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Abstract
Modulation of the Redox Activity of Colloidal Quantum Dots by Tuning Nanoscale Electrostatic
Interactions
Chen He
This thesis describes a series of fundamental studies that address the role of electrostatic
interactions in modulating i) the permeability of the ligand shell of a colloidal quantum dot (QD)
to an anionic redox probe; ii) the resulting yield of photoinduced electron exchange within the QD
‒ redox probe complex; and iii) how this yield governs the optical properties of the QD ensemble.
The probability of adsorption of a molecular redox probe to a water-soluble QD reflects the
magnitude of electrostatic repulsion or attraction between them. The change in Gibbs free energy
of this adsorption reaction is therefore correlated, via an electrostatic double layer model, with the
charge density at the interface between the QD ligand shell and the solvent. The organic
counterions within an aqueous QD dispersion also play a nontrivial role in screening the
electrostatic potential at this interface. This screening effect is dependent on the steric bulk of the
counterion, and this dependence is dominated by the van der Waals attraction between the QD
ligand shell and these counterions. The protonation equilibrium of a histamine-derivatized
dihydrolipoic acid ligand allows for reversible modulation of the electrostatic potential at the QD
ligand shell/solvent interface and cycles the fluorescence intensity of a QD ‒ redox probe mixture.
The research described in this thesis furthers the study of photoinduced electron transfer as a probe
to more completely understand QD ‒ molecule hybrid systems useful in QD-based photocatalytic
and biosensing platforms.
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1.1

Chapter Summary
This chapter outlines some basic knowledge about colloidal quantum dots (QDs), including

the origin of their quantum confinement, the complexity of their surface chemistry, and their
potential applications. Mechanisms of exciton dissociation within a QD ‒ small molecule complex,
a process that is crucial for many QD-based applications, is briefly summarized with the help of
Marcus formalism. The use of interfacial cT as a probe for the chemical environment of QDs in
previous studies is also reviewed. The chapter concludes with an outline of the topics covered in
this dissertation.
1.2

Introduction to QDs and Their Surface Chemistry
A QD is a single crystal of semiconductor with an electronic wavefunction that is quantum-

confined in all three dimensions. Quantum confinement for QDs is defined in terms of its excitonic
states. An exciton (electron ‒ hole pair) in a bulk semiconductor has a characteristic delocalization
length, quantified through the “Bohr radius” parameter, which depends on the material’s band
structure.1-2 The Bohr radius for a semiconductor is the most-probable distance between the
electron and hole within the exciton, which ranges from 2 nm for CdS to 50 nm for PbSe.3 The
exciton becomes quantum-confined when one or more spatial dimensions of the semiconductor
crystal are on the order of or smaller than this natural delocalization radius. The confinement
energies for quantum-confined excitons are discretized approximately according to the version of
a simple particle-in-a-box potential model that is appropriate for the shape of the crystal in the
confined dimension(s). The source of quantum confinement for a QD, which if spherical has states
with the energies that approximate those dictated by the boundary conditions of a particle in a
spherical potential well, is the sharp dielectric interface between the single crystalline core of the
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QD and its surrounding environment. This interface amounts to a tunneling barrier for the excitonic
charge carriers (electron and hole) that, for sharp dielectric contrast, is effectively infinitely high.
Modifications to this interface, by changing the molecules that are coordinated to the QD’s surface
or by depositing a shell of inorganic semiconductor with a different bandgap, change the height
and shape of the potential barrier and therefore the degree of tunneling of the electron and hole
wavefunctions into the interfacial region.
The high surface-area-to-volume ratio of QDs demands that a large fraction, sometimes the
majority, of the atoms in the QD directly interface their environment, which is the defining
characteristic of all nanostructures. For example, on going from millimeter-sized particles to
nanocrystals of semiconductor, the surface-area-to-volume ratio increases by ∼106.4 It is worth
mentioning that, for QDs, the quantum confinement amplifies the influence of the environment on
the properties of the nanocrystal because the local environment shapes the dielectric interface that
determines the boundary conditions for the wavefunction. The core-environment interaction of a
colloidal QD is therefore important in determining not only in the excited-state dynamics5 (the
processes that occur out of equilibrium) but also the ground-state electronic structure of the QD.6
QDs either directly synthesized via wet chemical methods7-10 or prepared through postsynthetic ligand exchange processes11-13 are coated by an adlayer of surfactants, which we refer to
as ligands. These ligands solubilize and electronically passivate QDs and couple the QD cores to
their chemical environment. The interface between the QD cores and their ligand shells is not as
well-defined as bulk crystals due to the presence of surface ions and multiple facets, edges and
vertices. The characterization of this interface is further complicated by the heterogeneity within
the QD core size, the surface ion enrichment14-16, the ligand packing density14 and the ligand
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binding motif17 of an ensemble of QDs, and is usually indicated by the corresponding statistical
averages18.
Due to their relatively high photostability, large absorption coefficient (104-106 M-1cm-1),
tunable optoelectronic properties, versatile surface chemistry and solution-processible nature, QDs
are emerging as a promising candidate for many energy-relevant applications, such as colloidal
photocatalysts19-22, biological tags23-24, lasing25, light-emitting diodes, field-effect transistors and
solar cells26.
1.3

