIII(ox)3)3] 

FM 8 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 130 Oe and Mr = 2.32 μB mol−1 
236 

[CoII(H2O)2]3[CrIII(ox)3]2 

·2(18-crown-6) 
FM 7.4 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 160 Oe and Mr = 2.3 μB mol−1 

239,240 

[Cp*
2FeIII][CuIICrIII(ox)3] FM 7.0 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 180 Oe and Mr = 1.50 μB mol−1 

233,234 

(Bu4N)[MnIICrIII(Cl2An)3(PhCHO)] 

·PhY 
FiM 6.8–7.0 

M–O–C–C–C–O–M connectivity; guest-dependent 
modulation of Tc and Hc; magnetic hysteresis at 2 K 

with Hc = 76 (Y = H) and 50 Oe (Y = CHO) 

428 

FeII(pyz)2(NCS)2 AFM 6.8 M–N–C–C–N–M connectivity 374,375 

[MnII(H2O)2]1.5[NiII(H2O)2]1.5 

[CrIII(ox)3]2·2(18-crown-6) 
FM 6.8 

Magnetic hysteresis at 2 K with Hc = 200 Oe and 

Mr = 2.4 μB mol−1 
240 

[CoII(H2O)2]1.5[NiII(H2O)2]1.5 

[CrIII(ox)3]2·2(18-crown-6) 
FM 6.8 

Magnetic hysteresis at 2 K with Hc = 200 Oe and 
Mr = 1.4 μB mol−1 

240 

(Bu4N)[MnIICrIII(Br2An)3(PhCHO)] 

·PhY 
FiM 6.7 

M–O–C–C–C–O–M connectivity; guest-dependent 
modulation of Hc; magnetic hysteresis at 2 K with 

Hc = 100 (Y = H) and 200 Oe (Y = CHO)  

428 

(Pr4N)[MnIICrIII(ox)3] FM 6.0 M–O–C–O–M connectivity 232 
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[K(18-crown-6)]3 

[CoII
3(H2O)4(CrIII(ox)3)3] 

FM 6 
M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 170 Oe and Mr = 3.69 μB mol−1 

236 

[MnII(H2O)2(MeOH)2][MnII(H2O) 

(MeOH)]2[CrIII(ox)3]2·(18-crown-6) 
FiM 5.5 

M–O–C–O–M connectivity; thin magnetic 

hysteresis loop at 2 K 
470 

(Bu4N)[MnIICrIII(Cl2An)3] FiM 5.5 
M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 118 Oe 
422 

[FeIII(4-Br-sal2-trien)] 

[MnIICrIII(ox)3]0.67Cl0.33·MeOH 

·solvent 

FM 5.2 
M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 70 Oe 

251 

[(H3O)2(phz)3][MnII
2(Cl2An)3]·2H2O 

·2C3H6O 
AFM 5 M–O–C–C–C–O–M connectivity 471 

[K(18-crown-6)]3 

[NiII
3(H2O)4(CrIII(ox)3)3] 

FM 4.5 
M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 790 Oe and Mr = 4.50 μB mol−1 

236 

(H2en)0.5[CoII(cmp)(H2O)]·H2O CAFM 4.3 

M–O–C–O–M/M–O–P–O–M/M–O–P–C–O–M 

connectivity; spin glass behavior and field-induced 
transition to a FM-like state below TN; magnetic 

hysteresis at 2 K with Hc = 71 Oe and Mr = 0.025 

μB mol−1 

219 

(tag)[FeIIFeIII(ClCNAn)3]·29H2O FiM 4 
M–O–C–C–C–O–M connectivity; spin glass 

behavior near Tc; magnetic hysteresis at 2 K with 
Hc = 60 Oe 

427 

[MnII(H2O)2]3[CrIII(ox)3]2 

·2(18-crown-6) 
FM 3.6 M–O–C–O–M connectivity 240 

[K(18-crown-6)]3 

[MnII
3(H2O)4(CrIII(ox)3)3] 

FM 3.5 M–O–C–O–M connectivity 236 

[(H3O)(phz)3][MnIIFeIII(Br2An)3]·H2O CAFM ~3.5 M–O–C–C–C–O–M connectivity 422 

[K(18-crown-6)]3 

[CuII
3(H2O)4(CrIII(ox)3)3] 

FM 3.2 M–O–C–O–M connectivity 236 

[Cp*
2FeIII][CoIIRuIII(ox)3] FM 3.1 M–O–C–O–M connectivity 235 

MnII[MnII
3F(bta)3(H2O)6]2 AFM 2.5 

M–N–N–M/M–N–C–N–M connectivity; spin-

frustrated system (f = 8.9) 
402 

[(H3O)(H2O)(phz)3][FeIIFeIII(Cl2An)3] 

·12H2O 
FiM 2.4 

M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc ≈ 10 Oe 
426 

[(H3O)(H2O)(phz)3][FeIIFeIII(Br2An)3] 

·12H2O 
FiM 2.1 

M–O–C–C–C–O–M connectivity; magnetic 
hysteresis at 2 K with Hc ≈ 10 Oe. 

426 

[MnII
2(succ)(adip)(H2O)4]·2H2O AFM 2.1 M–O–C–O–M connectivity 315 

[(H3O)(phz)3][MnIICrIII(Br2An)3] 

·2H2O·2C3H6O 
FiM —c M–O–C–C–C–O–M connectivity; magnetic 

hysteresis at 2 K with Hc = 340 Oe 
422 

[(H3O)(phz)3][MnIICrIII(Cl2An)3 

(H2O)] 
FiM —c 

M–O–C–C–C–O–M connectivity; magnetic 
hysteresis at 2 K with Hc = 194 Oe 

422 

CuII
2(1,3-bdc)2(py)2 CAFM —c 

M–O–C–O–M connectivity; open magnetic 
hysteresis loop at 5 K 

351 
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a The bridging unit (CPO3)

2− is considered to be inorganic in nature, and therefore metal polyhedra bridged via three-atom O–P–O linkages 

are treated equivalently to those bridged by single-atom oxo bridges. b Only the metal oxalate frameworks with the highest ordering 
temperature for a given lattice type are included in this table. See Tables 8.3–8.11 for details on the variation in Tc with the cation. c The 

magnetic ordering temperature for this compound was not specified. 
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Table 8.2 Magnetic data for 3D metal-organic framework magnets with diamagnetic bridging 

ligands. 

Compounda,b 
Magnetic 

order 
Tc (K) Other relevant structural and magnetic notes Ref. 

3D inorganic networks (I3O0) 

NiII
4(mdp)2(H2O)2 (VSB-3) FM 3.8(1) M–O–P–O–M/M–O–M connectivity 216 

NiII
4(mdp)2 (VSB-4) FM 3.8(2) M–O–P–O–M/M–O–M connectivity 216 

NiII
20(glu)20(H2O)8·40H2O (MIL-77) FM 4 M–O–C–O–M/M–O–M connectivity 316 

3D inorganic-organic networks with inorganic layers (I2O1) 

MnII(succ)c AFM 10/6 
M–O–C–O–M/M–O–M connectivity; independent 

AFM phase transitions for two types of layers 
311,312 

CoII
2(O-ma)(4-pyc)·2H2O CAFM 8  

M–O–C–O–M/M–O–M intralayer connectivity 

Reversible dehydration/hydration; guest-dependent 

magnetic properties; spin glass behavior below TN; 
magnetic hysteresis at 2 K with Hc = 93 Oe and Mr 

= 27 Oe cm3 mol−1 

304 

CuII
4(hedp)2(pyz)(H2O)4 AFM 4.2 

M–O–P–O–M connectivity within chains; field-
induced transition to a FM-like state below TN 

218 

CuII
2(edp)(H2O)2 (MIL-29) AFM 4(1) M–O–P–O–M/M–O–M intralayer connectivity 217 

CuII
2(1,4-xdp)(H2O)2 (MIL-29) AFM 4(1) M–O–P–O–M/M–O–M intralayer connectivity 217 

CoII(Hpmab) CAFM 2.0 
M–O–P–O–M intralayer connectivity; magnetic 

hysteresis at 2 K with Mr ≈ 0.18 μB mol−1 
220 

3D inorganic-organic networks with inorganic chains (I1O2) 

