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Abstract 

Fluorides and Oxyfluorides: Synthesis, Structural Characteristics, and Properties 

Jacqueline Renee Cantwell 

 

Noncentrosymmetry (NCS) is a requirement for many properties such as piezoelectricity, 

pyroelectricity, and nonlinear optical activity like second harmonic generation which are 

desirable for a variety of commercial applications. One method which has been employed to 

successfully synthesize NCS compounds utilizes acentric anionic groups, such as oxyfluoride 

metal complexes, as basic building units (BBUs) for a NCS structure. However, the presence of 

acentric BBUs in a structure is not always enough to ensure overall asymmetry; NCS packing is 

also required to achieve the desired properties.  

 The role of hydrogen bonding in the NCS packing of lambda-shaped dimers in 

CuVOF4(H2O)7 is explored. The difficulty of determining the hydrogen positions by x-ray 

diffraction has left many questions about the strengths and roles of hydrogen bonds in this 

structure. Previous work had emphasized the intra-dimer hydrogen bonding. A co-refinement of 

single crystal x-ray and neutron diffraction provided accurate hydrogen atom positions and 

hydrogen bonding distances, leading to a better understanding of how the hydrogen bonding 

interactions affect the structure.  

 CuMnF5(H2O)7 is a centrosymmetric structure composed of two different BBUs. A 

structural solution for this compound is presented for the first time. While it has similar BBUs to 

the centrosymmetric heterotypes of CuVOF4(H2O)7, the BBUs follow a different arrangement. 

The ionic octahedra are connected by a network of hydrogen bonding, but it is not enough to 
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create NCS packing. CuMnF5(H2O)7 exhibits strong pleochroism, changing from red to green 

when the direction of polarized light is changed. This property is also exhibited by KNaMnF5, a 

novel compound whose structure and properties are described, which changes from orange to 

red.  

 The NCS phase of KNaNbOF5 is examined in a series of single crystal x-ray diffraction 

studies over a range of temperatures. Though the structure as a whole has positive thermal 

expansion, that is not necessarily true of all its constituent parts. The K−ligand bond lengths 

increase with rising temperature, as expected, but the Nb−ligand bond lengths show a slight 

decrease. These results are not conclusive but indicate a promising direction for future studies in 

this area.  
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Chapter 1: Introduction 

 

1.1 Noncentrosymmetry 

 Designing crystal structures that have specific physical properties remains an elusive but 

tantalizing goal. Ideally, an engineer would simply give a chemist a list of the properties desired 

for a particular application and receive in return a short time later an easily scalable, optimized 

synthetic procedure for a cheap, non-toxic chemical matching the given description. Inorganic 

chemistry has not yet progressed to such a point. The relationships between structural 

characteristics and physical properties are still being investigated and studied. The toolbox of 

crystal design is growing however, and it has a few established cornerstones on which to build. 

Noncentrosymmetry is one such structural characteristic.  

 Noncentrosymmetric (NCS) compounds are those whose structure lacks a center of 

symmetry or inversion center. NCS is a requirement for the properties of enantiomorphism, 

circular dichroism, piezoelectricity, and pyroelectricity, all of which are highly sought after for 

commercial applications.1 Of the 32 crystal classes, 21 are NCS; despite this, NCS materials are 

far less common than centrosymmetric ones.2 The 21 acentric (noncentrosymmetric) crystal 

classes and their relationships to the NCS properties are shown in Figure 1. Nonlinear optical 

(NLO) activity, such as second harmonic generation (SHG), shares the same symmetry 

requirements as piezoelectricity. SHG, also known as frequency doubling, has garnered 

particular interest for its use in controlling laser frequencies, with applications in spectroscopy, 

optical communications, and many other technologies. SHG occurs when an incident light wave 

in a noncentrosymmetric material produces a nonlinear polarization wave, which has a frequency 
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double that of the original light wave.3 Phase matching occurs when there is constructive 

interference between the electric field of the light and the induced polarization of the of the 

electric charges within the material.3Phase matchability is necessary for an SHG material to be 

efficient, as non-phase matchable materials show an inverse relationship between SHG 

efficiency and crystal size.4  

 

 

 

 

 Chen’s anionic group theory is a methodology for evaluating the spatial arrangement of 

anionic groups within a crystal lattice for its potential SHG efficiency.5 It provides structural 

Figure 1. Graphical representation of the 21 acentric crystal classes and 
their relationships to the four symmetry-dependent NCS properties.1 
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criteria, tested on a survey of nonlinear optical materials, by which it has found that frequently in 

high-performance NLO materials the polar moments of the anionic units are fully aligned.5 The 

search for optimal NLO and SHG materials then begins with finding ways to make basic 

building units (BBUs) that are favored by Chen’s anionic group theory; these BBUs may be 

molecular or ionic species within the structure depending on the compound. Early transition 

metal oxyfluoride anions are good candidates for NCS BBUs because they satisfy the precepts of 

Chen’s anionic group theory.  

 Multiple types of distortions can affect the structure; one of which is the ‘out-of-center- 

distortion. Disparity between an ion’s radius and the volume of its site causes a spontaneous 

distortion in the structure. An ion occupying a site too large for its size will undergo an out-of-

center distortion in order to be in closer coordination to nearby counter-ions. Li+ ions exhibit this 

distortion in LiNbO3, which contributes to the material’s polarity.6 This is also seen in the series 

of compounds K10(M2OnF11−n)3X (M = V5+, Nb5+, n = 2; M = Mo6+, n = 4; X = (F2Cl)1/3, Cl, Br, 

([Br3][Br])1/2, and ([I3][I])1/2)).7 As seen in Figure 2, the larger V5+ ions “fit” well in the site, the 

bimetallic BBU is linear, and the structure is centrosymmetric. The larger Nb5+ and Mo6+ cations 

have a greater disparity between their radius and the volume of the occupied site, leading to an 

out-of-center distortion. This breaks the inversion symmetry and creates a NCS structure.  
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It should be noted that acentric units do not always lead to NCS structures. The structure 

of MVOF4(H2O)7 (M = Co, Ni, Zn) is composed of [M(H2O)6]2+ cations and [VOF4(H2O)]2- 

anions, and while the anionic groups are acentric, the structures as a whole are centrosymmetric.8 

The ions form a distorted CsCl type structure in which the [VOF4(H2O)]2- are organized into 

antiparallel chains connected by hydrogen bond networks. This antiparallel alignment cancels 

out the polar moments of the acentric anions resulting in no net polarity. Polar anions do not 

necessarily ensure overall polar symmetry, but they do increase the likelihood of forming a polar 

structure, compared to nonpolar units.9-11 The presence of two different polar units still further 

increases the probability of producing a crystal with net polarity. In a structure with one type of 

polar unit, the dipoles are either aligned together, aligned such that they cancel each other out, or 

they are not aligned at all. Only when they are aligned together is there a net dipole moment. If 

Figure 2. The V5+ bimetallic BBU is linear and centrosymmetric whereas the Nb5+, 
Mo6+ bimetallic BBU is Λ-shaped owing to the out-of-center distortion. The 
smaller ions distort to more closely coordinate to nearby cations in the structure.a6 
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there is more than one type of polar unit, there is an additional possibility: the dipoles may be 

aligned such that the destructive interference of the two dipole moments does not completely 

cancel out. An illustration of this is shown in Figure 3.  

 

 

 

 

1.2 Oxyfluorides 

 Mixed-anion compounds are solid state materials with more than one anionic species in a 

single phase. Most of the known mixed-anion compounds are oxide based, such as oxyfluorides, 

oxynitrides, and oxychalcogenides, but pnictohalides and pnictochalcogenides have also been 

reported.12-15 Oxides are much more common than multi-anion materials, both in nature and in 

synthesis, which has allowed a vast knowledge base to develop on their structures and properties 

that is lacking for the oxyfluorides, for now. Figure 4 shows a comparison of the relative 

a) b) 

Net polarity = Net polarity = 

Figure 3. In a) all the dipoles are aligned, leading to a net polarity of the 
structure. In b) the dipoles are aligned against one another, but because the 
polar units are not the same, they do not completely cancel out, leading to a 
polar structure.  
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frequency of oxide compounds and multi-anion compounds reported in the Inorganic Crystal 

Structure Database (ICSD); for reference at the same time of retrieval there were 2978 fluorides 

reported.12 Oxides are overwhelmingly dominant in the literature, thanks to research that may 

soon pass from merely extensive to positively exhaustive.  

 

 

 

 

 

 Beyond offering the potential of a largely unexplored phase space, mixed-anion materials 

have structural differences from single-anion compounds that change the possible physical 

properties. As previously discussed, acentric BBUs are key to making NCS structures. A mixture 

of oxide and fluoride ligands around a metal center can break the local symmetry of the anion. 

Inherent differences between metal-oxide and metal-fluoride bonds as well as electrostatic 

interactions between the anions and the extended structure lead to distortions of the metal ion 

Figure 4. A comparison of the number of reported oxide and mixed-anion 
compounds in the Inorganic Crystal Structure Database (ICSD) as of 5 
October 2017.12 



23 
 
polyhedra. While the extended structure interactions do not usually result in large distortions on 

their own, they do contribute to the ordering of the structure. The stronger distortion is the 

second-order Jahn-Teller distortion. This distortion is caused by the mixing of the valence d 

orbital of the early transition metal cation and the 2p valence orbitals of the oxide and fluoride 

ligands, which results in an electronic configuration with degenerate states. The degeneracy is 

removed by a spontaneous distortion. In early transition metal octahedra of the formula [MOxF6-

x]2-, the transition metal d orbitals mix more strongly with the 2p orbitals of the oxide ligands 

than those of the fluoride ligands, because the fluoride valence orbitals are much lower in 

energy. Figure 5 illustrates how the number of oxygen atoms in the anionic unit affects the 

resulting distortion. Depending on whether there are one, two, or three oxide ligands, the metal 

atom will distort towards a vertex, edge, or face of the octahedron, respectively.8 Mixed oxide-

fluoride anionic octahedra are therefore very good acentric BBUs.  

 

 

 

Figure 5. The three different primary distortions undergone by 
[MOxF6-x]n- (x = 1, n = 2, M = V5+, Nb5+, Ta5+; x = 2, n = 2, M = 
Mo6+, W6+; x = 3, n = 3, M = Mo6+) anions.9 
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 It is important to point out at this point that not all mixed-anion compounds contain 

transition metal BBUs with heteroleptic coordination geometry. Heteroleptic complexes are 

those in which the ligands coordinated to the metal differ, whereas homoleptic complexes 

contain only one kind of ligand. Many structures have layers or BBUs of different homoleptic 

coordination complexes. For example, Sr2MnO2Cu1.5S2 has alternating layers of Sr2MnO2 and 

Cu1.5S2.16 Just as acentric BBUs are no guarantee of a NCS structure, mixed-anions do not 

necessarily lead to acentric heteroleptic BBUs.  

 The synthesis of ordered oxyfluoride materials is particularly significant as disorder of 

the oxide and fluoride ligands cancels out the desirable physical properties associated with the 

out-of-center distortions and NLO susceptibilities. Historically this has been a challenge. Some 

of the strategies that have been successfully employed to avoid disordered oxygen/fluorine sites 

include using helical compounds, forming bent or Λ-shaped BBUs, and having two distinct polar 

anions in the compound.8,17,18 Hard and Soft Acids and Bases (HSAB) chemistry also works in 

favor of ordered NCS oxyfluorides. HSAB theory was first described by R. G. Pearson.19 Hard 

anions bond more strongly with hard cations, and soft anions bond more strongly with soft 

cations.20 Hardness and softness are correlated with the Zeff of an ion, and therefore its 

electronegativity. Fluoride is harder than oxide, which means that when an oxyfluoride BBU has 

more than one type of cation in its coordination environment, hard-soft interactions can lead to 

ordering of the oxide and fluoride ligands. This effect is more pronounced on structures 

synthesized from solution than from solid state methods.19 AgNa(VO2F2)2 (SSVOF) is a double-

wolframite structure which exhibits ordering caused by HSAB interactions.21 SSVOF contains 

layers of interconnected vanadium oxyfluoride octahedra which are alternately separated by 
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silver and sodium cations. The softer oxide ligands preferentially coordinate with the softer silver 

cations whereas the harder fluoride ligands preferentially coordinate with the harder sodium 

cations.  

 Determining whether an oxyfluoride structure is disordered can present its own 

challenges. Because oxygen and fluorine have such similar sizes, disordered site occupancy is 

not uncommon. For the same reason their x-ray scattering lengths are very similar, and 

identifying oxide ligands versus fluoride ligands in the structure based solely on x-ray contrast 

may or may not be feasible depending on the structure. It is possible for many cases, especially 

given the continuing improvements to x-ray diffraction instruments, when there are not heavy 

metals in the structure. In such cases where heavy metals make distinguishing the oxygen and 

fluorine atoms impossible by x-ray refinement, neutron diffraction may be useful. First and 

second row transition metals are not generally heavy enough to pose a problem for identifying 

oxygen vs. fluorine, so for a majority of inorganic structures x-ray diffraction is all that is 

necessary. Furthermore, evidence of ordered sites can be seen in distinct bond lengths or in 

differing coordination environments. Of course, many structures contain a mixture of ordered 

and occupancy-disordered sites, and even among disordered sites, the probability of one anion 

ligand over another occupying the site may vary.  

 

1.3 Hydrogen Bonding 

 Hydrogen forms bonds easily with anions, but the discussion of a “hydrogen bond” often 

refers to an entirely separate phenomenon. Hydrogen bonding was first described in 1920 by 

Latimer and Rodebush.22 While many definitions have since been used, the one provided by 
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Hamilton and Ibers is simple and practical: “a hydrogen bond exists when a hydrogen atom is 

bonded to two or more other atoms”.23 To put it another way, hydrogen bonding occurs when a 

hydrogen bonded to one atom forms another bond with a nearby anion. Hydrogen bonding is 

weaker than covalent bonding (and considerably weaker than ionic bonding), but stronger than 

van der Waals forces. Defining a cut-off line of bond distance for hydrogen bonding seems rather 

like trying to define, based on size or orbit, which objects in the solar system should be 

considered planets: rife with exceptions. It is more useful to focus on the chemical requirements 

of the hydrogen bond. The hydrogen atom needs to be attached to an electronegative donor atom 

which withdraws electrons making the hydrogen atom acidic. A nearby acceptor atom with a 

high electron density interacts strongly with the acidic hydrogen forming a “hydrogen bond”.23 

Fluorine, oxygen, and nitrogen are all common donor atoms due to their high electronegativity. 

The second row elements of these groups can also be involved in hydrogen bonding, but these 

hydrogen bonds are much weaker.23 Hydrocarbon cations can also be donor groups, but carbon 

rarely acts as an acceptor (though there are of course exceptions24). Nitrogen, oxygen, and 

fluorine are all good acceptors, along with the halogen ions.  