Exciton Dissociation within QD ‒ Molecule Complexes
One key to the rational design of QD-based photocatalytic and photovoltaic systems is a

complete understanding of exciton dissociation, through which one of the charge carriers is
extracted from the QD core upon photoexcitation. For useful yield of conversion of photons into
mobile charge carriers or redox equivalents, the exciton dissociation process must happen on a
much shorter time scale than the natural lifetime of the exciton, which is tens of ns for cadmium
chalcogenide QDs and μs for lead chalcogenide QDs, and, ideally, on a shorter timescale than any
nonradiative charge trapping components of that lifetime (~single ps to hundreds of ps).
The dependence of the cT rate constant on the driving force for the electron or hole transfer
reaction predicted by Marcus theory has been shown to be applicable to photoinduced charge
separation in QD − organic complexes, at least in its prediction of trends in rate constants, 27-31
although the Marcus inverted region has not been observed for such assemblies, possibly due to
the availability of Auger-mediated relaxation pathways.32-33 However, methods to measure the
electrochemical potentials of QDs in relevant solution-phase environments are still under
development. Knowledge of these potentials, which determine the driving force for the reaction,
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and measurements of the precise donor ‒ acceptor (QD ‒ molecule) geometry and the local
dielectric constant, which enable calculation of donor ‒ acceptor electronic coupling and
reorganization energy, are required to predict absolute values of rate constants through the Marcus
formalism.34 The details of the organic molecules present in the system – either as ligands or cT
partners for the QDs – are critical in determining the magnitudes of these parameters.
It is important to note that the “intrinsic” rate constant for cT from a QD to a molecular acceptor
– 𝑘𝐶𝑆,𝑖𝑛𝑡 , the single-donor, single-acceptor rate constant – is the rate constant that is related to the
Marcus input parameters of driving force, electronic coupling, and reorganization energy. It can
be obtained from the observed overall rate constant, 𝑘𝑜𝑏𝑠 , and the average number of bound
molecular acceptors per QD, < 𝑛 >, by assuming 𝑘𝑜𝑏𝑠 = < 𝑛 >∙ 𝑘𝐶𝑆,𝑖𝑛𝑡 . 𝑘𝑜𝑏𝑠 can be extracted
from transient absorption (TA) or photoluminescence (PL) dynamics, and < 𝑛 > can be measured
by NMR or absorption spectroscopy, or estimated from steady-state PL intensity and ground-state
bleach features in TA spectra. Some literature reports explicitly list 𝑘𝐶𝑆,𝑖𝑛𝑡 14, 35-37, and some do
not; in the latter case, the reported rate constant could be statistically enhanced by the availability
of multiple cT pathways per exciton.
1.4

cT as a Probe for the Chemical Environment of QDs
Measurement of the yield of photoinduced cT between the QD and small molecules is a

sensitive and nondestructive (compared to cyclic voltammetry) probe of the chemical environment
of a QD. The basis of this technique is that cT between a QD and a small molecule acceptor does
not occur on a timescale competitive with other relaxation mechanisms of the QD unless the small
molecule has permeated through the ligand shell and is located near the inorganic surface of the
particle, and the probability of cT is therefore directly correlated with the probability of
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permeation, which is a measure of the interaction between the molecular probe and the QD ligand
shell and provides insight into the chemical environment of a QD.
1.4.1 Ultrafast cT within Static QD ‒ Molecule Complexes as a Probe for the Permeability of
the QD Ligand Shells.
There is a finite amount of space for organic molecules – serving as either spectators or redox
moieties – to adsorb on the surface of QD. The grafting density of the QD’s native ligands,
therefore, will dictate the efficiency by which a QD exchanges electrons with chemi- or physisorbed redox-active molecules, and the rate and yield of this cT process therefore serve as a probe
for the protectiveness of this ligand layer. Both Morris-Cohen et al.38 and Boldt et al.39 have
observed that the permeability of the QD ligand shell to redox-active molecules (acid-derivatized
viologens, V2+, or ions, Fe3+, respectively) and the apparent electron transfer (eT) rate depend on
the absolute concentration of the QD sample, due to the dynamic binding equilibrium of the native
ligands. In other words, ligands desorb from the QD surface upon dilution, leaving behind more
open sites for the adsorption of redox-active species. Morris-Cohen et al. proposed a model to
account for the binding of both the native ligands and the redox-active small molecules that
assumes they are both binomially distributed over available absorption sites within the QD
ensemble. By using this model to fit plots of the steady-state PL of the QDs vs. concentration of
added V2+ for various absolute concentrations of QDs, the authors were able to extract a
concentration-independent adsorption equilibrium constant for QD ‒ V2+ complexes.
Malicki et al. showed explicitly that the protectiveness of the QD ligand shell against smallmolecule redox partners is not governed by the thickness of the ligand layer. They observed that
photoinduced hole transfer from PbS QDs to aminoferrocene is turned off upon exchange of native
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oleate ligands with decanethiolate ligands, even though the decanethiolate coating is 0.9 nm
thinner than the oleate coating for maximally extended versions of both molecules. 1H NMR
measurements including Nuclear Overhauser Effect Spectroscopy (NOESY) proved that
photoinduced hole transfer is enabled by adsorption of aminoferrocene to the surface of PbS QDs,
which is absent in the case of decanethiolate-capped PbS QDs possibly due to the large binding
constant for Pb2+-thiolate complexes.40
Ultrafast cT processes have also been used to probe the crystallinity of the QD ligand shells.
Boldt et al. performed a series of PL quenching experiments using Fe3+ and methylviologen,
respectively, as electron acceptors, and proposed that the poly(ethylene oxide) (PEO)-capping of
CdSe/CdxZn1-xS/ZnS QDs comprises a densely packed inner shell, which acts as a size-exclusion
layer, and a loosely packed outer shell in which both ions and small molecules can diffuse
unhindered.39 Tagliazucchi et al. performed a study of photoinduced eT in hybrid CdSe
QD/poly(viologen) films and characterized the dependence of eT rates on the length and
crystallinity of mercaptoalkanoate ligands (HS ‒ (CH2)n ‒ COO-, n = 1, 2, 5, 7, 10 and 15) that
capped the surfaces of the QDs. They observed a decrease in the magnitude of eT rate constant
with increasing n for n = 1-7 that is characteristic of electron tunneling across barrier of increasing
thickness, but an abrupt decrease in the rate constant for n = 10 and 15 indicating a restructuring
of the native ligands from a liquid-like layer into trans-extended bundles. This crystallization
limited further the access of the viologen units within the relatively rigid poly(viologen) chain, to
the surface of QDs.41 This result highlights the fact that the structure of a ligand shell that best
“protects” or insulates a QD from adsorption of a charge-transfer partner depends on the size and
conformational freedom of that partner.
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1.4.2 Diffusion-Controlled cT as a Probe for the Permeability of the QD Ligand Shells.
Boldt et al. characterized the ligand shell of tridentate polyethylene oxide (PEO(SH)3)-capped
CdSe/CdxZn1-xS/ZnS QDs with steady-state PL quenching experiments, using eT to Fe3+ ions as a
probe. The dependence of the magnitude of PL quenching on the concentration of redox probe
could be described quantitatively using a Stern-Volmer model, which indicates that the eT process
was diffusion-controlled. This study is just one example of eT within dynamic (transiently
associated) QD ‒ molecule complexes.39 Collisionally gated cT takes place on the tens-of
nanoseconds to microseconds timescale (the timescale of diffusion), instead of picosecond
timescale typically observed for photoinduced eT within static QD ‒ molecule complexes.
Knowles et al. observed a dual-time scale (ps and s, respectively) eT processes between oleatecapped PbS QDs and 1,4-benzoquinone (BQ) molecules. The presence of an additional, diffusioncontrolled, pathway (enabled by the ~2 s lifetime of the QD’s excited state), increased the overall
yield of eT by a factor of 2.5 over that for static eT to pre-adsorbed 1,4-BQs alone.35 A further
systematic study of the dependence of the yield of static and diffusion-controlled eT from the PbS
QDs to a series of substituted p-BQ molecules revealed that, while the ligand shell is effectively a
size-exclusion layer for molecules to adsorb in static configurations, the collisionally gated process
is sensitive to both the molecular volume and the substitution pattern of the substituted BQ. The
ligand shell therefore has both “permanent” defects that serve as sites for static absorption, and
transient pathways for diffusion of the substituted BQs formed by conformational motion or
temporary displacement of the native ligands.42
Aruda et al.43 provided additional support for the proposal that the permeation of small
molecules through the native ligand shell of QDs is gated in part by transient defects formed
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through conformational fluctuations of the ligands. They reported that they yield of diffusioncontrolled eT from PbS QDs to 1,4-BQ molecules is temperature-dependent even after accounting
for the temperature dependence of the diffusion constants, and they attributed this temperature
dependence to modulation of the amplitudes of ligand fluctuations, and therefore a dynamic defect
distribution within the self-assembled monolayer (SAM).
Weinberg et al. further explored the chemical origins of the permeability of SAMs on PbS QDs
to freely diffusing small molecules by introducing a fluorinated ligand, 1H,1H,2H,2Hperfluorodecanethiolate (PFDT), into the QDs’ oleate ligand shells. The steric bulk, rigidity and
oleophobicity of the PFDT ligand chain produced a high potential barrier for permeation of
substituted BQs. Introduction of PFDT into the oleate monolayer at a surface density of only ~1.4
PFDT/nm2 decreased the yield of collisional eT from the QD to tetramethyl-1,4-BQ by 90%.44
Perez et al. performed additional fluorescence quenching studies using PbS QDs of three
different sizes and tetramethyl-1,4-BQ upon substituting a small fraction of the oleate ligands of
the QDs with either 1-dodecanethiolate (DDT) or progressively fluorinated DDT analogues (with
between 1 and 10 fluorinated carbons). The authors found that i) the permeabilities of mixedmonolayer ligand shells of oleate and 8-16% (by surface area) DDT are 35-41% lower than those
of the pure oleate monolayers; ii) increasing the number of fluorinated carbons in the thiolate
ligands from 0 to 10 results in an additional 40-66% decrease in the permeability of the ligand
shell; iii) the thiolate exchange, and fluorination of the thiolate ligands, more effectively protect
the largest QDs than the smallest QDs, primarily due to the size-dependence of the types of defects
in the native oleate monolayers.45
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1.5