VIII(OH)(1,4-bdc)·0.75(1,4-H2bdc) 

(MIL-47as) 
AFM 95(5) M–O–C–O–M/M–O–M connectivity 346 

VIVO(1,4-bdc) (MIL-47) AFM 75(5) M–O–C–O–M/M–O–M connectivity 346 

CrIII(OH)(1,4-bdc)·0.75(1.4-H2bdc) 

(MIL-53as) 
AFM 65 

M–O–C–O–M/M–O–M connectivity; reversible 

desolvation/solvation; guest-modulated magnetic 
properties 

347,348 

MnII(meso-2,3-dmsucc) AFM 50 M–O–C–O–M/M–O–M connectivity 314 

Ba4(ox)Cl2[FeII(OH)(ox)]4 AFM 32 M–O–C–O–M/M–O–M connectivity 273 

FeII
2(1,2,4,5-btec) AFM 26 M–O–C–O–M/M–O–M connectivity 355 

(H2(1,3-dap))[FeIII
2(HPO4)2(ox)1.5]2 AFM 25 M–O–C–O–M/M–O–P–O–M connectivity 282 

(H2(1,3-dahp))[FeIII
2(HPO4)2(ox)1.5]2 AFM 25 M–O–C–O–M/M–O–P–O–M connectivity 282 

(H2ppz)0.5[CoII
2(HPO4)(ox)1.5] AFM 25 

M–O–C–O–M/M–O–P–O–M/M–O–M 

connectivity 
281 

(H2ppz)[CoII
4(HPO3)2(ox)3] AFM 22 

M–O–C–O–M/M–O–P–O–M/M–O–M 

connectivity 
284 
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K[CoII
2.25FeII

0.75(1,3,5-btc) 

(1,3,5-Hbtc)2]·5H2O (MIL-45-CoFe) 
FM 20 M–O–C–O–M/M–O–M connectivity 353 

CoII
3(OH)2(3,4-pydc)2(H2O)2 AFM 20.0 

M–O–C–O–M/M–O–M connectivity; field-induced 

transition to a FiM state when H > 7000 Oe; 
magnetic hysteresis at 2 K with Hc = 2750 Oe 

408 

CoII
3(rac-O-lac)2(pybz)2·3DMF CAFM 18.5 

M–O–C–O–M/M–O–M intrachain connectivity; 

reversible desolvation/solvation; guest-dependent 

magnetic properties 

410 

MnII
2(1,2,4,5-btec) AFM 18 M–O–C–O–M/M–O–M connectivity 355 

CoII
2(1,2,4,5-btec) AFM 16 

M–O–C–O–M/M–O–M connectivity; field-induced 
transition to a CAFM ordered state below TN = 12 

K when H is small and to a FM state when H > 

1500 Oe 

355 

CoII
5(OH)2(1,2,4,5-btec)2(bpp) AFM 12.5 

Pentameric subunits; M–O–C–O–M/M–O–M 

connectivity; field-induced transition to a FiM-like 
ordered state below TN; magnetic hysteresis at 2 K 

with Hc = 880 Oe and Mr = 0.16 μB mol−1 

357 

MnII
2(OH)2(squ) AFM 12.5 M–O–C–C–O–M/M–O–M connectivity 

329,330,
331 

FeII
3(OH)2(H2O)4(Hcep)2 (MIL-38) AFM 10 

M–O–P–O–M/M–O–M connectivity; field-induced 

transition to a FM-like state below TN when H > 
1.5 T 

221 

K[CoII
3(1,3,5-btc)(1,3,5-Hbtc)2] 

·5H2O (MIL-45-Co) 
FM 10 M–O–C–O–M/M–O–M connectivity 353 

CuII
3(5-ptz)2(VO3)4 FiM 10 

M–N–C–N–M/M–N–N–N–M/M–O–V–O–M 

connectivity; magnetic hysteresis at 2 K with Hc < 
20 Oe 

404 

CoII
2(2,5-dobdc)(H2O)2·8H2O AFM 8 

M–O–C–O–M/M–O–M connectivity; reversible 

dehydration/hydration; field-induced transition to a 

FM-like ordered state below TN when H > 2.0 T  

349  

CoII
2(Hhfipbb)(TEOA) CAFM 8 

M–O–C–O–M/M–O–M/M–N–C–C–O–M 

connectivity; magnetic hysteresis at 2 and 6.5 K 

with Hc = 950 and 45 Oe, respectively 

361 

CoII
3(OH)2(btca)2·3.7H2O FiM 8 

M–O–C–O–M/M–O–M/M–N–N–M/M–N–N–N–

M connectivity; guest-dependent magnetic 
properties and SCM behavior; magnetic hysteresis 

at 2 K with Hc = 60 Oe and Mr = 1.16 μB mol−1 

413 

CoII
3(OH)2(squ)2·3H2O AFM  8  

M–O–C–C–O–M/M–O–M connectivity; reversible 

dehydration/hydration; guest-dependent magnetic 

properties; transition to a CAFM state below 6 K  

332,333,

334 

CuII
5(OH)2(tz)4(SO4)2 FiM 7.0 

Pentameric subunits; M–N–N–M/M–N–N–N–

M/M–N–C–N–M/M–O–M/M–O–S–O–M 
connectivity; magnetic hysteresis at 2.0 K with Hc 

= 300 Oe and Mr = 0.4 μB mol−1 

405 

CoII
2(hfipbb)2·PhMe CAFM 7 M–O–C–O–M/M–O–M connectivity 361 

MnII(meso-2,3-dmsucc)(H2O)·H2O AFM 7 M–O–C–O–M/M–O–M connectivity 314 

CoII(meso-2,3-dmsucc) AFM 6 

M–O–C–O–M/M–O–M connectivity; field-induced 

transition to a FM-like state below TN when H > 
1400 Oe 

314 

CoII
3(OH)2(2,4-pydc)2·5H2O CAFM 6 

M–O–C–O–M/M–O–M connectivity; field-induced 

transition to a FM-like state below TN when H > 

5000 Oe; magnetic hysteresis at 2 K with Hc = 200 

Oe and Mr = 80 Oe cm3 mol−1 

409 

CuII
3(trz)2(VO3)4 AFM 6 

M–N–N–M/M–N–C–N–M/M–O–M/M–O–V–O–

M connectivity 
401 
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FeIII(OH)(1,2,4,5-H2btec)·0.88H2O 

(MIL-82) 
AFM 5.5(1) 

M–O–C–O–M/M–O–M connectivity; field-induced 

transition to a FM-like state below TN when H > 

5000 Oe 

356 

CoII
4(OH)2(seba)3 CAFM 5.4 

M–O–C–O–M/M–O–M intrachain connectivity; 

slow magnetic relaxation below TN; magnetic 

hysteresis at 2 K with Hc = 50 Oe 

320 

CoII
2(cbut)(H2O)3 AFM 5.0 

M–O–C–O–M/M–O–M connectivity; field-induced 

transition to a FiM-like state below TN when H > 

1500 Oe; magnetic hysteresis at 2 K with Hc ≈ 40 
Oe 

336 

MnII
3(1,4-bdc)3(DEF)2 AFM 4.3 M–O–C–O–M/M–O–M connectivity; spin glass 

behavior below TN 
345 

CoII
3(tzmb)2(N3)2(V4O12)(H2O)3 

·5H2O 
CAFM 3.6 

M–N–N–M/M–N–N–N–M/M–N–C–N–M 

connectivity; open magnetic hysteresis loop at 2 K; 

SCM behavior with TB = 3.9 K (Δτ = 31.2 cm−1, τ0 = 

3.37 × 10−8 s; Δτ = 84.1 cm−1, τ0 = 5.05 × 10−18 s) 

472 

NiII
3(OH)2(cis-1,4-chdc)2(H2O)4 

·2H2O 
FiM 2.1 

M–O–C–O–M/M–O–M connectivity; guest-

modulated magnetic properties 
338 

[CuII(HF2)(pyz)2](BF4) AFM 1.54(1) M–N–C–C–N–M intralayer connectivity 473 

CoII
3(cis,cis-1,3,5-chtc)2(H2O)4 

·5H2O 
FiM —d M–O–C–O–M/M–O–M connectivity 339 

CoII
3(OH)2(2,4-pydc)2·7H2O AFM —d M–O–C–O–M/M–O–M connectivity 409 

MnII
3(OH)2(tptc)(H2O)4 AFM —d M–O–C–O–M/M–O–M connectivity 474 

CuII(trz)(N3) CAFM —d 

M–N–M/M–N–N–M/M–N–C–N–M connectivity; 
magnetic hysteresis at 2 K with Hc ≈ 200 Oe and 