 Hydrogen bonding has been shown many times over to be central to the formation and 

stabilization of chemical structures. From an organic perspective, the known geometries of 

N−H…O hydrogen bonds led to Franklin, Watson, and Crick’s understanding of the structure of 

DNA.23 In addition, hydrogen bonds are enormously important to the structures of amino acids 

and proteins. Hydrogen bonding also plays a vital role in inorganic structures, particularly 

hydrates. Oxygen’s ability to act as both a donor and acceptor atom in hydrogen bonding means 

that any compound containing water, either as a ligand or as a free molecule, possesses the 
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potential for hydrogen bonding to impact the structure. In oxyfluoride structures this is especially 

true as the structure may contain multiple possible acceptor ligands for hydrogen bonds. This 

will be explored in more detail when discussing the structure of CuVOF4(H2O)7, but it will 

suffice to say for now that hydrogen bonding is capable of stabilizing acentric BBUs. These 

effects are important to understand if they can be used to guide the materials discovery process. 

 Determining the positions of hydrogen atoms in the structure has traditionally presented a 

challenge to crystallographers owing to hydrogen’s weak x-ray scattering. X-ray diffraction 

depends on the electron cloud of an atom scattering the x-rays. In a cloud of one, the scattering is 

weak by definition. In compounds consisting only of lighter elements, such as organic materials, 

hydrogen atoms can be seen against the background. However, once heavier elements like metals 

are introduced, the hydrogen atoms are effectively masked by the bigger peaks of the larger 

atoms. In some cases, the hydrogen atoms are geometrically constrained so that their positions 

are easily determined and their bond lengths inferred based on decades’ of measurements. 

However, in other cases, such as the CuVOF4(H2O)7 structure that will be explored in depth in 

this thesis, the hydrogens have greater freedom of motion and cannot be found merely by using 

steric considerations. Even among structures where x-ray diffraction is insufficient to accurately 

determine the positions of hydrogen atoms, it is often not a concern for the structure as a whole 

and so the hydrogens are approximated using crystallography software.  

Recently in Chemical and Engineering News, Hodgkinson and Widdifield posed the 

question, “How reliable are the structures deposited in crystallographic databases?”25 It is not 

shocking to consider that there are probably structures with errors, but how many has been a 

question lurking in the shadows of the databases. In a survey of the Cambridge Structure 
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Database (CSD), they found that among repeat structures, the non-hydrogen atom positions are 

very consistent whereas the hydrogen atoms often showed structural differences.25 In most cases, 

these differences were easily resolved by DFT or were chemically uninteresting. 1% of cases did 

not have differences that could be optimized away by DFT. These cases are, perhaps 

unsurprisingly, those where the hydrogens are involved in hydrogen bonding.  

As noted earlier, hydrogen bonding plays an important role in many structures. 

Therefore, determining the positions of hydrogens within the structure takes on a special interest 

beyond mere thoroughness. The most common methods for solving this problem are x-ray and 

neutron diffraction. Though the obstacles to using x-ray diffraction have already been discussed, 

it has, and probably will, remain the most widely used crystallography method owing to the ease 

of access to high quality instruments and relatively low cost. Where x-ray diffraction involves 

the scattering of particles by the electron cloud, electron diffraction can be thought of as the 

scattering of electrons by the electrostatic potential of an atom.23 Because of this, electron 

diffraction scattering amplitudes follow similar trends to x-ray diffraction. Thus, electron 

diffraction offers no real benefit for the determination of hydrogen positions. The neutron beam, 

however, is mainly scattered by the atomic nucleus, and unlike x-ray or electron diffraction the 

scattering length does not increase linearly with atomic number.23 Figure 6 shows the periodic 

table with the neutron scattering lengths of each element.26 Hydrogen has an average scattering 

length, whereas vanadium which is much larger is one of the weakest neutron scatterers. 

Vanadium is often used as a container for neutron diffraction experiments for this reason. The 

sign of the amplitude is merely used to convey whether the scattered wave is in or out of phase 

with the incident beam. A positive sign indicates that the scattered wave is 180° out of phase, 
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whereas a negative sign indicates that the scattered and incident waves are in phase.23 Because 

neutron diffraction can easily identify hydrogen atoms in the structure, it has long been the gold 

standard for their placement. The great disadvantage of neutron diffraction is that it requires the 

use of large national or international neutron source facilities, which is both inconvenient and 

costly.  

 

 

 

 Other techniques for hydrogen atom placement have also recently gained momentum. 

Nuclear magnetic resonance (NMR) crystallography has developed out of improvements to 

solid-state NMR and density functional theory (DFT).25 Fast sample spinning to obtain 1H NMR 

Figure 6. Neutron scattering lengths by element. Hydrogen has a scattering 
length of -3.739 fm, whereas vanadium, a much larger atom, has a scattering 
length of -0.3824 fm.26 
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spectra has allowed researchers to distinguish between two structures which differed by only a 

single hydrogen of a hydroxide group.25 DFT itself has also shown potential as a means of 

placing hydrogen atoms within a structure, either as a way of verifying empirical results or even 

independently.27,28  

 Recently, Woinska et al reported on the use of Hirshfeld atom refinement (HAR) to 

determine hydrogen atom positions using only x-ray crystallography.29 While their title 

“Hydrogen atoms can be located accurately and precisely by x-ray crystallography” is 

technically not at fault, it is both an over-promising description of HAR’s abilities and an 

injustice to the literature of hydrogen atom crystallography. As already pointed out, the location 

of hydrogen atoms using x-rays has been possible for some time – provided a few caveats. For a 

small organic molecule containing no heavier metals, in which all the hydrogen atoms positions 

are geometrically constrained to specific angles, it is often easy to identify and freely refine 

hydrogen atoms within the structure. Obviously, quite a large portion of structures are inorganic 

and contain metallic atoms, and therein lies the difficulty. If the hydrogens have any freedom of 

motion at all, geometry alone will not be able to determine their spatial location, which is not 

improved by the HAR. Hydrogen bond lengths are well known and documented, and 

crystallography software generally draws on databases to assign bond distances for hydrogen 

atoms. HAR does show closer bond distances to neutron diffraction lengths than does x-ray 

diffraction; however, it does not address the unreliability of the hydrogen atoms’ positions within 

the structure.29 In addition, the authors themselves admit that the HAR method is only possible 

for small molecules, not extended networks, disordered structures, or molecular biology. While 

HAR has some promise for the future as a supplement to current crystallography software, 
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without more fully addressing the hydrogen atoms’ spatial positions, it will be unlikely to see 

broader use in the immediate future.  

 

1.4 Hydrothermal Chemistry 

 Hydrothermal chemistry is the primary means of synthesis throughout this thesis. 

Solvothermal synthesis is a synthetic method in which the reaction occurs in solution inside a 

sealed vessel at temperature near the solution’s boiling point and at pressures above atmospheric 

pressure.30 Hydrothermal synthesis is simply solvothermal synthesis in which the solvent is 

water. The reactants undergo liquid-phase transport which allows for rapid nucleation and then 

growth of single crystal products. Compared to traditional solid state reactions, the “heat and 

beat” method, which often require temperatures in the range of 700 °C to 1700 °C (or more), 

hydrothermal is a relatively mild synthetic method. It also requires much less time, on the order 

of days rather than weeks. Particularly helpful for research of oxyfluoride compounds, 

hydrothermal synthesis increases the likelihood of forming mixed-anion phases which are 

frequently disfavored at higher temperatures where other phases dominate.12 Additionally, the 

differing volatilities of oxides and fluorides is an obstacle to making oxyfluoride compounds 

through traditional solid state methods.12 Hydrothermal synthesis also has a strong history of 

producing NCS compounds.31 

 The following is an outline of the synthetic method used throughout this thesis, with 

greater detail than is typically given in a paper, in the hopes that it may clarify the process. A 

schematic of the process is shown in Figure 7. Each reaction is placed inside a pouch of 

fluorinated ethylene propylene (FEP) Teflon film, following a method adapted from that of the 
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Stucky group.32 To produce these pouches, we use .005" FEP Type A Teflon from DuPont, 

folded and sealed on two edges using a pedal-operated double heat sealer from Packco Inc 

(model MP-12DS). After the solid reagents and desired solvent (hydrofluoric acid and/or water) 

have been added to the pouch, it is sealed on the third side, closing it. Up to six of these pouches 

can be placed into a single 125 mL polytetrafluoroethylene (PTFE) Teflon liner. Deionized water 

(approximately 40-50 mL) is added to the liner as a backfill.  

It should be noted that the Teflon pouches are semi-permeable to water and solvents such 

as hydrofluoric acid, though not to solid reagents or larger ions/molecules. Thus, reactions 

involving different metal oxides may be run together, but any experiments involving differing 

acidity should be done in separate autoclaves. The liner itself is mainly chemically inert, though 

over time, hydrofluoric acid will leech into the liner, as will some heavy metals. For this reason, 

reactions involving either of these should be limited to liners dedicated for the purpose to reduce 

the safety hazard to others.  

Once filled, the liner is capped and placed into the autoclave. The “autoclaves” used are 

Parr Acid Digestion Vessels (4748 Large Capacity). Detailed information about the safe use of 

the liners and autoclaves is available in the manual published by the manufacturer.36 The FEP 

Teflon pouches will melt at 260 °C, providing one practical limit to temperature, but the PTFE 

Teflon liners will also begin to distort at these temperatures. The autoclaves themselves are also 

not recommended for use above 250 °C.36 Pressure in the autoclaves, the key to hydrothermal 

synthesis, is generated autogenously from the water vapor produced on heating. The autoclaves 

can handle pressures up to 1900 psig, but using water at the above temperatures will only reach 

576 psig.36  
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The autoclaves are heated in traditional box furnaces, usually dwelling at peak 

temperature (typically between 150 °C and 250 °C) for 24 to 48 hours before cooling. Slow 

cooling is often used to aid the crystallization process. In addition, the pouches are frequently left 

to sit undisturbed for 48 more hours so as to not interrupt the crystallization process. This has 

often lead to visibly larger crystals. For some compounds, such as CuVOF4(H2O)7, this step is 

vital to the formation of crystals.8 Different reaction mechanisms may cause different times 

required for crystallization. Separation of the crystals from solution is done by vacuum filtration 

in air. 

  

   

 

 

1.5 Hydrofluoric acid and the precautions used 

 As hydrofluoric acid is used in almost all the reactions presented in this work, its inherent 

dangers should be addressed. Hydrofluoric acid is a toxic and corrosive acid and proper training, 

Figure 7. The solid reagents and desired solvent are placed in pouches made of Teflon 
film. Up to six pouches can be placed in single autoclave. Following the heating of the 
vessel, the pouches are removed and the crystals are separated using vacuum filtration.  
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protective gear, and precautions to protect others are necessary.33-35 Given the deserved infamy 

of hydrofluoric acid, it may occur to some that perhaps it would be better to not use it all. Many 

compounds have been synthesized hydrothermally using other sources of fluorine, such as 

fluoride salts, but this is not always successful. While solid state methods have also been used to 

synthesize fluorides and oxyfluorides, the hazards of using fluorine gas as a controlled 

atmosphere or of producing fluorine gas as a by-product make this reaction method undesirable. 

It is not often that one uses the word “safe” in conjunction with “hydrofluoric acid”, but it is 

preferable to many of the alternatives. Furthermore, hydrofluoric acid is not used merely as a 

fluorine source, but also as a mineralizer and a source of acidity. Also, hydrofluoric acid is used 

to dissolve otherwise inert metal oxides. 

 There has never been an incident in the Poeppelmeier lab involving hydrofluoric acid. All 

the members of our group are trained in how to use it safely and how to respond to an emergency 

involving hydrofluoric acid, regardless of whether that individual uses it for their research. In 

addition to normal personal protective equipment (i.e. lab coat, safety glasses, etc) while working 

with hydrofluoric acid an additional pair of Silver Shield gloves (rated for chemical protection 

against hydrofluoric acid) is worn, along with a lab apron, and a breathing mask rated for 

nuisance levels of hydrofluoric acid. On top of this, all experiments involving hydrofluoric acid 

are performed in a pre-determined, labelled area of the lab to minimize the risk to others. 

Reactions with hydrofluoric acid are heated only in furnaces placed inside a hood, so that in the 

event of an autoclave failure, the fumes would be exhausted away from the lab space.  
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1.6 An overview of this work 

 The projects described in this work investigate the relationships between the BBUs and 

the larger structures of several fluorides and oxyfluorides, in particular how the BBUs affect the 

properties observed. The key questions of this research are how are NCS BBUs formed with the 

aid of hydrogen bonding, how does the arrangement of NCS BBUs relate different structures, 

how does the arrangement of NCS BBUs affect the properties of the material, and how do the 

local thermal expansion properties of BBUs differ from the overall structure. While complete 

answers to any one of these questions are possibly beyond the scope of many lifetimes of work, 

the research presented here attempts to add to the available knowledge of the field. In 

CuVOF4(H2O)7, the structure is NCS because the shape of the BBUs causes preferential 

stacking. The hydrogen bonding in this material is examined to better understand how it affects 

the formation and stabilization of the BBU. CuMnF5(H2O)7, a previously unknown material with 

a related structure, is centrosymmetric despite containing acentric BBUs; in addition it is 

pleochroic. This property is also seen in the compound KNaMnF5, another centrosymmetric 

structure with NCS BBUs. The effect of thermal changes on the BBUs of KNaNbOF5 are studied 

to better understand how the local thermal properties relate to those of the unit cell as a whole. In 

addition, an overview of the synthesis and characterization, particularly the x-ray 

crystallography, of RbCuS and RbCuSe is provided as a supplement to previously published 

papers. Finally, the rocking curve measurements of several large single crystal samples are 

discussed in-depth as this research was scattered across many articles.  
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Chapter 2: Hydrogen Bonding in CuVOF4(H2O)7  

 

2.1 Abstract 

 A co-refinement of single crystal x-ray and neutron diffraction data has been used to 

accurately locate the hydrogen atoms within the structure of CuVOF4(H2O)7. X-ray 

crystallography alone was insufficient to determine the hydrogen positions within this structure 

as they are not geometrically or chemically constrained, as is the case in many inorganic 

materials. CuVOF4(H2O)7 presents an additional obstacle in that vanadium is a weak neutron 

scatterer. The two diffraction methods are combined to take advantage of the strengths of each. 

The hydrogen bonding distances as well as the hydrogen atom positions in the unit cell are 

markedly different from those previously reported for this compound. The intra-dimer hydrogen 

bond is actually weaker than the hydrogen bonds between the dimer and the free water molecule 

in the structure. The water-dimer hydrogen bonds may be more significant in the formation and 

stabilization of the distorted shape of the dimer than was previously realized. 

 

2.2 Introduction 

This paper presents a study of the hydrogen bonding in the noncentrosymmetric (NCS) 

structure of CuVOF4(H2O)7 using a combination of single crystal x-ray and neutron diffraction, 

as well as a look at the hydrogen positions found through density functional theory. NCS 

structures are of considerable academic and commercial interest owing to the variety of 

properties they exhibit including nonlinear optical properties such as second harmonic 
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generation.1-3 Understanding these structure-property relationships adds to our library of tools for 

application-driven crystal design.  

CuVOF4(H2O)7 was first discovered by Donakowski et al in conjunction with the 

centrosymmetric heterotypes MVOF4(H2O)7 (MII = Co, Ni, Zn) with which it offers an 

interesting comparison.4 The CuVOF4(H2O)7 structure is comprised of bent dimers and a free 

water molecule as seen in Figure 1, whereas in the centrosymmetric structure the polyhedra do 

not share any atoms and there is no free water molecule. The bent shape of dimer in 

CuVOF4(H2O)7 causes NCS packing, maintaining the polarity of the bulk crystal; conversely the 

polyhedra of the heterotypic structures pack centrosymmetrically, with no net polarity.  