Dissertation Outline
This thesis focuses on i) exploring how interfacial electrostatic interactions modulate the redox

activity between QDs and solution-phase, redox-active species, and ii) demonstrating the use of
photoinduced eT as a probe for the interactions between QDs and their local chemical
environment.
Chapter 2 details a mechanistic study on how to control the efficiency of electron exchange
between a photoexcited, water-soluble PbS QD and an anionic anthraquinone derivative by tuning
the covalent chemistry (i.e., the ratio between ligands with charged and neutral tail groups) within
the QD ligand shell. The rate and yield of this exchange are characterized by steady-state and timeresolved optical spectroscopy, and the free energy of adsorption between a QD and this
anthraquinone derivative is thermodynamically correlated with the charge density at the QD ligand
shell/solvent interface via an electrostatic double layer model.
Chapter 3 takes one step further and investigates the noninnocent role of organic counterions
in mediating the electrostatic potential at the interface between the ligand shell of a PbS QD and
water. eT is applied to experimentally probe this electrostatic potential, as described in Chapter 2.
This potential, modulated by the noncovalent interactions between the anionic ligands and cationic
tetraalkylammonium via electrostatic screening, governs both the static adsorption of an anionic
electron acceptor toward the inorganic core of a QD, and the dynamic, diffusion-controlled
transport of this species across the ligand layer. The cations of larger steric bulk more effectively
screen the electrostatic potential of a QD though their more favorable van der Waals attractions
with the QD ligand shell, which is in line with the results from free energy scaling analysis and
molecular dynamics simulations.
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Chapter 4 demonstrates a precise method to reversibly modulate the fluorescence intensity of
PbS QDs by tuning the protonation state of their histamine-derivatized dihydrolipoic acid ligand
shell and consequently switching the permeability of this ligand shell toward the anionic cT
partner.
This dissertation concludes with a summary of what has been learned, as well as potential
future research directions.