Mr = 0.0028 μB mol−1 
373 

3D organic networks (I0O3) 

(H3O)(EtNH3)[FeIII
2O(ox)2Cl2]·H2O

e CAFM 70 

M–O–C–O–M/M–O–M connectivity; magnetic 

hysteresis at 5 K with Hc = 2500 Oe and Mr = 0.036 

μB mol−1 

223 

(EtNH3)[FeIII
2(OH)(ox)2Cl2]·2H2O

e CAFM 70 
M–O–C–O–M/M–O–M connectivity; magnetic 

hysteresis at 5 K with Hc = 250 Oe and Mr = 0.025 
μB mol−1 

223 

[RuII(2,2′-bpy)3][NiII
2(ox)3] CAFM 35 

M–O–C–O–M connectivity; thin magnetic 
hysteresis loop at 2 K 

263 

[IrIII(ppy)2(2,2′-bpy)][MnIIFeIII(ox)3] 

·0.5H2O 
CAFM 31.0 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 240 Oe 
262 

CoII(F-pymo)2·2.5H2O AFM 29 

M–N–C–N–M connectivity; reversible 

dehydration/hydration; guest-dependent 

modulation of magnetic properties 

385 

[IrIII(ppy)2(2,2′-bpy)][FeIIFeIII(ox)3] 

·0.5H2O 
FiM 28.0 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 300 Oe 
262 

[RuII(2,2′-bpy)3][CuII
0.88NiII

1.12(ox)3] CAFM/FiM 28 
M–O–C–O–M connectivity; thin magnetic 
hysteresis loop at 2 K 

263 

[RuII(2,2′-bpy)3][CuII
0.3NiII

1.7(ox)3] CAFM/FiM 28 
M–O–C–O–M connectivity; thin magnetic 
hysteresis loop at 2 K 

263 

FeII(2-Meim)2·0.13(Cp2FeII) CAFM 27 

M–N–C–N–M connectivity; magnetic hysteresis at 

4.8 K with Hc = 5000 Oe and Mr = 200 Oe cm3 
mol−1 

397 

CoII
7(OH)8(ox)3(ppz)3 AFM 26 

Heptameric subunits; M–O–C–O–M/M–O–M 

connectivity; field-induced transition to a FM-like 

state below TN 

276 
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CuII(F-pymo)2·1.25H2O CAFM 24 

M–N–C–N–M connectivity; reversible 
dehydration/hydration; guest-dependent 

modulation of magnetic properties 

386 

CoII(Cl-pymo)2 CAFM 22.5 
M–N–C–N–M connectivity; magnetic hysteresis at 
2 K with Hc = 1000 Oe and Mr = 0.0501 μB mol−1 

388 

CoII(H-pymo)2 CAFM 22 
M–N–C–N–M connectivity; magnetic hysteresis at 
4.8 K with Hc = 500 Oe and Mr = 0.0358 μB mol−1 

388 

[Na(H2O)4]4[MnII
4(CuII

2(mpba)2 

(H2O)4)3]·56.5H2O 
FM  22.5 

M–O–C–O–M/M–O–C–N–M connectivity; 

reversible dehydration/hydration 
291 

[Na(H2O)3.25]4[MnII
4(CuII

2(Me3mpba)2 

(H2O)3.33)3]·37H2O 
FM  21.0 

M–O–C–O–M/M–O–C–N–M connectivity; 

reversible dehydration/hydration; guest-dependent 
modulation of Tc 

292,293,

294 

FeII(4-abim)2 CAFM 21 
M–N–C–N–M connectivity; magnetic hysteresis at 
4.8 K with Hc = 80 Oe and Mr = 2100 Oe cm3 mol−1 

398 

CoII(Br-pymo)2 CAFM 20.5 
M–N–C–N–M connectivity; magnetic hysteresis at 
2 K with Hc = 2500 Oe and Mr = 0.0501 μB mol−1 

388 

(Bu4N)4[MnII
4CuII

6(Et2pma)12] 

·DMSO·10H2O 
FiM 20 M–O–C–O–M/M–O–C–N–M connectivity 297 

CoII(pim) (MIL-36) CAFM 20 
M–O–C–O–M connectivity; open magnetic 

hysteresis loop at 4.2 K 
319 

NiII
2(D-ca)2(1,4-dimb) CAFM 19.5 

Dimeric subunits; M–O–C–O–M/M–O–M 

connectivity; magnetic hysteresis at 1.8 K with Hc 

= 913 Oe and Mr = 1758 Oe cm3 mol−1; spin glass 
behavior below TN 

328 

CoII(I-pymo)2 CAFM 19 
M–N–C–N–M connectivity; magnetic hysteresis at 

2 K with Hc = 775 Oe and Mr = 0.0457 μB mol−1 
388 

NiII
7(OH)8(ox)3(ppz)3 AFM 17 

Heptameric subunits; M–O–C–O–M/M–O–M 

connectivity 
277 

FeII
3(im)6(imH)2 CAFM 17 

M–N–C–N–M connectivity; magnetic hysteresis at 

4.8 K with Hc = 200 Oe and Mr = 2500 Oe cm3 

mol−1 

396 

α-CoII(im)2·0.5DMA CAFM 16.8 
M–N–C–N–M connectivity; open magnetic 

hysteresis loop at 1.8 K 
370 

CoII
2(hypa)2(4,4′-bpy)·1.5H2O AFM 15.2 

Dimeric subunits; M–O–C–O–M/M–O–M 

intralayer connectivity 
322 

β-CoII(im)2 CAFM 15.5 
M–N–C–N–M connectivity; magnetic hysteresis at 
2 K with Hc = 7300 Oe and Mr = 0.07 μB mol−1 

399 

NiIICoII(D-ca)2(1,4-dimb) CAFM 15 

Dimeric subunits; M–O–C–O–M/M–O–M 

connectivity; spin glass behavior and field-induced 
spin-flop transition below TN; magnetic hysteresis 

at 1.8 K with Hc = 205 Oe and Mr = 40 Oe cm3 
mol−1 

328 

CoII(im)2·0.5CyOH CAFM 15 
M–N–C–N–M connectivity; open magnetic 

hysteresis loop at 1.8 K 
399 

MnII
2(bpybc)(ox)2·8H2O AFM 14.7 

M–O–C–O–M intralayer connectivity; guest-

modulated magnetic properties; field-induced 

transition to a FM-like state below TN when H > 

3.4 T 

278 

CoII
2(L-asp)2(4,4′-bpy)·1.5H2O CAFM 14.6 

M–O–C–O–M intralayer connectivity; magnetic 

hysteresis at 1.8 K with Hc = 72 Oe 
321 

FeII(im)2(4,4′-bpy) CAFM 14.5 
M–N–C–N–M intralayer connectivity; magnetic 

hysteresis when H < 1.0 T; Hc = 8000 Oe at 2 K 
475 

CoII(glu) AFM 14 M–O–C–O–M connectivity 317 
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NiII
1.5CoII

0.5(D-ca)2(1,4-dimb) CAFM 14 

Dimeric subunits; M–O–C–O–M/M–O–M 
connectivity; magnetic hysteresis at 1.8 K with Hc 

= 67 Oe and Mr = 18 Oe cm3 mol−1; spin glass 

behavior below TN 

328 

CoII(im)2·0.5py AFM 13.1 M–N–C–N–M connectivity 399 

[FeII(2,2′-bpy)3][MnII
2(ox)3] AFM 13.0(5) M–O–C–O–M connectivity 264,265 

[IrIII(ppy)2(2,2′-bpy)][NiIICrIII(ox)3] 