 

 

Figure 1. CuVOF4(H2O)7 unit cell as viewed along the c axis. The structure is 
composed of bent dimers whose shape favors noncentrosymmetrical packing. 
Figure based on data from reference4 
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Donakowski et al attribute the bent “lambda”-shaped dimer of CuVOF4(H2O)7 to the 

(First Order) Jahn-Teller distortion of the CuII cation, which makes possible the bimetallic unit, 

and intra-dimer interactions, specifically the intra-dimer hydrogen bond. This investigation 

focuses on how the hydrogen bonding between the free water molecule and the dimer factors 

into the stabilization of the bent shape.  

In order to understand the ways that hydrogen bonding contributes to the structure, 

accurate placement of the hydrogen atoms is necessary; however, x-ray diffraction cannot always 

provide specific knowledge of the positions of the hydrogen atoms or the lengths of the hydrogen 

bonds. For many compounds, x-ray diffraction may easily determine the hydrogen atom 

positions. Within organic structures, or when the hydrogens are part of organic ligands, the 

hydrogen atoms can often be freely refined, especially when geometric and structural limitations 

are taken into account. Furthermore, if the structure does not contain heavier elements, the peaks 

from hydrogen atoms are more easily differentiated from the background. With many inorganic 

structures, the hydrogen atoms are all but invisible in comparison to the heavier atoms that are 

usually present. For inorganic compounds, hydrogen positions are normally approximated by 

crystallography software using average values for bond length based on the literature and then 

treated as “riding” on a parent atom and not freely refined. If its position in the structure isn’t 

determined by the geometry of the atom the hydrogen is bonded to, the software may incorrectly 

choose the position. In addition, the built-in assumptions for hydrogen bond length may not be 

accurate for all structures since hydrogen bonding is not often considered. Even when the 

hydrogen positions can be reasonably assumed, most software does not freely refine the 

hydrogen positions or the bond lengths which leaves their accuracy in question.  
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The two most reached-for solutions to the problem of hydrogen positions are neutron 

diffraction and density functional theory (DFT). Neutron diffraction has been the standard for 

accurately determining the atomic positions of hydrogens because hydrogen is a much stronger 

neutron scatterer than it is an x-ray diffractor. However, vanadium atoms are all but invisible to 

neutron diffraction (a scattering length of -0.3824 fm compared to hydrogen’s -3.7390 fm)5; it is 

often used as a low-background container for neutron studies for this reason. Because 

CuVOF4(H2O)7 contains both hydrogen and vanadium, using either neutron or x-ray diffraction 

alone would be insufficient to fully understand this structure. The solution used for this 

compound is a co-refinement of single crystal x-ray and single crystal neutron diffraction, which 

provides an accurate determination of the hydrogen positions in the context of the other atoms in 

the structure.  

 In addition, the experimental data is compared to DFT-determined hydrogen positions. 

Using DFT to optimize or even locate hydrogen positions has grown increasingly common over 

the last decade, especially among molecular crystals.6,7 DFT has become a useful complement to 

experimental crystallography, with good overall agreement between structures determined by 

neutron diffraction and by DFT optimization, as well as providing more in-depth analyses of the 

interactions involved.8-10    

   

2.3 Experimental Methods 

2.3.1 Sample preparation 

Single crystals of CuVOF4(H2O)7 were prepared using the hydrothermal method as previously 

reported4, with the following adjustment to the heating profile. In the original synthesis, the acid 
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digestion vessel was heated to 150 °C for 24 h, cooled at a rate of 0.1 °C/min to 25 °C and then 

allowed to sit undisturbed for 48 h. In order to obtain larger crystals for single crystal neutron 

diffraction, the vessel was left undisturbed an additional 48 h to allow yet still further 

crystallization.  

 

2.3.2 Single crystal x-ray diffraction 

Single crystal x-ray diffraction data were collected at 100 K with a Bruker Kappa APEX 2 CCD 

diffractometer with monochromated Mo Kα radiation (λ = 0.71073 Å). The crystal-to-detector 

distance was 60 mm. The data were integrated using the SAINT-V7.23A program.11 A numerical 

absorption correction was applied in the program XPREP.12 The structure was determined by 

direct methods with Fourier difference syntheses with XS and refined with XL within the 

WinGX suite.13-15 The flack parameter was determined to be -0.007(7) in the WinGX suite using 

XL; the negative parameter is probably owing to the small anomalous dispersion effect of the 

atoms of this compound. This structure agrees well with the previously reported structure.4 

 

2.3.3 Single crystal neutron diffraction 

Single crystal neutron diffraction data were obtained at Oak Ridge National Laboratory using the 

HB-3A Four-Circle Diffractometer on the High Flux Isotope Reactor. The detector is a 

scintillator-based 2D Anger Camera and a multilayer-[110]-wafer silicon monochromator is used 

at an angle of 47.5 °. The principle incident wavelength used was 1.54056 Å. The collection 

temperature was 100 K. The neutron diffraction data were refined using FullProf v.2.0.1.16,17  
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2.3.4 Co-refinement 

Both sets of diffraction data were collected on the same single crystal and at the same 

temperature. The x-ray structure was used as a basis structure in FullProf for the neutron data, 

which was used exclusively to refine the hydrogen positions, while the heavier atoms were held 

constant. Once the hydrogen positions were determined, they were manually added to the x-ray 

cif-format file. SHELX automatically adds the AFIX7 constraint to hydrogen atoms, which 

allows them to “ride” on a parent atom (the principle atom to which the hydrogen is attached), at 

a fixed distance, and to not be freely refined. This constraint was replaced with the DFIX 

restraint, which allowed SHELX to refine the hydrogen bond distance determined by neutron 

diffraction within a provided standard deviation; in this case, esd = 0.001. The positions were not 

restricted, but the isotropic displacement parameters were set at 1.5x that of the parent atom.  

 

2.3.5 Density Functional Theory 

DFT calculations were done by Helge Rosner (IFW-Dresden) using the co-refined 

crystallographic information file as a starting point. The resulting ‘relaxed’ positions of the 

hydrogen atoms are shown for comparison and to illustrate the potential of DFT as a supplement 

to x-ray crystallography.  

 

2.4 Results and discussion 

 From the co-refinement of the single crystal x-ray and neutron diffraction data, we are 

able to determine the hydrogen positions within the CuVOF4(H2O)7 structure, the 

crystallographic parameters of which are shown in Table 1.  
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Table 1: Crystallographic data 

 CuVOF4(H2O)7 

Crystal System Orthorhombic 
Space Group Pna21 
a (Å) 15.6094(4) 
b (Å) 8.2085(2) 
c (Å) 7.3563(2) 
α (°) 90 
V (Å) 942.56(4) 
Z 4 
Crystal Size (mm3) 0.117x0.084x0.073 
Independent Reflections 2543 [Rint = 0.0422] 
ρcalc (g/cm3) 2.3436 
R1 0.0172 
wR2 0.0438 
GooF 1.030 
Flack -0.007(6) 

 

A comparison of the co-refined structure and the structure with the hydrogen positions as 

determined solely using x-ray diffraction is shown in Figure 2. For our purposes, the comparison 

is made to the x-ray data collected for this work rather than the originally reported structure4; 

even though the data agrees well, using the data collected on the same crystal avoids differences 

from thermal factors and other conditions.  
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Looking at the hydrogen atoms from each data set, in some cases the positions are fairly similar, 

with only small changes to the bond distance or angle, and in other cases the water ligand is 

greatly rotated. While it is not unreasonable for the water ligands to exhibit some freedom of 

rotation in the structure, there is no indication in the refinement of positional disorder on the 

hydrogens. Furthermore, the inter-dimer hydrogen bonding and van der Waals forces may add to 

the stability of their positions. These positional differences are seen even more clearly in Figure 

3 which overlays the hydrogen positions found from each of the three methods on one 

asymmetrical unit.  

Figure 2: The structures with the hydrogen atoms determined by x-ray and by co-
refinement with neutron diffraction data are shown above. Below is a comparison of the 
key hydrogen bonding distances.  
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There is generally good agreement between the co-refined hydrogen positions and those 

determined using DFT, but the hydrogens from the x-ray solution are often oriented completely 

differently. Three of the water ligands, the one attached to the vanadium and the two equatorial 

copper ligands, are fairly consistent across the three solutions. This may be owing the fact that 

Figure 3. The dimer is shown with an overlay of the hydrogen atoms from 
each of the three methods of determination; the light blue are from the co-
refined structure, the light green are from the x-ray only structure, and the 
bright red are from the DFT determination. Hydrogen bonding interactions 
are not shown for simplicity.  
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the other ligands are involved in hydrogen bonding (either within the dimer, between the dimer 

and the free water, or weaker inter-dimer interactions). Those hydrogens involved in even weak 

hydrogen bonding interactions are more likely to be inaccurately positioned by x-ray diffraction. 

This brings up an interesting point about the hydrogen atom positions: there were visible q-peaks 

in the x-ray diffraction structure solution that the hydrogen atoms were assigned to, but those 

positions are incorrect. Recently, Woisnka et al advocated using the Hirshfeld atom refinement 

(HAR) as a supplement to x-ray diffraction for refining hydrogen positions.18 However, while 

HAR shows improved bond lengths for hydrogen atoms, it does not address their spatial position, 

which is still determined using the q-peaks of x-ray diffraction. For small molecule structures, 

this works quite well but, as the authors note, for extended networks and for structures like 

CuVOF4(H2O)7 with a variety of hydrogen bonds, the accuracy of the refinement is less reliable. 

Here we can clearly see the limitations we need to be mindful of.  

 The hydrogen-oxygen bond distances, shown in Table 2, demonstrate the differences in 

the treatment of hydrogen atoms across the three methods of determination used in this work. In 

the x-ray only data set, the bond distances are all within a narrow range and the effect of 

hydrogen bonding is not represented. In the co-refined data, the bond distances are more varied, 

and as expected, hydrogens involved in hydrogen bonding have longer O-H bonds than 

hydrogens that are not, as for example O5-H5B (0.9513(205) Å) and O5-H5A (0.6823(82) Å). 

Hydrogen-oxygen bonds are generally longer when they are part of a hydrogen bonding 

interaction.19 The other hydrogen on the water ligand then generally has a shorter bond length, 

drawn in by the electron density of the oxygen atom. This explains the many O-H bonds in this 

structure whose lengths are outside the standard range of expected water bond values. While the 
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DFT calculated structure does not have as much diversity in the bond lengths as the co-refined 

structure, overall it is a better fit than the x-ray only determination, because the longer bond 

lengths better reflect the influence of the hydrogen bonding within the structure.  

 

Table 2: Selected O-H Bond Lengths 

Atoms Distance (Å)   
  X-ray only Co-refined DFT  
O1 H1A 0.8946(21) 1.0470(165) 0.9988(15) 
 H1B 0.8931(20) 0.9683(82) 0.9900(16) 
O2 H2A 0.8967(20) 0.8437(117) 0.9933(16) 
 H2B 0.8958(22) 0.9726(168) 0.9942(15) 
O3 H3A 0.8858(21) 0.8218(110) 0.9973(16) 
 H3B 0.8849(22) 0.9001(231) 1.0054(16) 
O4 H4A 0.8884(22) 0.8709(81) 0.9968(17) 
 H4B 0.8868(22) 0.9422(198) 0.9930(15) 
O5 H5A 0.8876(21) 0.6823(82) 0.9997(16) 
 H5B 0.8888(21) 0.9513(205) 1.0251(15) 
O7 H7A 0.9053(20) 0.8240(175) 0.9928(15) 
 H7B 0.9048(22) 1.0801(217) 0.9950(15) 
O8 H8A 0.8699(25) 1.0911(178) 1.1823(22) 
 H8B 0.8706(21) 0.9032(109) 0.9865(22) 

 

 

 While there are many weaker inter-dimer hydrogen bonding interactions throughout the 

structure, here we will be focusing on the three interactions shown in Figure 2 as they are most 

likely to be involved in the formation and stabilization of the bent shape of the dimer. The 

F2…H4A-O4 hydrogen bond was highlighted in the Donakowski et al paper as inducing the 

distortion of the dimer unit;4 based on x-ray diffraction data, this intra-dimer hydrogen bond is 

shorter and a more direct connection, while the hydrogen bonds between the dimer and the free 

water molecule are longer and more likely to be contributing to the stabilization rather than 
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directly affecting the structure. From the co-refined data, we find a different understanding of 

these interactions. The intra-dimer F2…H4A bond is actually longer than previously determined, 

whereas the water-dimer hydrogen bonds F3…H8A and O8…H5B are shorter. This indicates 

that the water-dimer interactions are stronger than we thought, and therefore may be a greater 

contributing factor than the intra-dimer hydrogen bond. Both are important to the stabilization of 

the final structure, but these results suggest that the free water molecule is more significant to the 

development of the distortion of the dimer.  

This role reversal is also reflected in the DFT results. The differences between the 

hydrogen bond distances from the DFT and the x-ray data sets (Δ = -0.0901, -0.3252, -0.1513) 

support the new understanding of the strength of the water-dimer hydrogen bonding interactions. 

The shorter distance for the F2…H4A-O4 hydrogen bond is likely more indicative of the DFT-

determined distances as a whole than of that bond in particular. Overall, the hydrogen bond 

distances found in the DFT calculated structure are shorter than both the x-ray only and co-

refined distances; however, this is in part due to the somewhat longer hydrogen-oxygen bonds. In 

the A…H-O interactions, the distances between A and O are the same for both the DFT and the 

co-refined structures, but DFT assigns more of that distance to the O-H bond rather than the 

A…H bond.  

     

2.5 Conclusions 

 Co-refinement of single crystal x-ray and neutron diffraction data was used to look precisely 

and accurately at the hydrogen bonding of the NCS inorganic structure, CuVOF4(H2O)7. A 

comparison of the new hydrogen positions to those previously reported changes the 
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understanding of the roles of the intra-dimer hydrogen bond and the hydrogen bonds between the 

dimer and the free water molecule in the structure. The water-dimer hydrogen bonds may be 

more significant in the formation of the distorted shape of the dimer than was previously 

realized. Further comparison with DFT calculated hydrogen positions confirms these findings. 

Accurately determining the hydrogen atom positions and bond lengths gives greater insight into 

the nature and role of hydrogen bonding in NCS structures.  
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Chapter 3: Synthesis, Structure, and Pleochroism of CuMnF5(H2O)7  

3.1 Abstract 

 The structure of the pentafluoromanganate CuMnF5(H2O)7 is determined for the first time 

using x-ray crystallography. It crystallizes in the space group P21/c with lattice parameters that 

are consistent with those previously reported (a = 8.9449(2) Å, b = 18.1599(5) Å, c = 5.9679(2), 

and β = 96.137(1) °). CuMnF5(H2O)7 is however not isostructural with CoAlF5(H2O)7 as 

suggested but is instead related to the CuVOF4(H2O)7 structure by a similar arrangement of the 

octahedral ionic units. The CuMnF5(H2O)7 also display strong pleochroism, changing from red to 

green with the rotation of a polarized light source, and this property is characterized using optical 

absorption measurements.  