32

Chapter 2: Control of the Redox Activity of
PbS QDs by Tuning the Covalent Chemistry
at the QD/Solvent Interface

Adapted From:
He, C.; Weinberg, D. J.; Nepomnyashchii, A. B.; Lian, S.; Weiss, E. A., J. Am. Chem. Soc. 2016,
138, 8847-54.
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2.1

Chapter Summary
This chapter describes the control of electron exchange between a colloidal PbS QD and a

negatively charged small molecule (9,10-anthraquinone-2-sulfonate, AQ), through tuning of the
charge density in the ligand shell of the QD, within an aqueous dispersion. The probability of
electron exchange, measured through steady-state and time-resolved optical spectroscopy, is
directly related to the permeability of the protective ligand shell, which is a mixed monolayer of
negatively-charged 6-mercaptohexanoate (MHA) and neutral 6-mercaptohexanol (MHO), to AQ.
The composition of the ligand shell is quantitatively characterized by 1H NMR. The dependence
of the change in Gibbs free energy, ∆𝐺𝑜𝑏𝑠 , for the diffusion of AQ through the charged ligand shell
and its subsequent adsorption to the QD surface is well-described with an electrostatic double layer
model for the QD/solvent interface. Fits of the optical data to this model yield an increase in the
free energy for transfer of AQ from bulk solution to the surface of the QD (where it exchanges
electrons with the QD) of 154 J/mol upon introduction of each additional charged MHA ligand to
the ligand shell. This work expands the set of chemical parameters useful for controlling the redox
activity of QDs via surface modification, and suggests strategies for the use of nanoparticles for
molecular and biomolecular recognition within chemically complex environments, and for design
of chemically stable nanoparticles for aqueous photocatalytic systems.
2.2

Introduction
This chapter describes the relationship between a controlled electrostatic charge density within

the organic adlayer of a colloidal PbS QD and the permeability of that adlayer to a negatively
charged small molecule, AQ, (Scheme 2.1A). We coat the PbS QDs with mixed monolayers of
neutral ligands (MHO) and ligands with a negatively charged tail group (MHA), Scheme 2.1B,
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and change the ratio of MHO to MHA within the monolayer to tune the Coulomb repulsion
between the outer surface of the ligand shell and the charged sulfonate substituent on AQ. These
nanoscale electrostatic interactions control the permeability of the ligand shell to AQ, and the
probability of photoinduced eT from the QD to AQ. The relationship between the yield of eT and
the number of charged ligands at the QD surface is well-described by an electrostatic double layer
model, which yields a value for the contribution of each added charge to the free energy for
permeation of AQ through the ligand shell of 154 J/mol.
Colloidal QDs, synthesized with wet chemical methods, form a class of highly versatile,
solution-processable nanoscale building blocks for bottom-up fabrication of hierarchical structures
with wide-spread potential applications, such as solid state electronics46-47, solar cells48-49,
photocatalysts4, 50 and biological tags23, 51-52. The performance of QDs in any of these applications
depends on controlling their interactions with small molecules and ions that, for example, quench
their PL through charge or energy transfer, corrode their surfaces through reactions with surface
ions or ligands, or induce aggregation of particles. One method for maximizing the interaction of
QDs with specified molecules and minimizing nonspecific interactions is to use the self-assembled
monolayer (SAM) that serves as the ligand shell for the QD as a semi-permeable membrane (much
like their analogues on planar surfaces53-54), and, ultimately, a molecular recognition layer.35, 40, 42,
55

An important technique to create selectively permeable membranes is to make them electrically

charged. The density and type of these charges control the electrostatic potential at the membranesolvent interface, and have been reported to gate the rate of interfacial reactions on a planar
electrode56-58 and control the efficiency of ion transport through a cylindrical nanopore59-60.
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We choose colloidal QDs as our experimental system because (i) the sensitivity of the
dynamics of the QD’s excited state (exciton) to proximate molecules allows us to use optical
spectroscopy to measure the degree of permeation of these molecules through the ligand shell, and
(ii) control of the redox activity of QDs and the chemical stability of QD surfaces in aqueous
environments using surface functionalization is a prerequisite to the development of a selective
molecular recognition, drug delivery, or photocatalytic systems based on QDs.
Measurement of the yield of photoinduced eT between the QD and AQ is a sensitive probe of
adlayer permeability. The yield of eT upon mixing, for example, 200 molar equivalents of AQ
with the QDs ranges from 10% at a charge density of 1.1 charges/nm2 to 98% at a charge density
of 0.29 charges/nm2 (see the Supporting Information, Table 2.8). The basis of this technique is
that eT between a QD and a small molecule acceptor does not occur on a timescale competitive
with other relaxation mechanisms of the QD unless the small molecule has permeated through the
ligand shell and is at (or very near) the inorganic surface of the particle. 14, 35, 39-40, 43, 61-63 The
probability of eT is therefore directly correlated with the probability of permeation. The use of
photoinduced interfacial eT, rather than cyclic voltammetry (which is commonly used to probe the
structure of monolayers on planar metal and metal nanoparticles64-65) for this measurement is
necessary because applied static potentials typically induce irreversible redox processes on QD
surfaces, whereas eT from the photoexcited state of the QD is reversible and nondestructive.
This work is a first step toward designing monolayers on photoactive, electroactive
semiconductor QDs for nanoscale molecular recognition based on electrostatic interactions.
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2.3