·0.5H2O 
FM 13.0 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 30 Oe 

262 

NiII
1.33CoII

0.67(D-ca)2(1,4-dimb) CAFM 13 

Dimeric subunits; M–O–C–O–M/M–O–M 

connectivity; magnetic hysteresis at 1.8 K with Hc 
= 348 Oe and Mr = 284 Oe cm3 mol−1; spin glass 

behavior below TN 

328 

CuII
3(tz)4Cl2·1.4MeOH CAFM 12 

Trimeric subunits; M–N–N–M/M–Cl–M and M–

N–N–N–M/M–N–C–N–M intra- and interunit 

connectivity, respectively; magnetic hysteresis at 
2.0 K with Hc ≈ 20 Oe and Mr = 0.01 μB mol−1 

405 

β-CoII(im)2·0.5DMA CAFM 12.0 
M–N–C–N–M connectivity; hidden CAFM 

behavior below TN; open magnetic hysteresis loop 

at 1.8 K 

370 

α-CoII(im)2 CAFM 11.5 
M–N–C–N–M connectivity; magnetic hysteresis at 

1.8 K with Hc = 1800 Oe and Mr = 0.016 μB mol−1 
399 

CuII
2(bptc)(H2O)3(DMF)3 (MOF-505) CAFM 11 

Dimeric subunits; M–O–C–O–M connectivity; 
open magnetic hysteresis loop at 5 K 

252 

CoII(4-abim)2  CAFM 11 
M–N–C–N–M connectivity; magnetic hysteresis at 
10 K with Hc = 400 Oe and Mr = 22 Oe cm3 mol−1 

398 

[RuII(2,2′-bpy)3][CuII
1.28NiII

0.72(ox)3] CAFM/FiM 11 
M–O–C–O–M connectivity; thin magnetic 

hysteresis loop at 2 K 
263 

MnII(ox)·0.25H2O CAFM 10.9 
M–O–C–O–M/M–O–M connectivity; thin 

magnetic hysteresis loop at 2 K 
476 

CoII
5(im)10·2MeBuOH CAFM 10.6 

M–N–C–N–M connectivity; hidden CAFM 

behavior below TN; open magnetic hysteresis loop 

at 5.0 K 

399 

NiII
0.67CoII

1.33(D-ca)2(1,4-dimb) CAFM 10 

Dimeric subunits; M–O–C–O–M/M–O–M 

connectivity; spin glass behavior and field-induced 
spin-flop transition below TN; magnetic hysteresis 

at 1.8 K with Hc = 97 Oe and Mr = 26 Oe cm3 mol−1 

328 

CoII(adip) AFM 10 M–O–C–O–M connectivity 318 

CoII
2(5-tzc)2(bpea) AFM 9 

M–N–N–M/M–N–N–N–M/M–N–C–N–M/M–O–
C–O–M/M–O–C–C–N–M intralayer connectivity; 

field-induced transition to a CAFM state below TN 

when H > 800 Oe; magnetic hysteresis at 2 K with 
Hc = 700 Oe and Mr = 0.13 μB mol−1 

415 

[CoIII(2,2′-bpy)3][CoII
2(ox)3](ClO4) CAFM 8 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 500 Oe and Mr = 50 Oe cm3 mol−1 
266 

CoII
2(D-ca)2(1,4-dimb) AFM 8.0 

Dimeric subunits; M–O–C–O–M/M–O–M 

connectivity; field-induced spin-flop transition 

below TN 

328 

[RuII(2,2′-bpy)3][CuII
1.8NiII

0.2(ox)3] CAFM/FiM 7 
M–O–C–O–M connectivity; thin magnetic 

hysteresis loop at 2 K 
263 

[FeII(2,2′-bpy)3][CoIICrIII(ox)3](ClO4) FM 6.6 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 55 Oe 
259 

MnII(1,4-bdc)(H2O)2 AFM 6.5 M–O–C–O–M intralayer connectivity 68 
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NiII(L-tart) AFM 6 

M–O–C–O–M/M–O–C–C–O–M connectivity; 
transition to a CAFM ordered state below 4.5 K; 

field-induced transition to a FM ordered state 

below 4.5 K when H > 3000 Oe; magnetic 
hysteresis at 2 K with Hc = 600 Oe 

324 

CoII
2(tdac)2(H2O)2 CAFM 6 

M–O–C–O–M/M–O–C–C–N–M/M–N–S–N–M 

connectivity; open magnetic hysteresis loop at 2 K 
416 

(4-MePyNO)[MnII(H2O)CrIII(ox)3] 

·2H2O 
AFM 6 M–O–C–O–M connectivity 267 

[RuII(2,2′-bpy)2(ppy)][MnIICrIII(ox)3] FM 5.8 
M–O–C–O–M connectivity; thin magnetic 

hysteresis loop at 2 K 
261 

FeII
3(OH)3(squ)1.5 CAFM 5.2 

M–O–C–C–O–M/M–O–C–C–C–O–M 
connectivity; magnetic hysteresis at 1.8 K with Hc 

= 680 Oe and Mr = 0.35 μB mol−1 

335 

[FeII(im2-trien)][MnII(MeOH) 

CrIII(ox)3]2·4MeOH·MeCN·H2O 
FM 5.2 

M–O–C–O–M connectivity; magnetic hysteresis at 
2 K with Hc = 20 Oe 

271 

[IrIII(ppy)2(2,2′-bpy)][FeIICrIII(ox)3] 

·0.5H2O 
FM 5.0 

M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 40 Oe 
262 

[RuII(2,2′-bpy)3][CuII
2(ox)3] CAFM 5 

M–O–C–O–M connectivity; thin magnetic 

hysteresis loop at 2 K 
263 

KCoII
3(cit)(O-cit)(H2O)2·8H2O CAFM 5 

M–O–C–O–M intercluster connectivity; magnetic 

hysteresis at 2 K with Hc = 20 Oe and Mr = 92 Oe 

cm3 mol−1 

325 

CuII
2(1,2,4,5-btec)(hypH)0.5(H2O)0.5 

·1.5H2O 
FM 4.5 

M–O–C–O–M/M–O–C–C–N–M connectivity; 

magnetic hysteresis at 2 K with Hc = 20 Oe and Mr 
= 0.05 μB mol−1 

359 

[FeII(tren(6-Mepy)3)][MnIICrIII(ox)3] 
[MnII(MeOH)0.58(H2O)0.42CrIII(ox)3] 

·2MeOH·0.5MeCN·0.42H2O 

FM 4.3 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 20 Oe 
271 

MnII
2(1,4-bdc)2(DMF)2 AFM 4.2 

Tetrameric subunits; M–O–C–O–M/M–O–M 
connectivity; spin glass behavior below TN. 

345 

[FeII(tren-im3)]2[MnII
2.5(MeOH)3 

CrIII
3(ox)9]·4.75MeOH·4.25H2O 

FM 3.8 M–O–C–O–M connectivity 271 

CoII
3(OH)(bpc)(H2O)3 CAFM 3.8 

Hexameric subunits; M–O–C–O–M/M–O–M 

connectivity 
360 

MnII
3(3-pyc)4(N3)2(H2O)2 FiM 3.7 

Trimeric subunits; M–N–M/M–O–C–O–M 

connectivity 
407 

CoII
4(2-pyco)4(4,4′-bpy)3(H2O)2 

·2H2O 
CAFM 3.5 

M–O–C–O–M/M–O–C–C–N–M intrachain 

connectivity; field-induced transition to a FM-like 
ordered state below TN when H > 150 Oe 

477 

MnII(L-ma)(H2O) AFM 3.5 M–O–C–O–M/M–O–C–C–O–M connectivity 323 

MnII(L-tart) CAFM 3.3 
M–O–C–O–M/M–O–C–C–O–M connectivity; 

magnetic hysteresis at 2 K with Hc = 450 Oe  
324 

CuII
2(mal)2(pyz)·2H2O AFM 3.2 

M–O–C–O–M/M–N–C–C–N–M connectivity; 

field-induced transition to a FM-like state below TN 
302,306 

CoII
3(chhc)(H2O)6 AFM 3.0 M–O–C–O–M connectivity 340 

NiII
2(1,2,4,5-btec)(H2O)4·2H2O AFM 3 

M–O–C–O–M intralayer connectivity; field-

induced transition to a FM state below TN 
358 

NiII(rac-ma)(H2O)·H2O FM 2.7 M–O–C–O–M/M–O–C–C–O–M connectivity 323 
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CuII(mal)(DMF) FM 2.6 
M–O–C–O–M connectivity; magnetic hysteresis at 
1.82 K with Hc = 28 Oe and Mr = 0.18 μB mol−1 