 

3.2 Introduction 

CuMnF5(H2O)7 was first reported by Nunez et al who determined the lattice constants 

using powder x-ray diffraction and characterized the paramagnetism of the material.1 

NiMnF5(H2O)7 (reported at the same time) was determined to be isostructural with 

CoAlF5(H2O)7 and the differences in the symmetry of CuMnF5(H2O)7 were assigned to the two 

Jahn-Teller ions.1,2 However, no crystal structure for the CuMnF5(H2O)7 compound has yet been 

provided. The CoAlF5(H2O)7 structure is composed of [Co(H2O)6]2+ and [AlF5(H2O)]2- 

octahedral units.2 The MVOF4(H2O)7 (M = Co, Ni, Zn) structures similarly contain [M(H2O)6]2+ 

and [VOF4(H2O)]2- units, though the Cu analogue has a different structure owing to a bridging 

oxygen between the two octahedra.3 The similarity of the ionic units of CoAlF5(H2O)7, 

CoVOF4(H2O)7, and CuMnF5(H2O)7 indicated that there might be a shared structure type. 
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Cu3Mn2F12(H2O)12, the only other copper manganese fluoride in the ICSD, crystallizes in an 

anti-perovskite structure, distinctly different from the CsCl-like CoAlF5(H2O)7 structure.1,4 

 CuMnF5(H2O)7 crystals display pleochroism, an optical property in which the color of the 

crystal varies depending on the viewing direction. Pleochroism is fairly common among 

inorganic materials, though it is often too weak to be noticeable by eye; strong color variations 

such as are seen in the tourmalines, iolite, and tanzanite are more rare.5 CuMnF5(H2O)7 crystals 

change from red to green on rotation of a polarized light. The optical absorption spectrum of this 

highly pleochroic material is reported along with the crystal structure.  

 

3.3 Experimental 

3.3.1 Sample preparation 

 Caution. Hydrofluoric acid is toxic and corrosive! It must be handled with extreme 

caution and the appropriate protective gear and training.6-8  

 Copper (II) oxide (Aldrich 99.99%), manganese (III) oxide (Cerac 99.9%), and 48 wt% 

hydrofluoric acid (Sigma-Aldrich 99.99%) were used as received. The compound was 

synthesized by reacting 3 mmol of CuO (0.2386 g) and 1 mmol of Mn2O3 (0.1579 g) with 1 mL 

each of deionized water and 48% HF in a fluoro(ethylenepropylene) (FEP) Teflon pouch as 

previously described.9 The pouch was placed in a 125 mL, Teflon-lined Parr acid digestion 

vessel with 40 mL of deionized water, which was heated to 150 °C at a rate of 0.1 °C/min, held 

at temperature for 48 hours, and then cooled to room temperature at a rate of 0.1 °C/min. The 

reaction was then left undisturbed for 48 hours to allow further crystallization.  
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3.3.2 Single crystal x-ray diffraction 

 Single crystal x-ray diffraction data were collected at 100 K with a Bruker Kappa APEX 

2 CCD diffractometer with monochromated Mo Kα radiation (λ = 0.71073 Å). The crystal-to-

detector distance was 50 mm. The data were integrated using the SAINT-V8.34A program.10 A 

multi-scan absorption correction was applied in the program SADABS.11 The structure was 

determined by direct methods with Fourier difference syntheses with XT and refined with XL 

within the WinGX suite.12-14  

 

3.3.3 Optical Absorption Measurements 

Single crystal optical absorption measurements were performed over the range of 4.5 eV 

(275 nm) to 1.3 eV (953 nm) at room temperature. A crystal of CuMnF5(H2O)7 was mounted 

with oil onto a pulled glass capillary and attached with double-sided tape to a custom-made 

holder. The crystal was then positioned between a polarization-filtered halogen lamp equipped 

with a half-wave plate and a Nikon Eclipse-Ti inverted microscope equipped with a Nikon 

20x/0.45 Plan Fluor ELWD objective. The transmitted light was then focused through a 

polarization scrambler onto a 1/3 m imaging spectrograph (SP2300, Princeton Instruments), 

dispersed (150 groove/mm grating), and focused onto a liquid nitrogen cooled CCD detector 

(Spec10:400BR, Princeton Instruments) for collection. Absorption measurements were acquired 

at every 10 polarization degrees (0.1 s exposure time with 200 acquisitions). 
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3.4 Results and Discussion 

 CuMnF5(H2O)7 crystallizes in the monoclinic space group P21/c and consists of 

[Cu(H2O)6]2+ cations and [MnF5(H2O)]2- anions (see Figure 1). The crystallographic parameters 

are presented in Table 1. The transition metal atoms are in distorted octahedral coordination 

environments and all the water and fluoride ligands are crystallographically unique. The 

complexes are organized into unconnected rows; within a plane, two rows of [Cu(H2O)6]2+ 

cations alternates with two rows of [MnF5(H2O)]2- anions. The octahedra are offset from each 

other such that the octahedra will be adjacent to the spaces between octahedra of neighboring 

rows. This is true of both the a and b directions. This arrangement of the octahedral BBUs can be 

seen in Figure 2.  

 

 

 

Figure 1: Unit cell of CuMnF5(H2O)7. The octahedral ionic units 
are in offset rows, alternating in an aabb pattern.  
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Chemical formula CuMnF5(H2O)7 

Formula weight (g/mol) 339.59 
Crystal system monoclinic 
Space group P21/c 

a (Å) 8.9449(2) 
b (Å) 18.1599(5) 
c (Å) 5.9679(2) 
β (°) 96.137(1) 

V (Å3) 963.86(5) 
Z 4 

Crystal size (mm) 0.236 x 0.217 x 0.106 
Nref 2834 

ind reflns >2σ 2748 
ρcalc (g/cm3) 2.34004 

R1 0.0171 
wR2 0.0470 

GooF 1.121 
 

 

 

Table 1: Crystallographic information of CuMnF5(H2O)7 

Figure 2: The octahedral BBUs of CuMnF5(H2O)7 are 
arranged in alternating double lines, though they are 
not connected into chains.  
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The copper and manganese coordination environments are illustrated in Figure 3, and the 

metal-ligand bond distances, as well as selected hydrogen bonding distances, are listed in Table 

2. The copper octahedra is elongated along the O1−Cu−O4 axis, indicating a Jahn Teller 

distortion typical of Cu(II) complexes. This is also seen in the Mn(III) octahedra which is 

elongated along the F1−Mn−O7 axis. Because the [MnF5(H2O)]2- anion is not a true oxide-

fluoride, there is not a preferentially mixing of the manganese d orbitals with the oxygen 2p 

orbitals over those of the fluorine, and thus no second order Jahn Teller distortion is seen. The 

Mn−F1 bond distance is actually slightly shorter than that of the Mn−O7. The equatorial ligands 

on both complexes are at roughly 90° angles from the elongated axis (Table 3). The Jahn Teller 

distortion (in addition to the asymmetrical ligands on the manganese complex) gives rise to two 

different acentric units in the structure, but this does not ultimately lead to a noncentrosymmetric 

material.  

 

 

 

Figure 3: Illustration of [Cu(H2O)7]2+ and [MnF5(H2O)]2- ions. In 
conjunction with the bond distances in Table 2, it can be seen that 
both octahedra exhibit a Jahn Teller distortion.  
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Bond Distance (Å) 
Cu−O1 2.3542(8) 
Cu−O2 1.9534(8) 
Cu−O3 1.9920(8) 
Cu−O4 2.3294(8) 
Cu−O5 1.9251(8) 
Cu−O6 1.9827(8) 
Mn−F1 2.1046(7) 
Mn−F2 1.8526(7) 
Mn−F3 1.8528(7) 
Mn−F4 1.8410(7) 
Mn−F5 1.8545(7) 
Mn−O7 2.2405(8) 

O5−H5B∙∙∙F1 1.84(2) 
O6−H6B∙∙∙F2 1.91(2) 

 

 

 Angle (deg)  Angle (deg) 
O1−Cu−O4 178.03(3) F1−Mn−O7 177.90(3) 
O1−Cu−O2 91.19(3) F1−Mn−F2 89.41(3) 
O1−Cu−O3 91.08(3) F1−Mn−F3 92.13(3) 
O1−Cu−O5 88.99(3) F1−Mn−F4 90.31(3) 
O1−Cu−O6 87.69(3) F1−Mn−F5 91.02(3) 

avg O1−Cu−Oeq 89.73(6) avg F1−Mn−Feq 90.72(6) 
O2−Cu−O6 89.40(4) F2−Mn−F3 90.26(3) 
O6−Cu−O5 91.85(4) F3−Mn−F4 90.65(3) 
O5−Cu−O3 88.42(4) F4−Mn−F5 90.97(3) 
O3−Cu−O2 90.33(4) F2−Mn−F5 88.13(3) 

avg Oeq−Cu−Oeq 90.00(8) avg Feq−Mn−Feq 90.00(6) 
 

 

In addition to the ionic forces, the units are also connected through a network of hydrogen 

bonding. Since the hydrogen atoms were determined solely from x-ray diffraction, their positions 

may be inaccurate, but some insight can be gained from considering the hydrogen bond network 

Table 2: Selected Bond Distances 

Table 3: Selected Bond Angles 
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as a whole. The lack of direct connection between the transition metal complexes through a bond 

may be the reason for the overall centrosymmetry of the material in spite of the presence of two 

acentric units. Because the octahedra are not restrained by steric or torsion limitations, they are 

able to rotate into minimal energy orientations which maintain the center of inversion. The plethora 

of hydrogen bond donor atoms (the oxygens of the water ligands) and acceptor atoms (the fluoride 

ligands) means that nearly any orientation of the ionic units will results in hydrogen bonding; the 

hydrogen bonding does not direct a preferential coordination of the octahedra. In short, there is 

nothing to force or even favor noncentrosymmetric packing, so the structure is centrosymmetric. 

 The structure of CuMnF5(H2O)7 was first thought to be a variation of that of 

NiMnF5(H2O)7, which has the same structure as CoAlF5(H2O)7, with allowances for the 

distortions caused by the inclusion of two Jahn Teller ions in the compound. A comparison of the 

structure found for CuMnF5(H2O)7 with that of CoAlF5(H2O)7 shows that this is not the case. 

The CsCl-like structure of CoAlF5(H2O)7 has the octahedral units organized differently than the 

alternating double-rows seen in CuMnF5(H2O)7. However, a comparison with the MVOF4(H2O)7 

(M = Co, Cu) compounds reveals an interesting relationship. The CoVOF4(H2O)7 shares the 

CsCl-type structure of CoMnF5(H2O)7. The noncentrosymmetric CuVOF4(H2O)7 however does 

not have this structure type and instead adopts a configuration not unlike that of CuMnF5(H2O)7. 

The lack of bridging oxygen on the ionic units of CuMnF5(H2O)7 prevents it from forming a 

dimer like CuVOF4(H2O)7, but there is a similar pattern of organization. The dimers of 

CuVOF4(H2O)7 are formed of joined copper and vanadium octahedral complexes and the 

arrangement of these two types of octahedra mimics what is seen in the CuMnF5(H2O)7 

structure.  
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Figure 4: Comparison of the structures of CoAlF5(H2O)7, CuMnF5(H2O)7, 
CoVOF4(H2O)7, and CuVOF4(H2O)7. CuMnF5(H2O)7 was originally thought to be a 
related structure to CoAlF5(H2O)7 but it is actually more similar to a version of the 
CuVOF4(H2O)7 without the bridging oxygen. The heterotypic CoVOF4(H2O)7 is a 
better match for the CoAlF5(H2O)7 structure.  
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While many inorganic materials exhibit some pleochroism, dramatic changes in color are 

much more rare. CuMnF5(H2O)7 changes from a bright garnet red to lime green when a light 

polarizer is rotated 90°, shown in Figure 5. The absorbance spectrum is presented in Figure 6.  

 

 

Figure 5: Pictures of CuMnF5(H2O)7 crystals under a polarized light source. When 
the light is rotated 90° the color changes from red to green (or vice versa).  

Figure 6: Absorbance spectrum of the CuMnF5(H2O)7 (01ത0) face. Two 
separate absorption peaks are visible, alternating with every 90° of 
polarization. This matches well with the visible color change.  
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The peaks of the absorbance spectrum occur at 1.55 eV and 2.15 eV and are likely caused 

by d-d transitions.5 These transitions are between the split energy levels caused by the Jahn 

Teller distortions of the Cu and Mn atoms. Pleochroism is caused by anisotropic coordination 

environments around optically active atoms. Both Cu and Mn are in distorted octahedral 

environments and are probably the sources of the colors seen. The absorption spectrum shows 

two separate absorption peaks, alternating with every 90° of polarization, which agrees well with 

the visible color change. It was not possible to collect data on the other planes of the crystal; 

CuMnF5(H2O)7 crystallizes in very thin plates that prohibited sufficient absorption for 

measurement. Crystals with monoclinic symmetry like CuMnF5(H2O)7 may display trichroism 

and it is possible that a third optical axis lies along one of the unmeasured directions; however, 

based on the measurements collected, CuMnF5(H2O)7 can only be categorized as dichroic.  

 

3.5 Conclusions 

 CuMnF5(H2O)7 has been synthesized by the hydrothermal method and its structure has 

been characterized by x-ray crystallography. It was first reported alongside NiMnF5(H2O)7 and 

both were thought to be related to the CoAlF5(H2O)7 structure. However, the arrangement of the 

octahedral metal complexes is more comparable to the structure of CuVOF4(H2O)7, whose 

connected octahedra are laid out in a similar manner. Optical measurements were used to better 

understand the dichroism exhibited by CuMnF5(H2O)7 crystals. 
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Chapter 4: Crystal Structure and Properties of KNaMnF5 

4.1 Abstract 

 KNaMnF5 is a new linear chain pentafluoromanganate of the type A2MnF5 and is the first 

reported in this family of compounds with two different elements on the A site. The crystal 

structure was determined by x-ray diffraction (space group Pnma, a = 7.6972(2), b = 5.5601(2), 

c = 10.1973(3), Z = 4, R1 = 0.013 for 1138 reflections). It has a similar Mn−Mn distance 

(3.8580(2) Å) and bridging angle (133.170°) to those of Na2MnF5, 3.8595(5) Å and 132.486(43)° 

respectively. Optical absorbance measurements are used to characterize the red-orange dichroism 

of the crystals and the spectra show distinct peaks corresponding to the observed color changes.  

 

4.2 Introduction 

 The family of A(I)
2MnF5∙xH2O (x = 0,1) and A(II)MnF5∙H2O fluoromanganates has been 

extensively studied, owing to their one-dimensional antiferromagnetic character and their use as 

model compounds for magnetism studies of more complex systems. Among the A(I)
2MnF5∙xH2O 

(x = 0,1) compounds, the Li, Na, K, Rb, Cs, Tl, and NH4 analogues are known, and the Sr and Ba 

analogues of A(II)MnF5∙H2O have been reported.1-10 The structures feature infinite 1D chains of 

[MnF6]3- Jahn-Teller distorted octahedra separated by alkali or alkaline earth cations (and water 

in the case of the hydrates). The angle of the Mn-F-Mn bridge has been shown to be a 

particularly important factor in the resulting intrachain exchange interations.3 KNaMnF5 is a new 

isostructural compound, the first reported AA’MnF5 in the series.  