Results and Discussion

2.3.1 Synthesis of Water-Soluble PbS QDs.
Oleate-capped PbS QDs with a first excitonic peak at ~985 nm and radius of 1.6 nm66 were
synthesized using a procedure adapted from that of Hines and Scholes67, see the Supporting
Information. We prepared water-soluble PbS QDs capped with mixed monolayers of MHA and
MHO through ligand exchange using a method adapted from those of Hyun et al. 68 and Kalsin et
al.69 We added 400 equivalents of thiols per QD in total, with various MHO/MHA ratios, to a 5
mL sample of 40 µM oleate-capped PbS QDs dispersed in CHCl3, and shook the mixture
rigorously for 1 min until the QDs flocculated. We then added between 96 and 480 equivalents of
NaOH per QD (NaOH/MHA = 1.2:1) to the mixture to deprotonate the ‒ COOH groups (pKa ≈
4.870-71), and make the QDs negatively charged and water-soluble. The QDs precipitated out of
solution as we added NaOH, and transferred to the aqueous layer as we added 4 mL of water on
top of the chloroform and gently shook the mixture. We then centrifuged this mixture at 7000 rpm
for 10 min to facilitate the separation between aqueous and organic layers, which are sometimes
emulsified due to the presence of surfactants. The optically clear aqueous layer was separated and
washed with 10 mL chloroform to eliminate displaced oleate species, and this aqueous layer served
as a stock solution of MHA/MHO-capped PbS QDs. The range of pH for all QD samples (2.63
µM) we investigated was 9.6-10.3. 1H NMR spectra of the aqueous QD dispersions show that all
the oleate ligands that were initially bound to the QDs are displaced upon addition of 400
equivalents of thiols, see the Supporting Information, Figure 2.7B.
2.3.2 Quantification of MHA/MHO Mixed-Monolayer Ligand Shell.
We prepared water-soluble PbS QDs capped with mixed monolayers of MHO/MHA of six
different compositions using the procedures described above, and determined their concentrations
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Scheme 2.1. A) Structure of 9,10-anthraquinone-2-sulfonate (AQ), the electron acceptor. B)
Structures of the 6-mercaptohexanol (MHO) and 6-mercaptohexanoate (MHA) ligands that
solubilize the PbS QDs in aqueous solution. C) Frontier orbital energies (vs. vacuum) of the
PbS QD (R = 1.6 nm) and AQ. The LUMO of AQ was measured with cyclic voltammetry, and
the HOMO energy equals the LUMO energy minus the optical bandgap. eT from the
photoexcited QD to AQ has a driving force of -0.3 eV, while hole transfer and energy transfer
are energetically uphill.
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from the intensity of their ground-state absorption spectra at 400 nm.66 We then prepared a 13.2
µM sample of each type of QD in D2O and quantified the compositions of the ligand shells of the
QDs in each sample by 1H NMR spectroscopy, with 800 equivalents of sodium formate added as
the internal integration standard (sharp singlet at 8.33 ppm, 1H, see the Supporting Information,
Figure 2.7A). We set the acquisition time to 27 s and the relaxation time to be 90 s to allow for
complete collection of FID signal and sufficient relaxation of 1H nuclei between measurements,
performed 8 scans of each sample (except for samples 5 and 6, for which we took 32 scans in order
to improve the S/N ratio), and used a sum of 5 Lorentzian functions to fit the acquired spectra.
Figure 2.1 contains representative spectra of these samples in the region of interest; the full set
spectra are in the Supporting Information, Figures 2.9 and 2.10.
The NMR spectra of the MHO/MHA-capped QDs contain a broad peak centered at ~2.07 ppm
corresponding to the protons alpha to the – COO- in bound MHA18, 72 and a sharp triplet centered
at ~2.03 ppm corresponding to those protons on freely diffusing MHA. A weak singlet at ~2.08
ppm is assigned to an unknown impurity; the intensity of this peak does not scale with the
concentration of MHA, and we subtract this feature from the spectrum before integrating any
peaks. The total number of MHA (bound plus free) per QD in solution is calculated by integrating
the portion of the spectrum containing both peaks. In order to deconvolute the bound and free
MHA signals, we integrate the broad feature (the red fitting line in Figure 2.1) and sharp triplet
from 1.96 to 2.20 ppm separately against the sodium formate internal standard, and assign these
two numbers as the number of bound and free MHA per QD, respectively. Table 2.1 lists the
results of our quantitative NMR analysis for all six samples of MHA/MHO-capped PbS QDs with
different mixed monolayer compositions. We note that the total number of MHA ligands per PbS
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Figure 2.1. 1H NMR spectra of MHA molecules in D2O (top) and sample 1 (see Table 2.1) of
MHA-capped PbS QDs in D2O (bottom), showing signals from the highlighted methylene
group (red). The spectrum of the QDs is fit with a sum of five Lorentzian functions with
component peaks shown in different colors. The sharp triplet at ~2.03 ppm corresponds to free
MHA ligands, while the broad feature centered at ~2.07 ppm (the red fit line) corresponds to
MHA ligands bound to the surface of QD. The small singlet at ~2.08 ppm, marked by asterisk
(*), originates from an impurity in D2O solvent; its intensity does not scale with the absolute
concentration of MHA ligands in the sample.
QD, as measured by NMR, is in a few cases slightly (up to 9.6 %) larger than the total equivalents
of MHA we added, a discrepancy that can be accounted for by (i) the systematic error of our NMR
measurement (~+8%, see the calibration curve in the Supporting Information, Figure 2.16), and
(ii) incomplete phase transfer: up to 15% of oleate-capped QDs, either unreacted or only partially
exchanged by MHA, are not present in the final aqueous solution (see the Supporting Information,
Table 2.3), which increases the MHA:QD ratio.
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The number of MHO ligands bound per QD is more difficult to determine from their NMR
spectra, because the MHO molecules are in fast exchange with the QD surface, and therefore
present a single broad feature at ~3.5 ppm (see the Supporting Information, Figure 2.10). We
estimate the number of bound MHO ligands per QD by subtracting the number of bound MHA
ligands per QD (measured as described above) from 220, the total number of thiol binding sites
per QD, which we measured by titrating the oleate-capped QDs with hexanethiol and counting the
number of displaced oleates (see the Supporting Information, Figure 2.8). This method of ligand
counting is indirect, but only the number of bound MHA per QD (and not the number of bound
MHO per QD) determines the charge density at the QD surface, so the absolute number of MHO
per QD is not critical to the analysis that follows. There are no detectable oleate ligands bound to
the surfaces of the QDs after phase transfer, see the Supporting Information, Figure 2.7B.
Table 2.1. Compositions of the Mixed Organic Adlayers of MHA/MHO-Capped PbS QDs.
No. of
Eq. of
Eq. of MHA
Eq. Bound
Eq. Free
Eq. Bound
Samples
MHA/MHO (Bound+Free)
MHA
MHA
MHO
a,d
a,e
Added to
Measureda,b
Measured
Estimated
Measured, 𝑥
a,c
PbS QDs
1
400/0
0
438 ± 36
115 ± 9
323 ± 27
2
320/80
311 ± 26
100 ± 8
210 ± 17
80
3
280/120
286 ± 24
94 ± 8
192 ± 16
116 ± 8
4
240/160
263 ± 22
81 ± 7
182 ± 15
139 ± 7
5
160/240
170 ± 14
67 ± 6
104 ± 9
153 ± 6
6
80/320
86 ± 7
31 ± 3
55 ± 5
189 ± 3
a