302 

(H2NMe2)[CoII(trzdc)]·0.5H2O CAFM 2.4 

M–O–C–O–M/M–N–N–N–M/M–O–C–C–N–M; 
spin frustrated system (f ≈ 20); spin glass behavior 

below TN; open magnetic hysteresis loop at 1.8 K  

414 

MnII
0.79NiII

0.21(L-ma)(H2O) FiM 2.3 
M–O–C–O–M/M–O–C–C–O–M connectivity; 
magnetic hysteresis at 1.8 K with Hc = 70 Oe 

323 

[RuII(2,2′-bpy)3][CuIICrIII(ox)3](ClO4) FM 1.9 
M–O–C–O–M connectivity; magnetic hysteresis at 

2 K with Hc = 14 Oe 
259 

MnII
0.63CoII

0.37(L-ma)(H2O) FiM ~1.8 M–O–C–O–M/M–O–C–C–O–M connectivity 323 

CoII(rac-ma)(H2O)·H2O FM 1.63(1) M–O–C–O–M/M–O–C–C–O–M connectivity 323 

a The bridging unit (CPO3)
2− is considered to be inorganic in nature, and therefore metal polyhedra bridged via three-atom O–P–O linkages 

are treated equivalently to those bridged by single-atom oxo bridges. b Only the metal oxalate frameworks with the highest ordering 
temperature for a given lattice type are included in this table. See Tables 8.12–8.17 for details on the variation in Tc with the cation. c This 

compound does not strictly fall into the I2O1 class, as it consists of alternating layers of I1O1 and I2O0 connectivity. d The magnetic ordering 

temperature for this compound is not specified. e This compound does not strictly fall into the I0O3 class, as it features mixed oxalato (M–
O–C–O–M) and oxo/hydroxo (M–O–M) bridges in one direction. 
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Table 8.3 Magnetic data for 2D oxalate frameworks with honeycomb topology of formula 

(A)[FeIIFeIII(ox)3]. 

A+ 
    Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

(Pr4N)+ FiM 44.5 Néel N-type FiM order with Tcomp = 34 K 
227–

229 

(Bu4N)+ FiM 45 

Néel N-type FiM order with Tcomp =  

      31.5 K; magnetic hysteresis at 40 K with     

      Hc = 400 Oe 

227–

229 

(Bu3BzN)+ FiM 44 Néel N-type FiM order  229 

(Pe4N)+ FiM 46 
Néel N-type FiM order with Tcomp =  

29.5 K 

228,

229 

PNP+ FiM 43 Néel N-type FiM order with Tcomp =  

      30.5 K 

228,

229 

(Bu4P)+ FiM 44.5 Néel N-type FiM order with Tcomp =  

33.5 K 

228,

229 

(Ph4P)+ FiM 34 Spin glass behavior below Tc; magnetic   

       hysteresis at 20 K with Hc = 541 Oe 

227–

229 

(Ph3PrP)+ FiM 42(1) Néel N-type FiM order 230 

(Ph3BuP)+ FiM 44(1) Néel N-type FiM order 230 

(Ph3PeP)+ FiM 44(1) Néel N-type FiM order 230 

(Ph3HxP)+ FiM 44(1) Néel N-type FiM order 230 

(Ph3HpP)+ FiM 48(1) Néel N-type FiM order 230 

(Ph4As)+ FiM 36 Spin glass behavior below Tc 
228,

229 
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Table 8.4 Magnetic data for 2D oxalate frameworks with honeycomb topology 

of formula (A)[MnIIFeIII(ox)3]. 

A+ 
Magnetic  

  ordera 
Tc (K) Ref. 

(Pr4N)+ CAFM 28 229 

(Bu4N)+ CAFM 28 229,232 

(Bu3BzN)+ CAFM 26 229 

(Pe4N)+ CAFM/FiM 27 229,231 

PNP+ CAFM 29 229 

(Bu4P)+ CAFM 26 229 

(Ph4P)+ CAFM 25 229 

(Ph3PrP)+ FiM 32.5(2) 230 

(Ph3BuP)+ FiM 30.0(2) 230 

(Ph3PeP)+ FiM 33.2(2) 230 

(Ph3HxP)+ FiM 33.0(2) 230 

(Ph3HpP)+ FiM 32.9(2) 230 

(Ph4As)+ CAFM 27 229 

aThe first studies reported CAFM order for these compounds, however, 

subsequent studies found that the uncompensated magnetic moment more likely 

originated from MnII vacancies, corresponding to FiM order. Here, we report the 

type of order that the authors speculated at the time of publication. 
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Table 8.5 Magnetic data for 2D oxalate frameworks with honeycomb-like topology of formula [K(18-

crown-6)]3[MII
3(H2O)4(MIII(ox)3)3]. 

MII MIII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Mn Cr FM 3.5  236 

Fe Cr FM 8 
Magnetic hysteresis at 2 K with  

Hc = 130 Oe and Mr = 2.32 μB mol−1 
236 

Co Cr FM 6 
Magnetic hysteresis at 2 K with  

       Hc = 170 Oe and Mr = 3.69 μB mol−1 
236 

Ni Cr FM 4.5 
Magnetic hysteresis at 2 K with 

       Hc = 790 Oe and Mr = 4.50 μB mol−1 
236 

Cu Cr FM 3.2  236 

Mn Fe CAFM  14 
Magnetic hysteresis at 2 K with  

Hc = 180 Oe and Mr = 1.14 μB mol−1 
236 

Fe Fe FiM 25.5  236 

Co Fe FiM 16 
Magnetic hysteresis at 2 K with  

Hc = 1.53 T and Mr = 0.95 μB mol−1 
236 

Ni Fe FiM 11.5 
Magnetic hysteresis at 2 K with  

       Hc = 230 Oe and Mr < 0.01 μB mol−1 
236 
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Table 8.6 Magnetic data for neutral 2D oxalate frameworks of formula [MII(H2O)2]3[MIII(ox)3]2·2(18-

crown-6). 

MII MIII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Co Cr FM 7.4 
Magnetic hysteresis at 2 K with Hc = 160  

      Oe and Mr = 2.3 μB mol−1  

  239, 

240 

Mn Cr FM 3.6 
Magnetic hysteresis at 2 K with Hc < 100  

      Oe and Mr < 0.1 μB mol−1 
240 

Mn/Ni Cr FM 6.8 
Magnetic hysteresis at 2 K with Hc = 200  

      Oe and Mr = 2.4 μB mol−1 
240 

Co/Ni Cr FM 6.8 
Magnetic hysteresis at 2 K with Hc = 200  

      Oe and Mr = 1.4 μB mol−1 
240 

Mn/Fe Fe FiM 19.5 
Magnetic hysteresis at 2 K with Hc < 100  

      Oe and Mr < 0.1 μB mol−1 
240 

Mn/Co Fe FiM 9.4 
Magnetic hysteresis at 2 K with Hc = 6300  

      Oe and Mr = 0.3 μB mol−1 
240 

Fe Fe FiM 12.2 
Magnetic hysteresis at 2 K with Hc = 1100  

      Oe and Mr < 0.1 μB mol−1 
240 

Fe/Ni Fe FiM 20.0 
Magnetic hysteresis at 2 K with Hc = 160  

      Oe and Mr = 0.1 μB mol−1 
240 
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Table 8.7 Magnetic data for 2D oxalate frameworks with honeycomb topology of formula 

[Cp*
2FeIII][MIIMIII(ox)3]. 