The crystals of KNaMnF5 exhibit pleochroism, like Tl2MnF5∙H2O and some others in this 

family.8 Pleochroism is a common optical property in inorganic materials in which the color of 
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the crystal changes according to the axis along which it is viewed. The structure and optical 

properties of KNaMnF5 are discussed.  

 

4.3 Experimental 

Caution. Hydrofluoric acid is toxic and corrosive! It must be handled with extreme caution and 

the appropriate protective gear and training.11-13 

 

4.3.1 Sample preparation 

 Potassium fluoride (Sigma Aldrich 99.0%), sodium fluoride (Sigma Aldrich 99%), 

manganese (III) oxide (Cerac 99.9%), and hydrofluoric acid (48% HFaq by weight) were used as 

received. Crystals of KNaMnF5 were synthesized by the reaction of 2 mmol of KF, 2 mmol of 

NaF, 1 mmol of Mn2O3, 1 mL of 48% HF, and 1 mL of deionized water in a Teflon 

[fluoro(ethylenepropylene), FEP] pouch made using the previously described method.14  The 

single pouch was placed in a 125 mL Teflon-lined Parr acid-digestion vessel with 40 mL of 

deionized water, heated at a rate of 0.1 °C/min to 150 °C, held at that temperature for 48 hours, 

and then cooled to room temperature at 0.1 °C/min. The vessel was then left undisturbed for an 

additional 72 hours to allow further crystallization. The crystals were then collected using 

vacuum filtration in air.  

 

4.3.2 Single crystallography 

 Single crystal x-ray diffraction data were collected at 100 K with a Bruker Kappa APEX 

2 CCD diffractometer with monochromated Mo Kα radiation (λ = 0.71073 Å). The crystal-to-



62 
 
detector distance was 50 mm. The data were integrated using the SAINT-V8.34A program.15 A 

multi-scan absorption correction was applied in the program SADABS.16 The structure was 

determined by direct methods with Fourier difference syntheses with XS and refined with XL 

within the WinGX suite.17-19  

 

4.3.3 Optical absorption measurements 

Single crystal optical absorption measurements were performed over the range of 4.5 eV 

(275 nm) to 1.3 eV (953 nm) at room temperature. A crystal of KNaMnF5 was mounted with oil 

onto a pulled glass capillary and attached with double-sided tape to a custom-made holder. The 

crystal was then positioned between a polarization-filtered halogen lamp equipped with a half-

wave plate and a Nikon Eclipse-Ti inverted microscope equipped with a Nikon 20x/0.45 Plan 

Fluor ELWD objective. The transmitted light was then focused through a polarization scrambler 

onto a 1/3 m imaging spectrograph (SP2300, Princeton Instruments), dispersed (150 groove/mm 

grating), and focused onto a liquid nitrogen cooled CCD detector (Spec10:400BR, Princeton 

Instruments) for collection. Absorption measurements were acquired at every 10 polarization 

degrees (0.1 s exposure time with 200 acquisitions)  

 

4.4 Results and Discussion 

 KNaMnF5 has an orthorhombic structure in the space group Pnma; the crystallographic 

information is given in Table 1. The structure (shown in Figure 1) is formed of zigzag chains of 

vertex-sharing [MnF6]3- octahedra. The bridging fluorine atoms that connect the manganese 

octahedra are located in the axial positions. The chains run along the a axis of the lattice and are 
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separated by K+ and Na+ cations. Figure 2 illustrates the packing of the anionic chains and 

cations in the structure. The chains are arranged such that the octahedra are offset from their 

nearest neighbors, owing to both steric and electronic repulsions. In viewing down the a axis, it 

can be seen that the cations separate the chains along the c axis, alternating between a chain and 

two columns of cations. This pattern is itself offset along the b direction.  

 

 

 

 

Chemical formula KNaMnF5 
Formula weight (g/mol) 212.03 

Crystal system orthorhombic 
Space group Pnma 

a (Å) 7.6972(2) 
b (Å) 5.5601(2) 
c (Å) 10.1973(3) 

V (Å3) 436.42(2) 
Z 4 

Crystal size (mm) 0.23 x 0.164 x 0.09 
Nref 1138 

ind reflns >2σ 1138 
ρcalc (g/cm3) 3.22686 

R1 0.013 
wR2 0.0342 

GooF 1.392 
 

 

 

 

 

Table 1: Crystallographic information for KNaMnF5 
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Figure 1: Structure of KNaMnF5 shown down the b axis. Chains 
of [MnF6]2- octahedra run along the a axis and are separated by K 
and Na cations.  
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Figure 2: Crystal structure of KNaMnF5 along the a axis (top) and c axis (bottom). 
The pictures illustrate the nature of the packing of the manganese fluoride chains. The 
chains pack together such that the octahedra are offset from their nearest neighbors.  
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 A manganese fluoride chain is illustrated in Figure 3 with atom labels. Selected bond 

lengths and angles are presented in Table 2. There are three crystallographically unique fluoride 

atoms, one axial and two equatorial. The octahedral unit is distorted by the Jahn Teller effect, 

which is expected for a Mn(III) complex in a weak ligand field coordination environment. The 

axial Mn−F1 bonds are longer than the equatorial Mn−F2 and Mn−F3 bonds. The equatorial 

ligands are at roughly right angles to each other and to the axial ligands, though the F1−Mn−F1 

bond angle is slightly bowed at 172.274(33)°. This is likely owing to interactions with the nearby 

cations. The Mn−Mn distance is 3.8580(2) Å, which is similar to that of Na2MnF5, 3.8595(5) Å.3 

The bridging angle Mn−F−Mn is also similar for KNaMnF5 and Na2MnF5, 133.170(28)° and 

132.486(43)° respectively.  

 

 

 

 

 

 

Figure 3: Manganese fluoride octahedra are connected by vertices in chains. The 
octahedra exhibit the Jahn Teller distortion that is typical of MnIII complexes. 
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 Distance (Å) 
Mn−F1i 2.0909(6) 
Mn−F1ii 2.1133(6) 
Mn−F2 1.8437(4) 
Mn−F3 1.8598(4) 
Mn−K 3.5621(2) 
Mn−Na 3.0943(4) 
 Angle (°) 
F1i−Mn−F1ii 172.274(33) 
F1i−Mn−F2 89.845(12) 
F1i−Mn−F3 90.494(12) 
F2−Mn−F3 89.897(19) 
Mn−F1−Mn 133.170(28) 
(i) = -1+x, y, z (ii) = -1.5+x, -1.5-y, 1.5-z 

  

When viewed under a polarized light, the crystals of KNaMnF5 change color from garnet 

to tangerine orange as the polarizer is rotated. An example of this is shown in Figure 4. While 

pleochroism is often seen in inorganic compounds, such strong pleochroism is more rare. The 

optical absorbance spectra of each face are shown in Figures 5-7.   

 

 

Table 2: Selected bond distances and angles 

Figure 4: KNaMnF5 crystal at 8x magnetization. The crystal changes 
from red (left) to orange (right) when a polarized light is rotated.  
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Figure 5: Absorbance spectrum of KNaMnF5 (001) face. The polarization is 
linear, and the rotation of colors is seen by the change in absorbance every 90°.  

Figure 6: Absorbance spectrum of the KNaMnF5 (1ത00) face. The (001) and 
(1ത00) show similar spectra, indicating that the pleochroism does not greatly 
differ between these two faces.  
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In both Figures 5 and 6, two absorbance peaks are seen, which alternate with every 90° of 

rotation. This matches with what is observed by eye: as the polarized light is rotated, the crystals 

alternate between red and green. These two spectra are fairly similar, with peaks at 1.55 eV and 

2.15 eV. These are likely correlated with d-d transitions of the Mn atom. The third face measured 

shows a different spectrum. The peaks are at slightly different energies 1.6 eV and 2.1 eV, and 

instead of being offset from one another, occur at the same polarization. This may be a different 

optical axis that does not produce a color change discernable by eye. Another possibility is that 

the transitions seen in the other spectra simply overlap one another in this direction, and the 

energy changes are due to some artifact of the experiment. It is also interesting to note that while 

Figure 7: Absorbance spectrum of the KNaMnF5 (010) face. The absorbance peaks are 
aligned here, rather than offset. This may imply an overlap of the optical activity, another 
optical axis entirely, or there may be other effects of the crystal on the absorbance.  
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the absorbance peaks are clearly delineated in the first two spectra, they are more diffuse here. 

Further studies with higher resolution could elucidate a weak intermediary peak. Orthorhombic 

crystals like KNaMnF5 may display trichroism. In addition, because of the orthorhombic 

symmetry, the optical axes are aligned with the crystallographic axes, providing another way of 

understanding the source of the different colors. Light traveling down the chains will interact 

differently with the metal complexes than will light traveling perpendicular to the chains. There 

is not enough evidence from the current measurements to indicate a definite third optical axis, so 

for now KNaMnF5 is classified as dichroic.  

 

4.5 Conclusions 

 KNaMnF5, the first AA’MnF5, was synthesized and the structure and properties were 

characterized. The compound crystallizes in the orthorhombic space group Pnma and like 

previously reported A2MnF5 compounds consists of chains of [MnF6] octahedra separated by 

cations. It has a similar Mn−Mn distance (3.8580(2) Å) and bridging angle (133.170°) to other 

compounds in the series. Optical absorbance spectra show distinct peaks corresponding to the 

observed dichroism of the crystals.  
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Chapter 5: Thermocrystallography of KNaNbOF5 

 

5.1 Introduction 

 KNaNbOF5 is a material that has attracted significant interest and has been studied from 

many angles. This chapter presents a miniature review of the previous studies of KNaNbOF5 as 

well as a new study using thermocrystallography to explore the thermal expansion properties of 

the compound.  

 

5.1.1 Review of previous studies on KNaNbOF5  

 The KNaNbOF5 system contains both a centrosymmetric (CS) and a noncentrosymmetric 

(NCS) polymorph and has been studied from a variety of different research interests. The NCS 

polymorph of KNaNbOF5 was the first to be discovered and crystallizes in the orthorhombic 

space group Pna21 with lattice constants a = 11.8653(11) Å, b = 5.8826(6) Å, and c = 8.1258(8) 

Å.1 The structure includes the acentric anion [NbOF5]2- which exhibits an out-of-center distortion 

caused by preferential mixing of the niobium π orbitals with the oxygen π orbitals. The niobium 

atom is shifted from the center of the octahedron towards the oxide ligand. Previous efforts to 

use this anion were able to produce compounds containing ordered oxide/fluoride ligands, a key 

to obtaining NCS structures. However, KNaNbOF5 was the first instance of the [NbOF5]2- anion 

in a NCS structure that was not an inorganic-organic hybrid.1 The NCS polymorph’s structure is 

composed of NbOF5 octahedra edge-shared to NaOF5 octahedra which form layers of 

[NaNbOF7]∞. These layers stack to form channels where the K+ ions are located (see Figure 1). 

Crucially, the oxide and fluoride ligands are ordered, aided by the different polarizabilities of the 
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cations in the structure. In addition, the ionic units crystallize acentrically. The K+ ions occupy 

positions away from the centers of the channels and toward the axial fluoride ligand. Notably, 

the related compound CsNaNbOF5 has almost the same structure, except that the larger Cs+ 

cation is forced to occupy the center of the channel, resulting in an inversion center. KNaNbOF5 

does exhibit second harmonic generation, though it is only around 0.6 x KDP.1 Studies of the 

piezoelectricity measured a d33 value of ±6.3 pCN-1.2 

 

 

 

Figure 1: The structure of the NCS polymorph of KNaNbOF5 is 
composed of layers of [NaNbOF7]∞ which stack to form channels that 
run parallel to the c axis. K+ ions are located in these channels. Figure 
adapted from reference a1 
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 The CS polymorph (first reported by Pinlac et al) has a rock salt double perovskite 

structure of the general formula ABB’X6 where the Nb5+ and Na+ ions occupy the B and B’ sites. 

K+ ions occupy half the A sites. The oxide and fluoride ligands are ordered in this compound, 

with the oxide ligands always in the axial position directed towards the vacant A-site layer. The 

structure is illustrated in Figure 2. The alternating layers of [NbOF5] octahedra with the Nb atom 

shifted in opposite directions compared to the next layer orders the oxide and fluoride ligands, 

but it also produces a CS arrangement of the anionic units. The dipoles cancel each other 

completely. Both the CS and NCS polymorphs exhibit triboluminescence, emitting blue sparks 

when the crystals are crushed. Optical emission spectra and additional testing showed that the 

mechanism of triboluminescence in these compounds is unassociated with N2 gas emission or a 

photoluminescence mechanism; additionally the triboluminescence of the CS polymorph makes 

it unlikely that this property originates from the piezoelectric effect.2  
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 The two polymorphs can be controllably synthesized under hydrothermal synthesis by 

varying the ratio of K to Na in the reagents. While both have been synthesized through a variety 

of methods, they can be made using the same reactants, reaction conditions, and heating profile, 

only modifying the K:Na ratio.1-6 Using a K:Na ratio of greater than 1:1 produces the NCS 

polymorph, whereas a lower ratio leads to the CS polymorph.4 One study concluded from a 

Figure 2: The CS polymorph of KNaNbOF5 is a rock salt double perovskite. 
The Na and Nb atoms occupy the B-sites in distorted octahedra. The A-site 
alternates between layers of K+ cations and vacancies, which results in the 
ordering of the oxide and fluoride positions. Figure adapted from reference a2 



75 
 
simultaneous growth of both polymorphs that the CS polymorph is a kinetic product, because it 

crystallizes first, with the NCS polymorph requiring more time.6 This is supported by the fact 

that the NCS polymorph can be synthesized via traditional solid state methods, suggesting that it 

is the thermodynamic phase.1  

 The CS polymorph undergoes an irreversible phase transition to the NCS polymorph 

upon heating. In situ PXRD studies of the CS KNaNbOF5 heating to 400 °C and then cooling to 

room temperature revealed a series of transitions with the NCS polymorph not forming until the 

last transition upon cooling.4 A meta-stable intermediate phase was observed around 360 °C, but 

direct determination of the phase’s lattice parameters was inconclusive based on this data alone. 

Most transitions in ternary or higher compounds are displacive rather than reconstructive, i.e., 

involving small changes in atomic position rather than large atomic displacements and chemical 

bond breaking.7 This rendered the transitions of the CS to NCS polymorph particularly 

interesting to characterize, though more challenging, especially since the frequency and tendency 

of heteroanionic compounds to undergo reconstructive transitions is not yet well understood. 