The errors are propagated from systematic error in the NMR measurement using the calibration plot described in
the Supporting Information, Figure 2.16.
b
Calculated from the sum of the bound (~2.07 ppm, broad feature) and free (~2.03 ppm, sharp triplet) MHA signals.
c
Calculated from the broad feature centered at ~2.07 ppm.
d
Calculated from the triplet centered at ~2.03 ppm.
e
Estimated as (220-no. of bound MHA). If fewer than (220-no. of bound MHA) MHO ligands were added, eq. of
MHO bound = eq. of MHO added.
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2.3.3 Photoinduced eT from PbS QDs to Adsorbed AQs.
We added a series of equivalents of AQ (20 eq.-6000 eq.), which has one negative charge on
its sulfonate group (pKa ≈ -1.870) as shown in Scheme 2.1A, to 2.63 µM of PbS QDs, and allowed
all of the samples to sit in the dark for four hours to equilibrate, as indicated by a saturation in the
PL of the QDs, see the Supporting Information, Figure 2.12. The PL of the QDs decreased
monotonically with increasing equivalents of AQ added, Figure 2.3A. Based on the
electrochemical potentials of AQ and the measured conduction and valence band edges of PbS
QDs of this size, measured using photoemission spectroscopy73, Scheme 2.1C, eT from the
conduction band-edge (or LUMO) of the QD to the LUMO of AQ is the most likely mechanism
for quenching of the QDs’ PL. eT has a driving force of -0.3 eV, but both hole transfer and energy
transfer from the QD to AQ are energetically uphill and do not occur.
TA measurements on the QD/AQ mixtures confirm that the PL quenching upon addition of
AQ is due to photoinduced eT from the QD to AQ. We performed TA on the picosecond-tonanosecond timescale on two samples of QDs with different surface compositions, one with QDs
capped with 115 MHA/QD (sample 1) and one with QDs capped with 31 MHA/QD (sample 6),
each mixed with two different concentrations of AQ, as shown in Figures 2.2A and 2.2B. We also
performed the same measurements for these two QD samples with no added AQ. The setup for the
TA experiment and the protocols for fitting these data are detailed in the Supporting Information.
The inset of Figure 2.2A shows a representative TA spectrum of 115 MHA-capped PbS QDs, at
2 ps after excitation with a 850-nm pump pulse. The large negative feature is the ground-state
bleach, and we monitor its evolution in time to measure the dynamics of exciton decay in the
absence and presence of AQ. Figures 2.1A,B show these dynamics on the picosecond-to-
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Figure 2.2. A) Normalized kinetic traces extracted at the ground-state bleach (1014 nm, inset)
from the TA spectrum of a 6.58 µM sample of 115 MHA-capped PbS QDs mixed with 0 eq.
(black), 2000 eq. (red) and 4000 eq. (blue) of AQ. B) Normalized kinetic traces extracted (at
1039 nm) from the TA spectrum of a 6.58 µM sample of 31 MHA-capped PbS QDs mixed with
0 eq. (black), 100 eq. (red) and 200 eq. (blue) of AQ. The solid lines in A and B are multiexponential fits of the traces with parameters summarized in Table 2.5A in the Supporting
Information.
nanosecond timescale for the QDs with different surface compositions (the corresponding PL
spectra of these samples are in the Supporting Information, Figure 2.14). Addition of AQ to the
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QDs induces additional decay pathways on the 100-ps timescale (see the Supporting Information,
Table 2.5A), and this new decay gets faster (and results in a larger bleach recovery) as the number
of equivalents of AQ increases. These observations are consistent with the PL quenching data
(Figure 2.3A), and are characteristic of depopulation of the excited state by eT from the exciton
of the QD to the LUMO of statically adsorbed AQ, as we and others have seen for many QD ‒
molecule combinations.35-36, 40, 61, 74-77 As we and others have reported, the observed rate constant
for eT scales linearly with the number of adsorbed molecular acceptors35-36, 61, 77-78. In this work,
the intrinsic eT rate within each QD-AQ pair was calculated to be (2.4 ± 0.2) × 109 s-1 from fitting
a plot of the observed eT rate vs. the number of bound AQs, 𝜆, with a line (see the Supporting
Information, Figure 2.15).
2.3.4 The Yield of Photoinduced eT as a Probe of the Permeability of the Charged Organic
Adlayer to AQ.
Figure 2.3B contains plots of the ratio 𝑃𝐿/𝑃𝐿0 – the fraction of emissive QDs in a sample that
remain emissive after addition of AQ – vs. the concentration of free AQ in the sample, for QDs
with the six surface compositions that we studied with NMR. For a given concentration of added
AQ, 𝑃𝐿/𝑃𝐿0 increases with increasing coverage of the charged MHA ligand; therefore, the yield
of eT to the charged AQ molecule (which is inversely proportional to 𝑃𝐿/𝑃𝐿0 ) decreases with
increasing negative charge density on the QD surface. This conclusion is supported by the data in
Figures 2.2A,B, which show that exciton decay is accelerated much more dramatically in the QDs
with fewer surface charges, despite the fact that more highly charged QDs were mixed with a
factor of 20 more AQ than the less-charged QDs. This decrease in not due to a change in the
energetics of the cT reaction (changing the density of charges that are more than 1 nm from the
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Figure 2.3. A) PL spectra of sample 1 (see Table 2.1), 2.63 µM PbS QDs each capped by 115
MHA ligands, mixed with increasing equivalents of AQ. The decreasing intensity of PL
indicates a growing eT yield as we increase the number of electron acceptors adsorbed per QD.
B) Plot of 𝑃𝐿/𝑃𝐿0 , the fraction of originally emissive QDs (2.63 µM, pH = 9.6-10.3) that
remain emissive after addition of AQ, vs. concentration of free AQ in solution, fit using eq 2.4.
The lower the surface coverage of the negatively charged MHA ligand on the QDs, the more
efficiently AQ quenches the PL of the QDs. The PL quenching for the sample of the QDs
capped with 115 MHA ligands (shown in open symbols) has a contribution from collisional eT
between freely diffusing species, in addition to the quenching within static QD ‒ AQ
complexes, see the Supporting Information, Table 2.6.
QD surface has a negligible effect on the energy of the photoexcited electron79), but rather reflects
a decrease in the average number of AQ molecules adsorbed to each QD surface, i.e., the number
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of donor ‒ acceptor complexes formed. The probability of forming a QD ‒ AQ donor ‒ acceptor
complex is related to the permeability of the MHA/MHO ligand shell to AQ.
In order to use these PL quenching data to define the relationship between the surface charge
density of the QD and its permeability to the charged AQ electron acceptor, we need a model for
the probability of binding of AQ to the QD surface as a function of this charge density. Assuming
that the binding of each AQ occurs with a probability that is independent of previous binding
events, the probability of finding a QD with 𝑛 AQs absorbed to its surface can be described by a
Poisson distribution, eq 2.135-36, 62, 80-81, where 𝜆 is the mean number of AQs bound per QD in the
𝜆𝑛 −𝜆
𝑝(𝑛, 𝜆) = 𝑒
𝑛!