MII MIII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Mn Cr FM 5.3 
Magnetic hysteresis at 2 K with Hc   

       = 20 Oe and Mr = 0.15 μB mol−1  
233,234 

Fe Cr FM 13.0 
Magnetic hysteresis at 2 K with Hc  

       = 1100 Oe and Mr = 3.60 μB mol−1   
233,234 

Co Cr FM 9.0 
Magnetic hysteresis at 2 K with Hc  

       = 130 Oe and Mr = 1.20 μB mol−1  
233,234 

Ni Cr FM 14.5 
Magnetic hysteresis at 5 K with Hc  

       = 250 Oe. 
233 

Cu Cr FM 7.0 
Magnetic hysteresis at 2 K with Hc  

       = 180 Oe and Mr = 1.50 μB mol−1  
233,234 

Mn Fe CAFM 28.4 
Magnetic hysteresis at 2 K with Hc  

       = 120 Oe and Mr = 0.10 μB mol−1  
233,234 

Fe Fe FiM 43.3 
Magnetic hysteresis at 2 K with Hc   

       = 370 Oe and Mr = 0.02 μB mol−1  
233,234 

Co Fe FiM 19.5  233 

Fe Ru FM 13.8 
Magnetic hysteresis at 2 K with Hc  

       = 2210 Oe and Mr = 2.5 μB mol−1 
235 

Co Ru FM 3.1  235 
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Table 8.8 Magnetic data for 2D oxalate frameworks with honeycomb topology of formula 

[Cp*
2CoIII][MIIMIII(ox)3]. 

MII MIII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Mn Cr FM 5.1 
Magnetic hysteresis at 2 K with Hc  

       = 40 Oe and Mr = 0.3 μB mol−1 
     234 

Fe Cr FM 12.7 
Magnetic hysteresis at 2 K with Hc  

       = 1940 Oe and Mr = 3.5 μB mol−1 
234 

Co Cr FM 8.2 
Magnetic hysteresis at 2 K with Hc  

= 250 Oe and Mr = 1.3 μB mol−1 
234 

Cu Cr FM 6.7 
Magnetic hysteresis at 2 K with Hc  

= 200 Oe and Mr = 1.7 μB mol−1 
234 

Mn Fe CAFM 25.4 
Magnetic hysteresis at 2 K with Hc  

       = 150 Oe and Mr < 0.01 μB mol−1 
234 

Fe Fe FiM 44.0 
Magnetic hysteresis at 2 K with Hc  

       = 100 Oe and Mr < 0.01 μB mol−1 
234 

Fe Ru FM 12.8 
Magnetic hysteresis at 2 K with Hc  

       = 3200 Oe and Mr = 2.0 μB mol−1 
235 

Co Ru FM 2.8  235 
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Table 8.9 Magnetic data for 2D oxalate frameworks with honeycomb topology of formula 

(R3(CH2COOH)N)[MIIMIII(ox)3]·xH2O. 

MII MIII 
Magnetic 

order 
Tc (K) Other notes Ref. 

Mn Cr FM 5.9 R = Et, x = 2       241 

Fe Cr FM 11.0 R = Et, x = 2 241 

Fe Fe FiM 42–44 
R = Et, x = 2; Néel N-type FiM  

      order with Tcomp ≈  33 K 
241 

Mn Cr FM 5.6 R =Bu, x = 0 241 

Fe Cr FM 11.5 R =Bu, x = 0 241 

Fe Fe FiM 42–44 
R =Bu, x = 0; Néel N-type FiM  

       order with Tcomp ≈ 33 K 
241 
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Table 8.10 Magnetic data for 2D oxalate frameworks with intercalated spin-crossover FeIII complexes or 

diamagnetic InIII analogues. 

Compound 
    Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

[Fe(sal2-trien)]2[MnII
2(ox)3] 

·4H2O·DMF 
CAFM 8.1 Partial spin-crossover; magnetic  

hysteresis at 2 K with Hc = 48 Oe 
248 

[In(sal2-trien)]2[MnII
2(ox)3] 

·3H2O·MeOH 
CAFM 8.1 

Magnetic hysteresis at 2 K with Hc = 660  

Oe 
248 

[Fe(sal2-trien)] 

[MnIICrIII(ox)3]·CH2Cl2 
FM 5.4 

Near complete spin-crossover with T1/2 =  

255 K; LIESST effect with TLIESST = 41 K; 

magnetic hysteresis at 2 K with Hc = 20 Oe 

249, 

250 

[Fe(sal2-trien)] 

[MnIICrIII(ox)3]·CHCl3 
FM 5.6 

Near complete spin-crossover with T1/2 = 180 

K; LIESST effect with TLIESST = 58 K; 

magnetic hysteresis at 2 K with Hc = 10 Oe 

253 

[Fe(sal2-trien)] 

[MnIICrIII(ox)3]·CHBr3 
FM 5.6 

Partial spin-crossover with T1/2 = 140 K; 

LIESST effect with TLIESST = 62 K; 

magnetic hysteresis at 2 K with Hc = 30 Oe 

253 

[Fe(sal2-trien)] 

[MnIICrIII(ox)3]·CH2Br2 
FM 5.6 

Complete spin-crossover with T1/2 = 230 K; 

LIESST effect with TLIESST = 45 K; magnetic 

hysteresis at 2 K with Hc = 10 Oe 

253 

[Fe(4-Br-sal2-trien)] 

[MnIICrIII(ox)3]0.67Cl0.33 

·MeOH·solvent 

FM 5.2 Near complete spin-crossover; magnetic 

hysteresis at 2 K with Hc = 70 Oe 
251 

[Fe(3-Br-sal2-trien)] 

[MnIICrIII(ox)3]·2MeCN 
FM 5.4 High-spin FeIII 251 

[Fe(3-Cl-sal2-trien)] 

[MnIICrIII(ox)3]·2MeCN 

·2MeOH 

FM 5.0 Partial spin-crossover 251 

[Fe(3-OMe-sal2-trien)] 

[MnIICrIII(ox)3]·MeOH 

·1.5H2O·0.5CH2Cl2
 

FM 5.4 Partial spin-crossover 251 

[Fe(5-NO2-sal2-trien)] 

[MnIICrIII(ox)3]·MeNO2 

·0.5H2O 

FM 5.6 Partial spin-crossover; magnetic hysteresis at 

2 K with Hc = 5 Oe 
252 

[Fe(pmha)2][MnIICrIII(ox)3] FM 5.5 High-spin FeIII 244 
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Table 8.11 Magnetic data for other 2D oxalate frameworks. 

Compound 
     Magnetic 

order 
Tc (K) 

Other magnetic 

properties 
Ref. 

(Pr4N)[MnIICrIII(ox)3] FM 6  232 

(Ph4P)[MnIICrIII(ox)3] FM 5.9  238 

(dams)[MnIICrIII(ox)3] FM 5.8  244 

[MnII(H2O)2(MeOH)2][MnII 

(H2O)(MeOH)]2[CrIII(ox)3]2 

·(18-crown-6) 

FiM 5.5     Thin magnetic hysteresis      

    loop at 2 K 
470 
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Table 8.12 Magnetic data for 3D chiral frameworks of formula [(ZII+n)(2,2′-bpy)3][MII
2(ox)3](ClO4)n with 

homometallic anionic lattice. 

ZII+n MII 
     Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

FeII Mn AFM 13.0(5)  264,265 

CoIII Co CAFM 8 
Magnetic hysteresis at 2 K with Hc = 

500 Oe and Mr = 50 Oe cm3 mol−1 
266 

FeII Co CAFM 6 
Magnetic hysteresis at 2 K with Hc = 

300 Oe and Mr = 40 Oe cm3 mol−1 
266 

RuII Cu CAFM 5 Thin magnetic hysteresis loop at 2 K 263 

RuII Ni CAFM 35 Thin magnetic hysteresis loop at 2 K 263 
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Table 8.13 Magnetic data for 3D chiral frameworks of formula [ZI+n][MIICrIII(ox)3](ClO4)n with 

heterometallic anionic lattice. 