 To understand the transition, it was necessary to determine the structure of the high 

temperature (HT) phase. This was done through a combination of empirical and theoretical 

methods. Cryogenic, high-pressure single-crystal diffraction experiments were done using a 

Diamond Anvil Cell and synchrotron radiation, which minimized the impact of thermal 

vibrations on the interatomic distances.7 The interatomic interaction function parameters were fit 

to the resulting structures, and the resulting empirical pair potentials were then used to perform 

molecular dynamics simulations of KNaNbOF5.7 The HT phase was determined to exhibit 

dynamic disorder between two phases with almost the same cation sublattice but differing 
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orientations of the [NbOF5]2- units. The pathway of the reconstructive process from the CS to the 

HT phase was also modelled, the cause of the reconstructive transition was credited to the 

combination of the polar nature of the heteroanionic units and the vacant cation site.7  

 

5.1.2 Thermal Expansion  

 Most materials exhibit positive thermal expansion (PTE); as temperature increases so 

does the volume. Negative thermal expansion (NTE), contraction upon heating, is significantly 

more rare.8 Minute variations in the size of small parts can degrade the performance of devices, 

especially electronic and optical instruments. Controlling thermal expansion is essential to 

achieving high performances in emerging technologies such as solar cells and thermoelectric 

converters. Composite materials containing NTE compounds allow tunability of thermal 

expansion. Research into the mechanism of NTE is on-going in the field.8,9  

 Change in the lattice volume generally accompany changes in temperature in continuous, 

smooth curves.10 This is also usually true for the individual lattice parameters, and one would 

therefore reasonably expect this to also be true of atomic positions. The trend indicates that in a 

series of experimentally determined crystal structures, the atom positions and bond lengths 

would change with temperature in a smooth, continuous manner that mimics the trends of the 

lattice parameters. However, this is not always the case. Most thermal energy in crystals is in the 

form of phonon modes which are resonant vibrations that propagate through the lattice.11,12 

Individual phonon modes are populated unevenly in real crystals, and the distribution changes 

with temperature.13 Phonon mode population distributions may therefore play an important role 

in the changes to atomic positions at different temperatures.  
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The ε-WO3 and β-YbV4O8 structures both exhibit nonlinear changes to bond distances as 

temperature increases, though the cell volumes and lattice parameters follow smooth continuous 

curves.14,15 In a neutron powder diffraction study over a temperature range of 5K to 250K, the 

cell volume and lattice parameters of ε-WO3 follow a smooth continuous curve, but the W-O 

bond lengths fluctuate nonlinearly for both W6+ sites.14 In β-YbV4O8, a single crystal x-ray 

diffraction study of a phase transition similarly shows smooth continuous changes in volume and 

lattice parameters over the temperature range of 100K to 300K (except at the phase boundary).15 

The V-O bond lengths, however, change discontinuously in both phase regions. It is therefore 

important to consider thermal changes to individual bonds in a structure, rather than just the 

overall effect of temperature on the lattice parameters.  

 This is also supported by the recent work of Hu et al in their study of the NTE material 

cubic ScF3 which crystallizes in the Pm3̅m space group.9 The lattice constant has an average 

linear thermal expansion coefficient of -3.1x10-6 K-1. Over the temperature range of 300K to 

800K, the distance between two neighboring Sc atoms decreases, as expected for a NTE 

structure; however, the bond length of the Sc-F bond increases in PTE. This has interesting 

implications for the possible local thermal expansion of units within a structure.  

 The thermocrystallography study presented here investigates the thermal expansion of 

individual bonds within the NCS KNaNbOF5 lattice through a series of single crystal x-ray 

diffraction (SCXRD) collections over a small temperature range.  
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5.2 Experimental 

5.2.1 Single crystal x-ray diffraction 

 Single crystal x-ray diffraction (SCXRD) data were collected on crystals prepared as 

previously described1 with a Bruker Kappa APEX 2 CCD diffractometer with monochromated 

Mo Kα radiation (λ = 0.71073 Å). The crystal-to-detector distance was 50 mm. The data were 

integrated using the SAINT-V8.34A program.16 A multi-scan absorption correction was applied 

in the program SADABS.17 The structure was determined by direct methods with Fourier 

difference syntheses with XS and refined with XL within the WinGX suite.18-20 Data collections 

were made at 10K intervals across the range 100K to 200K, with each temperature point being 

measured on two occasions.  

 

5.2.2 Powder x-ray diffraction 

 Powder x-ray diffraction (PXRD) data were collected using a STOE STADI MP 

diffractometer with Cu Kα1 radiation from θ = 6 to 70°, with a scan width of 0.015° and a scan 

speed of 480s. The sample was measured at 10K intervals from 100K to 200K, repeating only 

the 100K measurement.  

 

5.3 Results and Discussion 

 An overview of the crystallographic refinement parameters for all the data sets included 

in this study is provided in Table 1. The 150c† data set is the original structure solution reported 

by Marvel et al.1 It should be noted that 150c and 100a data sets have noticeably worse R values 

than the others collected. 150c data set, not being collected on the same crystal, is only shown for 



79 
 
comparison of the unit cell parameters and is not included in the analyses of the atomic positions 

and bond distances. The R value of the 100a data set compared to all the other sets collected in 

this study is considerably larger; the application of a Dixon’s Q test provides a parameter of 

0.743, which when compared to reported values indicates a 99% confidence level for this data 

set being an outlier.21 I have therefore chosen to omit it from this study.  

 

 

 

 

 

 

  

name 100a 100b 110a 110b 120a 120b 130a 130b
temp 100 100 110 110 120 120 130 130
R 0.041 0.0103 0.0179 0.0105 0.0143 0.0108 0.0182 0.0137
wr2 0.117 0.0302 0.0477 0.0302 0.0363 0.0307 0.0455 0.0351
GooF 1.076 1.268 1.258 1.278 1.318 1.283 1.305 1.231

name 140a 140b 150a 150b 150c† 160a 160b 170a
temp 140 140 150 150 150 160 160 170
R 0.0159 0.014 0.0156 0.0134 0.0419 0.0157 0.0154 0.0157
wr2 0.0428 0.0357 0.0419 0.0348 0.1127 0.0411 0.0402 0.0403
GooF 1.284 1.259 1.277 1.265 1.257 1.28 1.235 1.269

name 170b 180a 180b 190a 190b 200a 200b
temp 170 180 180 190 190 200 200
R 0.0174 0.0158 0.0151 0.0148 0.0113 0.0151 0.0125
wr2 0.0439 0.0409 0.0362 0.0386 0.0311 0.0378 0.0324
GooF 1.149 1.277 1.185 1.306 1.242 1.286 1.307

Table 1: Refinement Parameters of the Single Crystal Data Sets 

† Data from reported CIF from referencea1 
All other data sets were collected as part of this study 
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When comparing the unit cell dimensions of the SCXRD data collections at the same 

temperatures, there are frequently marked differences in the values obtained. This is especially 

true of the a parameter. The unit cell lengths are graphed as a function of temperature in Figure 

3. A general trend can be seen that as temperature increases, b, and to a lesser extent c, also 

increases. The graph of the a parameter however is inconclusive at best. Surprisingly, the data 

does not necessarily become more consistent at lower temperatures. In an effort to obtain more 

precise unit cell dimensions, PXRD measurements were taken across the temperature range; the 

average values from a powder sample being thought to provide more accuracy, or at least more 

consistency, for unit cell parameters than a single SCXRD collection. As can be seen in Figure 4, 

this did not prove to be an unambiguous solution. Repeated measurements even at lower 

temperatures are not necessarily similar. It is unclear whether these differences in unit cell length 

are owing to errors in the measurements or to some inherent flaw in the experiment itself. It 

should be noted that the differences between many of these parameters is much larger than the 

reported margin of error. It is not unreasonable therefore to issue a caution to researchers to not 

assume that the precision of the measurement is exactly what the instrument reports. In 

acknowledgment of this, throughout this study rather than directly comparing atomic positions or 

bond lengths, the data points are compared in reference to the appropriate bond length. This will 

allow the small scale changes to the atom positions and bonds to be appreciable in comparison to 

the larger changes in lattice parameter.  

 Using an ANOVA analysis on just the SCXRD unit cell parameters, the correlation of 

temperature with each of the lattice parameters was tested. Only the p value of b showed a 

significant correlation (p = 0.0014) at the 95% confidence level. The p values of a and c 
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respectively were 0.678 and 0.112; neither being able to reject the null hypothesis at the 95% 

confidence level. The correlation between temperature and c must therefore be set aside as 

statistically insignificant; it is clear that a has no correlation whatsoever. This may be owing to 

the orientation of the channels to the unit cell. The channels (in which sit the K ions) run along 

the c axis; this may allow the unit cell more room to stretch perpendicularly along the b axis as 

temperature increases. It would be interesting to see such motions modelled to better understand 

the dynamics involved.  
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Figure 3: The lattice constants are graphed against temperature. The b and c 
lattice constants show upward trends, but a is inconclusive. All three show much 
greater variation than expected.  
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Figure 4: Comparison of lattice parameters measured using single crystal 
and powder x-ray diffraction (SCXRD and PXRD respectively).  
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The large variations in unit cell lengths of course translate to the unit cell volume, whose 

changes with temperature are shown in Figure 5. An upward trend is visible indicative of PTE, 

which is expected for this compound. ANOVA analysis provides a p value of 0.095, which 

indicates that there is not a statistically significant correlation between temperature and the unit 

cell volume at the 95% confidence level. Proceedings from here will assume that the material 

exhibits PTE, though cautiously, as the quality of the data prevents conclusive determination. 

The volumetric thermal expansion coefficient can be calculated according the Equation (1): 

𝛥𝑉 = 𝑉଴𝛽(𝑡ଵ − 𝑡଴)     (1) 

in which ΔV is the change in volume, V0 is the initial volume, β is the volumetric temperature 

expansion coefficient, and t1 and t0 are the final and initial temperatures respectively. For 

KNaNbOF5 the values of V0 and ΔV were extrapolated from the linear trendline. The volumetric 

thermal expansion coefficient for NCS KNaNbOF5 across 100K – 200K is 4.38 x 10-5 K−, which 

indicates how minute the change is, even given the inconclusive nature of the measurements. 

 

 

Figure 5: Unit cell volume (from the SCXRD measurements) is 
graphed against temperature. An upward trend is seen, though with 
large variation.  
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 Shifts in atomic position were calculated by finding the difference in the x and y 

coordinates of each data set compared to the 110K and multiplying it by the appropriate unit cell 

length. The 110K set was chosen so that the 100K set, the low end of the range, could be seen in 

a visual comparison. Shifts in z could not be reliably determined because there is no 

crystallographic zero in the z direction. Hence only the shifts in the ab plane are considered. 

Shifts for each of the atoms in the lattice are shown in Figure 6, which mirrors the data across the 

four quadrants of the graph so as to allow easier comparison of the trends. Each data point on the 

graph shows the difference in x and y coordinates of that atom for a particular data set. They are 

not necessarily in order of increasing temperature, but on the whole the larger shifts correspond 

to higher temperature data sets. The K+ ion experiences some of the most displacement, and 

shifts considerably more than the Nb and Na cations. This is reasonable to expect given the 

relative freedom of motion the K cations have within the channels. The Nb atoms in fact shift 

very little as temperature increases. The fluorine and oxygen atoms do shift more, especially F2. 

This indicates that while the [NbOF5] units are influenced by thermal expansion effects, it is 

primarily the ligands rather than the metal atom which respond to the change in temperature. 

This makes sense given their relative sizes.  
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Changes in bond distance were calculated by finding the difference between each set and 

the 100K set for each bond length, and then adding that difference to the bond length from the 

100K set to obtain a new ‘adjusted’ bond length. This was done to minimize the impact of 

changing lattice constants and focus solely on the effect on the distances between atoms. Twenty 

different bonds were studied, but most of them show only very slight increases over temperature. 

The exceptions are some of the K – anion distances and the Nb – ligand distances. A selection of 

K−F distances and the K−O distance are graphed as a function of temperature in Figure 7. Three 

of these bonds show PTE and reasonable consistency between data collected at the same 

temperature, indicating that the results are reliable. Again using a one-way ANOVA analysis, 

K−F4, K−F5, and K−O have significant p values (4.71 x 10-7, 2.47 x 10-5, and 2.37 x 10-6 

respectively). K-F3 is neutral (no statistically significant change over temperature). These 

changes are representative of the K interatomic distances. As previously noted, the K atoms shift 

noticeably more than other atoms in the lattice, so it is therefore not very surprising that some of 

the greatest thermal effects should be seen in its bonds. Interestingly, the K−F4 bond lies very 

nearly along the b axis, which is the only axis to have unambiguous PTE. K−F5 and K−O are 

perpendicular to the K−F4 bond and are in the ac plane. K−F3 is not aligned along any of the 

unit cell axes. This may indicate that the changes to the K−F4 bond and the changes to the b axis 

may be linked, though it is impossible to hypothesize about the nature of that connection; one 

may cause the other, or they may both be caused by another force entirely.  

 



88 
 

 

 

Figure 7: Selected potassium-anion distances as a function of temperature. The 
positive trends of the data show that these bonds experience PTE.  
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Figure 8: The changes in Niobium – ligand bond length as a function of 
temperature. In all cases there is a negative slope, indicating NTE for the [NbOF5] 
unit. However, none of these correlations is statistically significant.  
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 The niobium-ligand bonds of the [NbOF5] octahedron are also changed by thermal 

expansion effects, but in the opposite way. As shown in Figure 8, the Nb−F and Nb−O bonds all 

decrease in length as the temperature increases. These results unfortunately do not stand up to 

statistical scrutiny; none of them has a p value less than 0.05. The Nb-O bond is especially 

inconclusive in comparison to the others owing to the greater irregularity in bond lengths. These 

results therefore serve to indicate a path of inquiry that may yield potentially ground breaking 

new ways of considering thermal expansion properties. The existence of a NTE anionic unit 

within a PTE structure would provide a new way of considering the dynamics of NTE as well as 

open up avenues for new synthetic routes to these desirable materials. It is interesting to point 

out that none of the Nb−ligand bonds are aligned along a unit cell axis. If a significant NTE of 

these bonds can be observed, the minor effect the NTE of this unit has on the structure as a 

whole could be owing to the diffusion of the effect across many directions.  

 More research is required to understand this phenomenon, but it is possible that changing 

population distributions of phonon modes affect the thermal expansion properties seen in 

KNaNbOF5. Different phonon modes favored at different temperatures may interact with the 

structure in ways that cause parts of the structure, like the [NbOF5] unit, to expand at lower 

temperatures, and other parts of the structure like the K+ ions to occupy more space at higher 

temperatures. The mechanisms of NTE are still not fully understood, but the knowledge that not 

all parts of the crystal structure will necessarily mimic the thermal expansion of the unit cell has 

important implications for future work in the field. Theoretical modelling that includes such 

considerations could substantially add to the understanding of thermal expansion properties. 
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Further studies on other compounds that include the [NbOF5] anion could elucidate the behavior 

of this group, and if it is generally NTE, it could become a useful tool in crystal engineering.  