(2.1)

ensemble. We then assume that adsorption of an AQ to a QD quantitatively quenches the PL of
that QD, because the timescale of eT, measured by TA (100-600 ps), is a factor of 4-16 × 103 faster
than the exciton lifetime of the QD. With this assumption, 𝑃𝐿/𝑃𝐿0 , the fraction of QDs that
remain emissive after addition of AQ, equals the probability of finding a QD with zero adsorbed
AQ molecules: 𝑃𝐿/𝑃𝐿0 = 𝑝(𝑛 = 0).
We combine this definition of 𝑃𝐿/𝑃𝐿0 (a measureable quantity) with eq 2.1 to yield eq 2.2,
𝜆 = −ln(

𝑃𝐿
)
𝑃𝐿0

(2.2)

an expression for 𝜆. 𝜆 can also be described by the Langmuir isotherm, eq 2.3a, where 𝐾𝑎 is the

𝜆 = 𝜆𝑚𝑎𝑥 ×

𝐾𝑎 [𝐴𝑄]𝑓𝑟𝑒𝑒
1 + 𝐾𝑎 [𝐴𝑄]𝑓𝑟𝑒𝑒

(2.3a)
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equilibrium adsorption constant for the PbS QD ‒ AQ complex at 298 K, and the concentration of
free AQ in aqueous solution is determined by subtracting the number of bound AQ from the
number of added AQ, eq 2.3b.
[𝐴𝑄]𝑓𝑟𝑒𝑒 = [𝐴𝑄]𝑎𝑑𝑑𝑒𝑑 − 𝜆[𝑄𝐷]

(2.3b)

We combine eqs 2.2 and 2.3 to yield eq 2.4, which relates 𝑃𝐿/𝑃𝐿0 to [𝐴𝑄]𝑓𝑟𝑒𝑒 , and use this
𝐾 [𝐴𝑄]

𝑎
𝑓𝑟𝑒𝑒
−𝜆𝑚𝑎𝑥 ×
𝑃𝐿
1+𝐾𝑎 [𝐴𝑄]𝑓𝑟𝑒𝑒
=𝑒
𝑃𝐿0

(2.4)

equation to globally fit the data in Figure 2.3B with a shared value of 𝜆𝑚𝑎𝑥 (the maximum number
of AQ binding sites per QD) for all six datasets. We shared 𝜆𝑚𝑎𝑥 across all of the samples in order
to further constrain our fit, and minimize co-dependence between 𝜆𝑚𝑎𝑥 and 𝐾𝑎 . This constraint is
physically reasonable because, with the presence of excess thiolate (MHA and MHO) ligands in
solution, all samples of PbS QDs should have the same total number of bound ligands (~220,
except for sample 1), and it is this ligand density that determines the number of available binding
sites for AQ. Table 2.2 lists the values of the parameters extracted from these fits. We find that
𝜆𝑚𝑎𝑥 = 4.7 per QD, which agrees with a previously reported study of the binding of
aminoferrocene to PbS QDs of similar size.40 As we decrease the average number of bound MHA
from 115 per QD to 31 per QD, the apparent 𝐾𝑎 for the PbS ‒ AQ system increases from 2.2 × 101
M-1 to 3.2 × 103 M-1. For convenience, we apply eqs 2.5a and 2.5b82 to translate 𝐾𝑎 first into a
𝐾∘ =

𝛼[𝑃𝑏𝑆 𝑄𝐷−𝐴𝑄]
𝛾[𝑃𝑏𝑆 𝑄𝐷−𝐴𝑄]
𝐶[𝑃𝑏𝑆 𝑄𝐷−𝐴𝑄]
=
×
× 𝐶°
𝛼[𝑃𝑏𝑆 𝑄𝐷] × 𝑎[𝐴𝑄] 𝛾[𝑃𝑏𝑆 𝑄𝐷] × 𝛾[𝐴𝑄] 𝐶[𝑃𝑏𝑆 𝑄𝐷] × 𝐶[𝐴𝑄]

(2.5a)