ZI+n MII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

[Ru(2,2′-bpy)3]2+ Mn FM 4.2 Thin magnetic hysteresis loop at 2 K 261 

[Ru(2,2′-bpy)2 

(ppy)]+ 
Mn FM 5.8 Thin magnetic hysteresis loop at 2 K 261 

[Ru(2,2′-bpy)3]2+ Fe FM 2.5 
Magnetic hysteresis at 2 K with Hc = 

14 Oe 
259 

[Ru(2,2′-bpy)3]2+ Co FM 2.8 
Magnetic hysteresis at 2 K with Hc = 

8 Oe 
259 

[Ru(2,2′-bpy)3]2+ Ni FM 6.4 
Magnetic hysteresis at 2 K with Hc = 

22 Oe 
259 

[Ru(2,2′-bpy)2 

(ppy)]+ 
Ni FM 11.0 Thin magnetic hysteresis loop at 2 K 261 

[Ru(2,2′-bpy)3]2+ Cu FM 1.9 
Magnetic hysteresis at 2 K with Hc = 

14 Oe 
259 

[Fe(2,2′-bpy)3]2+ Mn FM 3.9  259 

[Fe(2,2′-bpy)3]2+ Fe FM 4.7 
Magnetic hysteresis at 2 K with Hc = 

80 Oe 
259 

[Fe(2,2′-bpy)3]2+ Co FM 6.6 
Magnetic hysteresis at 2 K with Hc = 

55 Oe 
259 

[Ni(2,2′-bpy)3]2+ Mn FM 2.3 
Magnetic hysteresis at 2 K with Hc = 

13 Oe 
259 

[Ni(2,2′-bpy)3]2+ Fe FM 4.0 
Magnetic hysteresis at 2 K with Hc = 

28 Oe 
259 

[Co(2,2′-bpy)3]2+ Mn FM 2.2 
Magnetic hysteresis at 2 K with Hc = 

13 Oe 
259 
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Table 8.14 Magnetic data for 3D chiral frameworks of formula [ZII(2,2′-bpy)3][MIIFeIII(ox)3](ClO4). 

ZII MII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Fe Mn CAFM  20.0 
Magnetic hysteresis at 2 K with Hc = 

250 Oe 
260 

Fe Fe FiM  9.1 
Magnetic hysteresis at 2 K with Hc = 

970 Oe 
260 

Ru Mn CAFM  17.2 
Magnetic hysteresis at 2 K with Hc = 

300 Oe 
260 

Ru Fe FiM  7.9 
Magnetic hysteresis at 2 K with Hc = 

860 Oe 
260 
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Table 8.15 Magnetic data for 3D chiral frameworks of formula [IrIII(ppy)2(2,2′-

bpy)][MIIMIII(ox)3]·0.5H2O. 

MII MIII 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

Mn Cr FM 5.1 
Magnetic hysteresis at 2 K with Hc = 

20 Oe 
262 

Fe Cr FM 5.0 
Magnetic hysteresis at 2 K with Hc = 

40 Oe 
262 

Co Cr FM 5.2 
Magnetic hysteresis at 2 K with Hc = 

50 Oe 
262 

Ni Cr FM 13.0 
Magnetic hysteresis at 2 K with Hc = 

30 Oe 
262 

Fe Fe FiM 28.0 
Magnetic hysteresis at 2 K with Hc = 

300 Oe 
262 

Mn Fe CAFM 31.0 
Magnetic hysteresis at 2 K with Hc = 

240 Oe 
262 
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Table 8.16 Magnetic data for 3D oxalate frameworks with intercalated spin-crossover FeII/FeIII complexes 

or diamagnetic InIII analogues. 

Compound 
Magnetic 

order 
Tc (K) Other magnetic properties Ref. 

[FeIII(sal2-trien)][MnIICrIII(ox)3] 

·MeOH 
FM 5.2 Partial spin-crossover; magnetic 

hysteresis at 2 K with Hc = 30 Oe 
249 

[InIII(sal2-trien)][MnIICrIII(ox)3] 

·0.25H2O·0.25MeOH·0.25MeCN 
FM 5.2 

Magnetic hysteresis at 2 K with Hc 

= 30 Oe 
249 

[InIII(sal2-trien)][MnIICrIII(ox)3] 

·MeNO2·0.5H2O 
FM 5.0 

Magnetic hysteresis at 2 K with Hc 

= 30 Oe 
249 

[FeIII(5-OMe-sal2-trien)] 

[MnIICrIII(ox)3] 
FM 5.1 

Partial spin-crossover; magnetic 

hysteresis at 2 K with Hc = 60 Oe 
252 

[FeIII(5-Cl-sal2-trien)][MnIICrIII(ox)3] 

·0.5MeNO2 
FM 4.8 Partial spin-crossover; magnetic 

hysteresis at 2 K with Hc = 30 Oe 
268 

[InIII(5-Cl-sal2-trien)] 

[MnIICrIII(ox)3]  
FM 5.0 

Magnetic hysteresis at 2 K with Hc 

= 10 Oe 
268 

[FeIII(5-Br-sal2-trien)] 

[MnIICrIII(ox)3]  
FM 4.8 

Partial spin-crossover; magnetic 

hysteresis at 2 K with Hc = 30 Oe 
268 

[FeII(bppy)2][MnIICrIII(ox)3]2·bppy 

·MeOH 
FM 3.0 Minimal spin-crossover  269 

[FeII(pyimH)3][MnIICrIII(ox)3]2 

·solvent 
FM 4.5 

Complete spin-crossover with T1/2 

= 350 K; LIESST effect below 60 

K 

270 

[FeII(im2-trien)][MnII(MeOH) 

CrIII(ox)3]2·4MeOH·MeCN·H2O 
FM 5.2 Partial spin-crossover; magnetic 

hysteresis at 2 K with Hc = 20 Oe 
271 

[FeII(tren(6-Mepy)3)][MnIICrIII(ox)3] 

[MnII(MeOH)0.58(H2O)0.42CrIII(ox)3] 

·2MeOH·0.5MeCN·0.42H2O 

FM 4.3 High-spin FeII; magnetic 

hysteresis at 2 K with Hc = 20 Oe 
271 

[FeIII(tren-im3)]2[MnII
2.5(MeOH)3 

CrIII
3(ox)9]·4.75MeOH·4.25H2O 

FM 3.8 Partial spin-crossover 271 
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Table 8.17 Magnetic data for 3D oxalate frameworks of formula (A)2[FeIII
2O(ox)2Cl2]·xH2O (x = 1, 2, 4). 

A+ Magnetic order Tc (K) Other magnetic properties Ref. 

Li+ CAFM 51 
Magnetic hysteresis at 2 K with Hc = 1100 

Oe and Mr = 0.030 μB mol−1 
478 

Na+ CAFM 26 
Magnetic hysteresis at 2 K with Hc = 450 

Oe and Mr = 0.012 μB mol−1 
478 

K+ CAFM 38 
Magnetic hysteresis at 2 K with Hc = 1600 

Oe and Mr = 0.016 μB mol−1 
478 

(NH4)+ CAFM 40 
Magnetic hysteresis at 5 K with Hc = 4000 

Oe and Mr = 0.016 μB mol−1 
274 

(MeNH3)+ CAFM 40 Magnetic hysteresis at 2 K with Hc = 400 

Oe and Mr = 0.016 μB mol−1 
275 

(Me2NH2)+ CAFM 52 
Magnetic hysteresis at 2 K with Hc = 350 

Oe and Mr = 0.013 μB mol−1 
275 

(EtNH3)+ CAFM 56 Magnetic hysteresis at 2 K with Hc = 85 Oe 275 

(H3O)(EtNH3)+ CAFM 70 Magnetic hysteresis at 5 K with Hc = 2500 

Oe and Mr = 0.036 μB mol−1 
223 
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Table 8.18 Magnetic data for 2D metal-organic framework magnets with radical bridging ligands.a 

Compound 
Magnetic 

order 
Tc (K) Other relevant structural and magnetic notes Ref. 