 

5.4 Future Directions  

  The results presented here offer a tantalizing glimpse into what may be occurring within 

the KNaNbOF5 structure, but the data is too ambiguous to draw definite conclusions. One 

obstacle in conducting this series of experiments was the inability to collect the many data sets 

continuously. Because the data was obtained using instruments at a shared user facility, it was 

not possible to collect all of the data in a seamless string of runs. While it would not have been 

possible to do this without such a facility, the unfortunate downside is that one is obligated to 

share it. This resulted in the data sets being collected in a piecemeal fashion whenever the 

instrument was available, with the exception of one week during which one diffractometer was 

generously set aside for this project. Still, at most only about 8 of the twenty sets were collected 

back to back. This means that the crystal was heated to room temperature and cooled several 

times at varying intervals throughout the experiment. Ideally, the data sets would be collected 

one after the other moving from 100 K to 200 K and back, only stopping to allow the 

temperature to stabilize and to ensure that the crystal was still centered in the beam. Also, given 

the precision needed, it is important to consider to what degree the temperature is stable and how 

accurate the temperature reading is. Furthermore, the wide margins of error and large range of 

values of the unit cell parameters suggest that greater precision is needed overall, especially 

given the diminutive changes to atomic position that are being examined. Therefore, it may be 

advisable to consider longer data collections or even synchrotron radiation. Another option for 
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looking at the changes in the unit cell lengths would be to set up a simple Michelson-Morley 

experiment which would offer greater precision in observing such minute differences. By 

measuring the changes to the interference caused by the light moving through subtly different 

crystal lengths, one could obtain a hopefully clearer idea of the thermal expansion properties of 

the structure as a whole, which is currently unavailable due to the inconclusive nature of the unit 

cell parameter measurements from SCXRD. Such an experiment could be done in collaboration 

with a physics or spectroscopy group.  

 

5.5 Conclusions 

 NTE is an important property for many commercial applications that involve high-

precision electronic and optical components. A series of thermocrystallography experiments on 

the compound KNaNbOF5 were used to explore the changes to atomic positions and bond 

lengths caused by thermal expansion. The volumetric thermal expansion coefficient of 

KNaNbOF5 is 4.38 x 10-5 K−. While some trends can be seen, the data as a whole is inconclusive. 

Further studies are needed to determine if the [NbOF5] unit does indeed exhibit NTE. If this can 

be achieved, it would suggest that the thermal expansion of individual bonds does not need to 

follow the trends of the unit cell as a whole. Research on similar systems may bring greater 

understanding of the mechanism of NTE and guide synthetic efforts to discover new NTE 

materials.  
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Chapter 6: Rubidium Copper Chalcogenides 

 

6.1 Source 

 This work was previously published as part of the following article: 

Trimarchi, G.; Zhang, X.; Vermeer, M. J. D.; Cantwell, J.; Poeppelmeier, K. R.; Zunger, A. 

"Emergence of a few distinct structures from a single formal structure type during high-

throughput screening for stable compounds: the case of RbCuS and RbCuSe", Phys. Rev. B, 

2015, 92, 165103. 

 This chapter will expand on the experimental aspects of the project and go into further 

detail on the crystallography. This project was a collaboration through the Center for Inverse 

Design in which my role was the crystallographer of the two compounds reported.  

 

6.2 Background 

 The goal of the Center for Inverse Design was to use the desired properties to find a 

suitable structure, rather than the traditional model of materials research which first synthesizes a 

material and then characterizes the properties it has. A necessary component of this style of 

investigation is high-throughput screening of candidate structures. To that end, the ABX project 

was designed to provide a feedback loop between screening of compounds based on theoretical 

modelling and discovering materials through targeted synthesis. The lowest energy structure of 

an unknown compound is predicted by modelling, and then compared to possible decomposition 

phases. If it looks like the structure will be stable, a synthesis is attempted. Based on whether the 

synthesis is successful, and what the resulting structure is (if it exists), the theoretical models are 
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modified and improved. Future compounds can then, hopefully, be predicted with greater 

accuracy, and materials discovery can be guided towards those phases most likely to be stable 

and to have structures likely to produce the desired properties.  

 The first family of compounds to undergo this treatment was the 18-electron ABX 

compounds. This group includes examples of topological insulators, thermoelectrics and 

piezoelectrics. Of the 483 possible variations, only 83 were previously reported in the literature. 

Using first-principles thermodynamics to test the thermal stability of the undocumented 

compounds, 54 were identified as potentially stable. Of those, 15 were grown and x-ray 

diffraction verified the predicted crystal structure in all 15 cases.2 

 The 8-electron ABX family is larger, though with more known compounds. Roughly a 

third of the possible 8-electron ABX elemental combinations were known in the literature. 

Following theoretical modelling, 313 compounds, or approximately 30% of the total 8-electron 

ABX compounds, were predicted to have stable structures, as shown in Figure 1. A more detailed 

description of the theoretical modelling methods has been previously reported and is not of great 

concern here.1 
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 Initial selection from these possible compounds was made by focusing on elements with 

good relative abundance, low toxicity, and whose melting points were reasonably close. Another 

factor that quickly limited the scope of experimental synthesis was reactivity with the reaction 

container. This lead to the synthesis of RbCuTe, a MgSrSi-type structure in the space group 

Pnma.3 A chart of the results of the theoretical calculations for the alkali – late transition metal – 

chalcogenide compounds is given in Figure 2.1 Upon confirming the predicted structure for 

RbCuTe, the next compounds to target were the sulfide and selenide analogues. These were also 

predicted to be stable, with RbCuSe likely to have the same structure. RbCuS was initially 

predicted to have a CuLiO-type structure. In addition KCuS and KCuSe are known compounds, 

adding to the likelihood that the rubidium analogues could be made.  

 

Figure 1. Pie chart illustrating the proportion of 8-electron ABX 
compounds that are known, unknown and unstable, and unknown and 
stable. Approximately 30% of the unknown compounds were predicted to 
have stable structures.  
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6.3 Experimental 

6.3.1 Synthesis 

In a typical preparation, semi-solid rubidium (Alfa Aesar, 99.75%) was first melted in its 

vessel on a hot plate, then approximately 3.0 mmol was transferred to the reaction vessel via 

pipette. Powders of the remaining reagents for each reaction were added to the vessel until the 

mole ratio of reagents was 1:1:1. Copper powder (Sigma Aldrich, 99.7 %) and selenium powder 

(Sigma Aldrich, 99.5%) were used in the synthesis of RbCuSe. Due to the likelihood of 

uncontrolled vigorous reaction between intermixed copper and sulfur powders, the compound 

CuS (Sigma Aldrich, 99%) was used in place of elemental reagents for the RbCuS synthesis. 

Reaction vessels were then sealed under vacuum and placed in a furnace for annealing. Reaction 

temperature ramped up to 650 °C at 5 °C / min. Reactions dwelled at 650 °C for 12 hours, then 

Figure 2. A chart of selected I-I-VI ABX compounds and the results 
of the theoretical modeling. Checkmarks denote compounds already 
documented in the literature.  
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were ramped down to 100 °C at 0.1 °C/min, then quickly cooled to room temperature. The 

synthesis of both compounds was performed by Michael J. DeVries Vermeer.  

 

6.3.2 Single crystal x-ray diffraction 

Single crystal XRD data were obtained for both structures at 100 K with a Bruker Kappa 

APEX 2 CCD diffractometer with monochromated Mo K(α) radiation (γ = 0.71073 A). The 

crystal-to-detector distance was 60 mm. The data were integrated using the SAINT-V7.23A 

program.4,5 For the RbCuS data, a numerical absorption correction (Face-indexed absorption 

correction) was applied to the data in the program XPREP.6 For the RbCuSe data, a multiscan 

absorption correction (SADABS) was applied to the data in the program APEX2.9 The structures 

were determined by direct methods with XS and then refined with the SHELXL algorithm within 

the OLEX2 suite.7.8 
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6.4 Structures 

 

 

 

 

Figure 3. Experimental structure of RbCuS 

Figure 4. Experimental structure of RbCuSe 
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 RbCuS RbCuSe 
Structure type RbAuS RbAuS 

Crystal system orthorhombic orthorhombic 

Space group Cmcm (63) Cmcm (63) 

a (Å) 4.9007(4) 5.0464(3) 

b (Å) 14.4778(9) 15.0388(7) 

c (Å) 5.0067(3) 5.0780(3) 

α (deg) 90 90 

β (deg) 90 90 

γ (deg) 90 90 

V (Å3) 355.23(4) 385.38(4) 

Z 4 4 

Nref 4150 2305 

ind reflns > 2σ 2475 1501 

Formula weight (g/mol) 181.07 227.97 

ρcalc (g/cm3) 3.38546 3.92892 

R1 0.0713 0.0377 

wR2 .1598 0.0726 

GooF 1.073 1.264 

Crystal shape plate plate 

Crystal color colorless colorless 

Crystal size 0.224x0.103x0.04 0.219x0.177x0.024 
 

 

 

 

Table 1. Crystallographic information for RbCuS and RbCuSe 
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 RbCuS RbCuSe 

Cu – S or Cu – Se 
bond length  

2.1627(21) Å 2.2711(8) Å  

Cu – S – Cu or Cu – Se – Cu 
bond angle 

70.726(2) deg 67.970(2) deg 

 

 

6.5 Discussion 

 Collecting single crystal x-ray diffraction data for these two compounds was very 

difficult for a number of reasons. The first difficulty in working with these samples is that they 

are both incredibly air-sensitive. The crystals were separated inside the glovebox (using 

tweezers), covered in zero-background oil, and transported immediately to the diffractometer. 

While mounting a crystal on the goniometer head for collection, other crystals were visibly 

degrading, changing color from peach to black, even when submerged it oil. Several crystals 

degraded too quickly to be used. Once mounted, the sample was still smothered in an excess of 

oil, far more than would normally be considered necessary or even prudent, and transferred to 

the instrument where the oil-covered crystal sat under the flow of the nitrogen stream. Once 

there, there crystal was protected both by the nitrogen stream itself providing an oxygen-poor 

atmosphere and by the now-frozen oil.  

 The second difficulty to be overcome to solve the two crystal structures was in finding a 

sample that was truly a single crystal. Because both compounds form plate-like crystals, they are 

very prone to twinning. In several cases even four twin laws was not enough to cover all the 

Table 2. Copper-Chalcogen Bond Distances and Angles 
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twins detected in the data. Untwinned crystals of each compound were eventually found and 

used for collection. However, with other analogs such as RbAgSe and RbAgTe whose syntheses 

were attempted no single crystal suitable for x-ray diffraction was found.  

 RbCuS had previously been reported, though without a crystal structure. RbCuSe was a 

completely new compound in the literature. Both RbCuS and RbCuSe have a RbAuS-type 

structure. The copper and chalcogen atoms form zigzag chains separated by Rb cations, as seen 

in Figures 3 and 4. The Cu-Se-Cu angle is slightly more acute than that Cu-S-Cu angle. This 

means the chains form a tighter zigzag in the selenide compound than in the sulfide compound. 

This is principally owing to the greater ionic size of the selenide ion. The Se-Cu-Se and S-Cu-S 

angles are both 180°. The differences to the sizes of the unit cells are probably largely owing to 

the differing zigzag angles, as the compounds’ structures are otherwise the same. Figure 5 shows 

the RbCuTe structure for comparison. RbCuTe, which crystallizes in the MgSrSi structure, does 

not form parallel single chains of copper and tellurium but rather alternating perpendicular 

double chains.3 RbCuS and RbCuSe were initially predicted to share this structure.  
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 Upon finding the empirical structures of RbCuS and RbCuSe to differ from the predicted 

structures, the models were adapted to better predict the actual structures found. The RbAuS 

structure is not an ideal, lowest energy structure but one of several local minima for RbCuS and 

RbCuSe, which is why the original assessment overlooked it. The experimental structures and 

the predicted structures were “daughter structure types” of the same “formal structure type”.1 By 

Figure 5. The structure of RbCuTe. There are double chains rather than 
the single chains seen in the S and Se compounds. The chains are also 
not parallel but are alternately perpendicular to each other.  
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considering all the possible daughter structure types equally when determining the structure of a 

compound, the algorithm can avoid optimizing an unrealistic starting point into an incorrect 

structure.1 The new global space group optimization (GSGO) method accurately predicts the 

correct structures of the two compounds.  

 

6.6 Summary 

 The structures of RbCuS and RbCuSe were reported for the first time, both in the space 

group Cmcm. Although both compounds are thermally stable as predicted by algorithmic 

modelling, their structures differ from RbCuTe, whose structure they were predicted to mimic. 

The high-throughput model was adapted to take an unbiased assessment of all the daughter 

structure types to find the correct structures for these compounds. This is an example of the kind 

of mutually helpful feedback loop between experimental synthesis and theoretical modelling. 

Identification of likely stable phases directs synthetic efforts, and knowledge of empirically 

determined structures refines modelling algorithms.  
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Chapter 7: Rocking Curves of Large Single Crystals 

 

7.1 Preface 

 Rocking curve measurements were performed on several crystals in collaboration with 

the P. S. Halasyamani group at the University of Houston. The goal of these experiments was to 

quantify the quality of large single crystals grown in their lab. This chapter is designed to give an 

overview of the measurement, basic instructions, and a summary of the results to date of the 

collaboration, in the hopes that it will be helpful to future students who may be unfamiliar with 

the technique.  

 

7.2 Introduction 

 Rocking curves, also called ω scans, have a variety of uses in crystallography. Rocking 

curve measurements are able to quantify the mosaicity of a crystal, along with other defects. For 

an ideal crystal, the peak width is determined by the width of the source and the geometry of the 

beam. Real crystals contain dislocation defects, strain, mosaic domains, and point defects which 

broaden the peak. The full-width half maximum (FWHM) of the rocking curve peak can be 

compared to the theoretical quality or to other similar samples as a measure of its overall quality. 

Larger crystals are often more desirable for industrial and commercial applications, as the 

intensity of optical and electronic properties is often stronger. However, larger crystals are more 

prone to defects which increase the extinction effects. In addition to single crystal measurements, 

rocking curves are used by the thin film community to study layer thickness, strain, lattice 

mismatch, and relaxation, among many other characteristics.  
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Mosaicity is a concept that traces back to a mathematical model by C. G. Darwin who 

used it as the basis for an explanation of the differences between theoretical ideal crystals and 

real (and therefore imperfect) crystals.1 The term ‘crystal mosaic’ was dubbed by P. P. Ewald.2 A 

simple definition of crystal mosaicity is the degree to which the crystal planes are parallel to one 

another. The mosaic model of the crystal considers the crystal as consisting of blocks, or mosaic 

domains, which are slightly tilted relative to one another. This effect is greatly exaggerated in 

Figure 1, which illustrates the metaphor to tile mosaics that the model is named for. It should be 

noted that these blocks are not real structures within the crystal, but rather a way of 

conceptualizing the slight differences in angle between the crystal planes.2 The greater the 

mosaicity, the more domains in the crystal, and therefore the lower quality the crystal.  

 

 

 

  

 

Figure 1 Mosaic model of a crystal. The tilting of the 
mosaic domains is exaggerated for clarity.  
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A schematic of the instrument geometry for rocking curve measurement is shown in 

Figure 2.3 The incident angle ω is the angle between the x-ray source and the sample. 2θ is the 

angle between the incident beam and the detector. Rocking curve measurements plot the x-ray 

intensity as ω is changed. The x-ray diffraction scans that are ordinarily use for sample analysis 

are a measure of the change in x-ray intensity as 2θ is changed, while ω is held constant. In a 

rocking curve measurement, the detector is set to a specific Bragg angle and the sample is tilted 

across a range of ω angles. Even a perfect crystal will have a peak with some width owing to the 

intrinsic width of the material and the broadening from the instrument itself. For real crystals, a 

sharp peak represents a high quality crystal with low mosaicity. Broader peaks indicate that the 

crystal has many defects. Curvature also affects the broadening of the peak, so caution should be 

exercised when cutting and polishing crystals for analysis.  

 

 

 

 

Figure 2: Schematic of rocking curve measurement3 
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The Advanced Thin film X-ray system – Grazing incidence in-plane diffractometer, or 

ATX-G, was the instrument used for the rocking curve measurements performed at 

Northwestern. A diagram of its components is shown in Figure 3. It has a vertical sample stage, 

to which samples are attached using double sided tape. The ω rotation is the key difference 

between this system and other x-ray diffraction instruments, which do not include enable this 

motion. Single crystal diffractometers such as the Bruker KAPPA APEX II can do measure 

rocking curves, but these are usually only sufficient for a quick analysis of crystal quality before 

collecting a dataset. If the peaks have a FWHM of 1or less and do not show splitting (a sign of 

twinning) then one considers the crystal ‘good’ and moves forward. The ATX-G provides are 

more holistic look at the crystal and a more precise quantification of its quality. In addition, there 

are practical upper limits to the size of crystal which can be mounted on traditional single crystal 

diffractometers. The ATX-G is better suited for large crystals. Single crystals for x-ray 

crystallography are typically on the order of μm’s whereas the large crystals investigated in the 

studies at hand were several mm’s long on each side.  
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7.3 Instrument Details 

The measurements were made on a Rigaku ATX-G with a 4-bounce Ge-220 crystal 

system, a Cu rotating anode generator (λ = 1.54056 Å), and a multilayer optic. The Kα2 radiation 

is eliminated by a slit. The rocking curve measurements were made by changing the angle 

between the X-ray beam and the sample surface (the ω scan) around the Bragg diffraction peak 

position θ.  

 

 

Figure 3: Diagram of ATX-G optical system.4 
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7.4 Instructions for rocking curve measurement  

 Note: the following instructions are specific to the ATX-G system in the Jerome B. Cohen 

X-ray Diffraction Facility at Northwestern University. Training is required before use.  

I. Calibration 

Calibrating the instrument is vital to obtaining accurate rocking curves, or even 

rocking curves at all. If the calibration is off, it is possible to completely miss the sample 

or to be unable to find the Bragg peak. Under x-

ray>monochromator>sample>slits>detector, adjust the slits to S2h
 = 0.1 mm, S2v

 = 5 mm, 

S3h
 = 0.2 mm, S3v

 = 10 mm, and Rh
 = 0.2 mm. The instrument should start at 20 kV and 

10 mA; ramp up to 50 kV and 240 mA. Check that the correct monochromator is 

attached. Change the attenuator to 1/800 and uncheck the auto-attenuator. Clicking ‘Set’ 

will apply changes.  

Set Z = -3mm to move the sample holder out of the beam area. Read position will 

give the current position and move axis will change the position to the desired value. Set 

everything else (angles, etc) to 0 using the same method. Choose the 2theta axis; run an 

absolute scan starting at -0.1 and stopping at 0.1, using width 0.001 deg and scan speed 

0.5 deg/min. ‘Execute’ will begin the run; ‘abort’ will stop the run. Use the peak finder to 

find the peak height. For the Ge111 crystal system, the value should be around 1x107 cps. 

The 2theta position should be within 0.01 deg of 0. If it is not, consult an expert.  

II. Alignment 

In order to measure the rocking curve the sample needs to be in the middle of and 

parallel to the beam. Move to the 2theta = 0 value that the calibration step found to have a 
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maximum intensity. Perform an absolute scan of Z from -3mm to 0mm, 0.005 deg, 

6mm/min, and move the axis to where the peak finder is at 20% intensity. Perform an 

absolute scan of Ry from -1mm to 1mm, 0.01 deg, 4 mm/min, and move the axis to the 

center of the intensity peak. Perform another absolute scan of Z and move the axis to half 

intensity. Write down the value of the Z axis for reference. More than one alignment step 

may be required.  

III. Measurement 

Rocking curve measurements are of a particular Bragg angle; the Bragg angle of a 

real crystal may deviate slightly from the calculated value, so the peak to be measured 

must be found. Set 2theta to the calculated Bragg angle. Run a relative omega scan from -

0.1 to 0.1 deg, 0.001 deg, 0.2 deg/min. It should be further off than that, but if the crystal 

was cut at an angle or if the crystal face has curvature, it might be really off. The 

alignment or calibration may be off as well, so consult an expert if you don’t find the 

peak quickly. Move the axis to the center of the peak. Throughout this section, write 

down each value that an axis is moved to. Run a 2theta relative scan with the same 

parameters. Move the axis. Repeat this process until you no longer need to move the axis. 

Run a final, slow omega relative scan from -0.1 to 0.1, width = 0.001 deg, and scan speed 

0.2 deg/min (this is pretty much the best this instrument can do and still deliver good 

results). Once plotted, the FWHM can be found. Remember to bring the instrument 

power back down to normal so as not to waste energy or burn out the x-ray source.  
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7.5 Results 

 All of the crystals discussed in this chapter were grown by the Halasyamani group of the 

University of Houston, usually using the top-seeded solution growth method, in which a seed 

crystal is dipped into a melt and then slowly pulled as the melt is cooled. This method can be 

used to grow comparatively large single crystals, some on the order of centimeters across. The 

compounds studied in this project are all potential non-linear optical (NLO) materials and 

crystals of this size are necessary for characterizing NLO properties which often have weak 

signals. Furthermore, commercial applications often require large crystals, so it is important to 

consider the ‘practical’ properties of crystals on this scale such as laser damage threshold, 

thermal properties, and the quality of the crystal. As mentioned earlier, inclusions, poor 

crystallinity, and other defects can negatively affect the desirable properties of a material. 

Rocking curves were used to assess the quality of the sample crystals.  

 The samples studied were Ba3ZnB5PO14, Zn2TeMoO7, CaBaZn2Fe2O7, Ba4B11O20F, 

LiNa5Mo9O30, and KIO3∙Te(OH)6. The rocking curve measurement of each as well as the 

FWHM is shown in Figure 4. CaBaZn2Fe2O7 is clearly of much lower quality than the other 

crystals, which all have roughly similar FWHMs. In fact, the data collection required a smaller 

width and faster speed as it became difficult to obtain a well-defined peak with the conditions 

used for the other samples. Using the smaller width and slower speed resulted in peak splitting. 

There was not a distinct visible difference between this sample and the others. 
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 Figure 4 Rocking curves of large single crystal NLO materials with FWHMs labelled 
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 Table 1 summarizes the rocking curve measurements of the samples from the 

Halasyamani group as well as some found for other NLO materials. The entries in purple (the 

first six) were measured at Northwestern as part of this study; the others are examples from the 

literature. Zn2TeMoO7 did not include the rocking curve measurements in the final manuscript. 

The crystal growth of CaBaZn2Fe2O7 has not yet been published, as its structure is already 

known and the growth process is still undergoing optimization. The crystals have been placed in 

four categories based on their FWHM: very good (< 25”), good (< 60”), fair (< 100”), and poor 

(> 100”). Ba3ZnB5PO14 was the best quality crystal measured in this study and compares well to 

other NLO materials in use. α-BaTeMo2O9 and Cs2TeMo3O12 have considerably better FWHMs, 

but of course crystal quality is one of many characteristics to consider. Though Ba4B11O20F 

technically falls in the ‘fair’ region, it is still well within the range of what would be considered a 

commercially viable quality.  
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 As a comparison point, a standard silicon (111) wafer was also measured. This crystal is 

kept in the x-ray diffraction facility as a calibration standard; its origins are no longer known. 

The rocking curve is shown below (Figure 5). Its FWHM of 20.9” is clearly much better than the 

laboratory-grown crystals measured. One aspect that should be considered in light of this is the 

importance of obtaining a perfectly flat crystal face that is exactly parallel to the lattice. Since the 

crystal samples that were measured were cut and polished for analysis, it is possible that the 

faces were slightly angled or had some small amount of curvature which would broaden the 

rocking curve peak. The measured 2θ position for Ba4B11O20F was off by 0.2° from the 

calculated Bragg angle, for example. This material has a high hardness value and therefore it is 

possible that when it was polished a slight deviation from true normal was introduced, affecting 

not only the 2θ peak position but also adding to the width of the rocking curve peak.  

 

 

 
Figure 5: Rocking curve of Si(111) crystal 
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7.6 Summary 

 Six compounds were analyzed for crystal quality using rocking curve measurements. The 

ATX-G at the J. B. Cohen X-ray Diffraction Facility was used for the experiments. Although 

most of the crystals showed reasonable crystal quality, Ba3ZnB5PO14 was the best of the samples 

measured, as determined by FWHM. CaBaZn2Fe2O7 was the only crystal whose quality was not 

of an acceptable standard. As such, attempts at optimizing its growth conditions are on-going. 

These results show that these NLO-active materials have potential in commercial applications.  
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Chapter 8: Conclusions and Future Directions 

  

 Discovery and targeted synthesis of NCS materials remains an important goal for 

inorganic chemistry owing to the desirability of the symmetry-dependent physical properties of 

piezoelectricity, pyroelectricity, and nonlinear optical properties such as second harmonic 

generation which have numerous commercial applications. The strategy of using oxyfluoride 

metal complexes as BBUs for NCS materials has been used successfully, though forming NCS 

BBUs does not always lead to a NCS structure. Understanding more of the structural 

characteristics and interactions between groups within structures, both NCS and CS, adds to the 

knowledge of how to successfully design and synthesis NCS materials.  

 CuVOF4(H2O)7 is a NCS material with several related CS heterotypes. The key features 

of CuVOF4(H2O)7 that set it apart from these family members, are the bridging oxygen between 

the Cu and V octahedra and the presence of a free water molecule in the compound. These two 

features allow the Cu and V octahedra to form a bent Λ-shaped dimer which stacks 

noncentrosymmetrically. Previous studies using x-ray crystallography focused on the intra-dimer 

hydrogen bonding. As the shortest (and ergo strongest) hydrogen bond in that solution, it was 

identified as the most impactful in the formation and stabilization of the bent Λ-shape of the 

dimer. However, the refinement of the hydrogen positions using solely x-ray diffraction left 

some questions unanswered. A co-refinement of single crystal x-ray and neutron diffraction was 

used to create a holistic structure solution through which to study the hydrogen bonding in 

CuVOF4(H2O)7. The hydrogen positions found frequently deviated greatly from what was 

determined using x-ray diffraction alone, both in terms of bond length and spatial position. Most 
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interestingly, the hydrogen bonds between the free water molecule and the dimer were stronger 

than the intra-dimer hydrogen bond. This suggests that these interactions are actually much more 

important to the NCS of the structure than previously realized.  

 The importance of hydrogen bonding in the formation of NCS structures should not be 

overlooked and further research into the effects of hydrogen bonds could reveal new insights into 

its role in NCS materials. It is not practical to obtain neutron diffraction for every hydrogen-

containing structure, but it is also frequently unnecessary. DFT is able to locate and refine 

hydrogen atoms at a comparable accuracy, and provides a convenient, low-cost replacement. 

More knowledge is needed to reach a point where hydrogen bonding can be deliberately used 

towards crystal engineering. There are still many as yet unknown compounds in the 

MVOF4(H2O)7 system that could be synthesized and studied.  

 Two new pleochroic compounds were discovered: CuMnF5(H2O)7 and KNaMnF5. 

CuMnF5(H2O)7 had been previously reported without a structure solution, but was assumed to 

share the same structure type (CoAlF5(H2O)7) as its synthetic kin, NiMnF5(H2O)7. CoAlF5(H2O)7 

has a structure related to the centrosymmetric MVOF5(H2O)7 structures. However, single crystal 

x-ray diffraction showed that while CuMnF5(H2O)7 forms similar ionic octahedral groups to 

CoAlF5(H2O)7, their arrangement is very different. The arrangement of the BBUs of 

CuMnF5(H2O)7 actually has more in common with the layout of CuVOF4(H2O)7, though of 

course the octahedra are not connected through a bond. KNaMnF5 is the first AA’MnF5 member 

of the large A(I)
2MnF5∙xH2O (x = 0,1) family, which has been extensively studied. Its structure 

mirrors that of isotypes with similarly sized cations. It would be interesting to attempt to 

synthesize oxyfluoride analogues of these two compounds to see how that would affect the 
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structure. The mixture of oxide and fluoride ligands might be enough to push CuMnF5(H2O)7 

towards the CuVOF4(H2O)7 structure.  

 Pleochroism is not uncommon among inorganic compounds, though it is usually 

undetectable by eye. The dramatic pleochroism of CuMnF5(H2O)7 and KNaMnF5 is much more 

rare; CuMnF5(H2O)7 changes from red to green and KNaMnF5 from red to orange. The 

pleochroism of both compounds were examined through optical absorption measurements. The 

plates of CuMnF5(H2O)7 were too thin to be measured on all but the flat face, which showed two 

absorption peaks which alternate with every 90° of polarization, directly corresponding to the 

observed color changes. KNaMnF5 shows similar spectra for two faces, but a third face shows 

two peaks which occur in parallel. Further studies are needed to better understand the 

relationship between the optical absorption and the crystal structure.  

 NTE materials are used for many commercial applications that involve high-precision 

electronic and optical components where it is necessary to dampen the PTE of components to the 

greatest extent possible. Thermocrystallography experiments were conducted on the compound 

KNaNbOF5, a PTE material, to investigate the thermal expansion effects on atomic positions and 

bond lengths. The volumetric thermal expansion coefficient of KNaNbOF5 is 4.38 x 10-5 K−. 

While the K+ ions predictably displayed PTE, the octahedral NbOF5 units were not as 

conclusive. This shows that the thermal expansion of individual bonds does not necessarily 

follow the trends of the unit cell as a whole, which has important implications for the 

understanding of NTE materials and their synthesis. The compounds KnaMoO2F4 and 

KNaWO2F4 which have structures related to KNaNbOF5 and which are predicted to have similar 

phase transitions, would make an interesting comparison study. Cd(3-apy)4−NbOF5 would be a 
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good candidate for examining the thermal expansion properties of the NbOF5 group more 

broadly. Such studies could contribute to better modelling of thermal effects in crystal structures.  

 As part of joint effort between theoretical and synthetic research groups, a series of 8-

electron ABX compounds were first modelled to predict structural stability. Two such previously 

unreported but predicted stable compounds, RbCuS and RbCuSe, were both synthesized and 

found to crystallize in the space group Cmcm. Modelling predicted their structures would be 

related to RbCuTe, but this was not the case. The high-throughput model was adapted to take an 

unbiased assessment of all the daughter structure types to find the correct structures for these 

compounds. This is an example of the kind of mutually helpful feedback loop between 

experimental synthesis and theoretical modelling. Identification of likely stable phases directed 

synthetic efforts, and knowledge of empirically determined structures refined the modelling 

algorithms. 

 In collaboration with the Halasyamani group of the University of Houston, the rocking 

curves were measured for several large single crystals as a quantitative assessment of their 

quality. Although most of the crystals showed reasonably good crystal quality, Ba3ZnB5PO14 was 

the best of the samples measured, with a FWHM of 35”. CaBaZn2Fe2O7 was the only crystal 

whose quality was not of an acceptable standard for commercial applications, and because of this 

is still undergoing growth optimization. This technique could be applied to the large single 

crystals grown using the Optical Floating Zone furnaces to quantify the crystal quality of the 

samples. This would provide a method of investigating the effects of different growth conditions 

more minutely.  
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