MnII(TCNE)I(H2O)  CAFM 171 
Magnetic hysteresis at 10 K with Hc = 400 Oe and 

Mr = 60 Oe cm3 mol−1 
73 

[Cp2CoIII]1.43(Me2NH2)1.57 

[FeIII
2(Cl2An)3]·4.9DMF 

FiM 105 Open magnetic hysteresis loop up to 100 K with Hc 
= 9 Oe. At 1.8 K, Hc = 4520 Oe 

458 

(Ru2(2,3,5-Clbz)4)2(TCNQMe2) 

·xCH2Cl2 
FiM  

101  

(x = 4) 
34  

(x = 0) 

Guest-dependent modulation of Tc and Hc; magnetic 

hysteresis at 1.8 K with Hc = 1.16 T (x = 4) and Hc = 

6700 Oe (x = 0) 

449 

[FeII(TCNE)(MeCN)2](SbF6) 

·xCH2Cl2·yMeCNb 
FiM 96  444 

(Ru2(TFA)4)2(TCNQF4)·3(p-xylene) AFM 95 Metamagnetic behavior; intermediate canted spin 

state with Hc > 0 up to 60 K 
446,447 

(Ru2(1,2-Fbz)4)2(BTDA-TCNQ) 

·4CH2Cl2 AFM  93 
Phase transitions at Tc = 87 and 13 K corresponding 

to CAFM states; open magnetic hysteresis at 1.8 K 
451 

[FeII(TCNE)(MeCN)2](FeIIICl4)
b AFM 89.7(3) 

Field-induced transition to a FiM ordered state; 
Magnetic hysteresis at 50 K with Hc = 1730 Oe and 

Mr = 7500 Oe cm3 mol−1 

443 

(Ru2(1,2-Fbz)4)2(TCNQ(OMe)2) 

·4CH2Cl2 FiM/AFM 88/83 
Field-induced transition to a FiM-like ordered state 

below TN; open magnetic hysteresis loop up to a 

temperature close to TN 

450 

(Ru2(1,4-Fbz)4)2(BTDA-TCNQ)·2(4-

ClPhMe)·2CH2Cl2 FM  83 Open magnetic hysteresis at 1.8 K 451 

(Me2NH2)2[FeIII
2(Cl2An)3]·xH2O 

·yDMF FiM 

80 (x = 2, 
y = 6) 

26 (x = y 

= 0) 

Reversible desolvation/solvation; guest-dependent 
modulation of Tc and Hc; magnetic hysteresis at 1.8 

K with Hc = 2630 Oe (x = 2, y = 6) and 4650 Oe (x 

= y = 0) 

458 

(Ru2(1,2-Clbz)4)2(TCNQ(OMe)2) 

·xCH2Cl2 

AFM  
(x = 1) 

FM 

(x = 0) 

75  
(x = 1) 

56  

(x = 0) 

Reversible desolvation/solvation; guest-dependent 

modulation of magnetic properties; field-induced 
transition to a CAFM state for x = 1; magnetic 

hysteresis at 1.8 K with Hc = 1.6 T 

448 

[MnII(TCNE)(MeCN)2](SbF6) 

·xCH2Cl2·yMeCNb 
FiM 67 Spin glass behavior below Tc.  444 

CrIIICl2(pyz)2 FiM ~55 Open magnetic hysteresis up to temperatures close 
to Tc 

462 

Na3(Me4N)2[MnII
2(Cl2An)3] 

·3.9THF 
FiM 41 Open magnetic hysteresis loop up to 25 K with Hc = 

12 Oe; at 1.8 K, Hc = 300 Oe 
460 

(Ru2(1,4-Fbz)4)2(TCNQ(OMe)2) 

·3CH2Cl2·PhNO2 
FiM 27 

Mixture of radical and diamagnetic linkers; 

magnetic hysteresis at 1.8 K with Hc ≈ 8000 Oe and 

Mr ≈ 0.6 μB mol−1 

450 

(TOAPB)2(MnII(hfac)2)3·Hp FM 3.4 Magnetic hysteresis at 2 K with Hc = 3.8 Oe and Mr 

= 53.9 Oe cm3 mol−1 
436 

CuII
3(PTMTC)2(py)6(EtOH)2(H2O) 

·10EtOH·6H2O (MOROF-1) FiM/FM 2  441 

[MnII
2(NITIm)3](ClO4) FiM/FM 1.4 Magnetic hysteresis at 85 mK with Hc = 270 Oe and 

Mr = 0.22 μB mol−1 439 

aAll compounds in this table are classified as I0O2. b The number of coordinated MeCN molecules per unit cell may vary slightly; see refs. 

443 and 444 for details.   
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Table 8.19 Magnetic data for 3D metal-organic framework magnets with radical bridging ligands.a 

Compound 
Magnetic 

order 
Tc (K) Other relevant structural and magnetic notes Ref. 

MnII(TCNE)1.5(I3)0.5·0.5THF FiM 171 
Magnetic hysteresis at 10 K with Hc = 600 Oe and 

Mr = 8000 Oe cm3 mol−1 
72 

(Ru2(1,3-Fbz)4)2(BTDA-TCNQ) 
·1.6(4-ClPhMe)·3.4CH2Cl2 

FM 107 
Open magnetic hysteresis loop up to 100 K, with Hc 
= 7250 Oe at 1.8 K 

452 

FeII(TCNE)[C4(CN)8]0.5·xCH2Cl2 FiM 

 

~100 
 

Mixture of radical and diamagnetic linkers; 

metamagnetic behavior below Tc; magnetic 
hysteresis at 2 K with Hc = 2300 Oe (for x = 0.75) 

87,88, 

445 
 

MnII(TCNE)[C4(CN)8]0.5·0.74CH2Cl2 AFM 68  72 

(BAPN)2(MnII(hfac)2)3 FM 46  437 

(4-EtPyNO)2CoII
2(CuII(opba))3 

(DMSO)0.5·DMSO·0.25H2O 
FiM 37 

Radical-bridged chains; magnetic hysteresis at 6 K 

with Hc > 2.4 T 
433 

(4-EtPyNO)2NiII
2(CuII(opba))3 

·5DMSO·11H2O
b 

FiM 28 
Radical-bridged chains; magnetic hysteresis at 6 K 

with Hc = 500 Oe 
434 

(4-PrPyNO)2MnII
2(CuII(opba))3 

·3.3DMSO·5H2O
b 

FiM 24.1 
Radical-bridged chains; metamagnetic-like 

transition at 120 mK when H > 2.1 T 
435 

(4-EtPyNO)2MnII
2(CuII(opba))3 

(DMSO)0.5·0.25H2O 
FiM 22.8 

Radical-bridged chains; magnetic hysteresis at 6 K 
with Hc < 10 Oe 

433 

(4-MePyNO)2MnII
2(CuII(opba))3 

(DMSO)2·2H2O 
FiM 22.5 

Radical-bridged chains; magnetic hysteresis at 4.2 
K with Hc < 10 Oe 

431 

Na0.9(Bu4N)1.8[FeIII
2(dhbq)3] FiM 12 Magnetic hysteresis at 2 K with Hc = 350 Oe 461 

(Bu4N)2[FeIII
2(dhbq)3] FiM 8 Magnetic hysteresis at 2 K with Hc = 100 Oe 461 

aAll compounds in this table are classified as I0O3. b Some of the DMSO molecules may be coordinated to the CuII centers.  
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J. Tunability of the MIIMIII/MII
2 and MIII

2/M
IIMIII (M = Mn, Co) Couples in Bis-μ-O,O′-

carboxylato-μ-OR Bridged Complexes. Dalton Trans. 2011, 40, 3336–3345. 

 



 

881 

 

 

(28)  Nazeeruddin, M. K.; Zakeeruddin, S. M.; Kalyanasundaram, K. Enhanced Intensities of the 

Ligand-to-Metal Charge-Transfer Transitions in Ru(III) and Os(III) Complexes of 

Substituted Bipyridines. J. Phys. Chem. 1993, 97, 9607–9612.  

(29)  (a) Wayland, B. B.; Drago, R. S.; Henneike, H. F. Amide Contact Shift Studies and the 

Assignment of the Methyl Peaks in N,N-Dimethylamides. J. Am. Chem. Soc. 1966, 88, 

2455–2458. (b) Stewart, W. E.; Siddall, T. H. Nuclear Magnetic Resonance Studies of 

Amides. Chem. Rev. 1970, 70, 517–551. (c) Ming, L.-J.; Lauffer, R. B.; Que, Jr., L. Proton 

Nuclear Magnetic Resonance Studies of Iron(II/III)–Amide Complexes. Spectroscopic 

Models for Non-Heme Iron Proteins. Inorg. Chem. 1990, 29, 3060–3064.  

(30)  (a) Raymond, G. G.; Born, J. L. An Updated pKa Listing of Medicinal Compounds. Drug 

Intell. Clin. Pharm. 1986, 20, 683–686. (b) Vepsäläinen, J. J. Bisphosphonate Prodrugs. 
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