≈ 𝐾𝑎 × 𝐶 °
∆𝐺𝑜𝑏𝑠 = −𝑅𝑇𝑙𝑛𝐾 ∘

(2.5b)
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dimensionless equilibrium constant, 𝐾 ° , and then into the total Gibbs free energy change for the
QD ‒ AQ adsorption reaction, ∆𝐺𝑜𝑏𝑠 , and list these values in Table 2.2. In eqs 2.5a and 2.5b,
𝛼, 𝑟, 𝐶 are the activity, activity coefficient, and concentration, respectively, of the species indicated
in the bracket; 𝐶 ° is the standard concentration (1 M) of solution that we apply to cancel out the
units of concentration when converting concentration to activity; 𝑅 is the ideal gas constant (8.314
J/(mol∙K)); and 𝑇 = 298 K.
Table 2.2. Maximum Surface Coverage, 𝝀𝒎𝒂𝒙 , Equilibrium Constants, 𝑲𝒂 , and
Corresponding Gibbs Free energy change, ∆𝑮𝒐𝒃𝒔 , for Adsorption of PbS QD ‒ AQ
Complexes with Different QD Surface Compositions.
No. of Samples
No. of (-)
Number of AQ
𝐾𝑎 b for QD/AQ
∆𝐺𝑜𝑏𝑠 c for
Charges per
Binding Sites
Complex
Formation of
per QD
QD, 𝑥a
(M-1)
QD/AQ Complex
( 𝜆𝑚𝑎𝑥 )b
(kJ/mol)
1
115 ± 9
4.7 ± 0.4
(2.2 ± 0.2) ×101
-7.7 ± 0.3
4.7 ± 0.4
2
100 ± 8
(3.0 ± 0.3) ×101
-8.4 ± 0.3
4.7 ± 0.4
3
94 ± 8
(4.5 ± 0.5) ×101
-9.5 ± 0.3
1
4.7 ± 0.4
4
81 ± 7
(7.3 ± 0.8) ×10
-10.6 ± 0.3
4.7 ± 0.4
5
67 ± 6
(3.5 ± 0.4) ×102
-14.5 ± 0.3
3
4.7
±
0.4
6
31 ± 3
(3.2 ± 0.4) ×10
-20.0 ± 0.3
a

Equal to the average number of bound MHA ligands per QD listed in Table 2.1.
Extracted from a global fit of the data in Figure 2.3B with eq 2.4, where 𝜆𝑚𝑎𝑥 is shared among all six datasets. The
error bars are fitting errors.
c
Errors are propagated from the errors in 𝐾𝑎 using the method described in the Supporting Information.
b

2.3.5 An Electrostatic Double Layer Model for the Influence of Interfacial Charge Density on
∆𝐺𝑜𝑏𝑠 .
Finally, we develop a model to predict the observed free energy of adsorption for the QD ‒
AQ complex, which includes permeation of the charged ligand shell and adsorption of AQ to the
QD surface, from the number of charged ligands on the QD surface. We first approximate that the
negative charges at the MHA/solvent interface surrounding a QD create a spherically symmetric
electric field that results in a concentration of counterions (here, Na+, H+) that is larger than their
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concentration in bulk solution, and a concentration of co-ions (AQ, OH- and free MHA) that is
smaller than their concentration in bulk solution. The concentration of AQ is therefore not uniform
as it would be in an ideal solution and is instead better described by an electrostatic double layer
model83 using the Boltzmann distribution, eq 2.6. In eq 2.6, 𝑛(𝑟) is the concentration of AQ
𝑛(𝑟) = 𝑛(∞)exp(

−𝑁𝐴 𝑒𝜑(𝑟)
)
𝑅𝑇

(2.6)

located at a distance 𝑟 from the center of QD; 𝑛(∞) is the concentration of AQ in the bulk solution
(infinitely far away from the charged ‒ COO- groups on the surface of QD); 𝑁𝐴 is Avogadro’s
number (6.022 × 1023/mol); 𝑒 is the elementary charge (1.6 × 10-19 C); and 𝜑(𝑟) is the electrostatic
potential at distance 𝑟 from the center of QD. The concentration of AQ decays with decreasing
distance from the QD core due to increasing Coulomb repulsion (i.e., increasing 𝜑(𝑟)). Equation
2.6 can be rationalized further by the concept of electrochemical equilibrium, which is explained
in detail in the Supporting Information, eqs 2.15-2.19. We then define the Gibbs free energy change
upon translation of an AQ from bulk solution to the surface of a QD (located at 𝑟𝑐𝑜𝑟𝑒 = the radius
of the QD core, 1.6 nm), ∆𝐺𝑡𝑟𝑎𝑛𝑠 , using eq 2.7.
𝑛(𝑟𝑐𝑜𝑟𝑒 )
∆𝐺𝑡𝑟𝑎𝑛𝑠 = −𝑅𝑇𝑙𝑛 (
) = 𝑁𝐴 𝑒𝜑(𝑟𝑐𝑜𝑟𝑒 )
𝑛(∞)

(2.7)

If, for simplicity, we assume that the presence of charged ligands only affects the translation
of AQ to the QD surface and does not influence the binding affinity between QD and AQ once it
reaches the QD surface, then the observed free energy change, ∆𝐺𝑜𝑏𝑠 , listed in Table 2.2, is a sum
of ∆𝐺𝑡𝑟𝑎𝑛𝑠 (eq 2.7), which varies with surface charge density of the QD, and ∆𝐺𝑎𝑑𝑠 , the free energy
change upon adsorption of an AQ to a neutral QD, which does not vary with surface charge density
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of the QD. This simplification is useful because it allows us to assign the same value of ∆𝐺𝑎𝑑𝑠 to
all six samples with different surface compositions, and to define ∆𝐺𝑜𝑏𝑠 with eq 2.8. In this model,
∆𝐺𝑜𝑏𝑠 = ∆𝐺𝑎𝑑𝑠 + ∆𝐺𝑡𝑟𝑎𝑛𝑠 = ∆𝐺𝑎𝑑𝑠 + 𝑁𝐴 𝑒𝜑(𝑟𝑐𝑜𝑟𝑒 )

(2.8)

the increasingly negative values of ∆𝐺𝑜𝑏𝑠 with decreasing surface charge are caused by decreasing
𝜑(𝑟𝑐𝑜𝑟𝑒 ).
We then define the relationship between 𝜑(𝑟𝑐𝑜𝑟𝑒 ) in eq 2.8 and the average number of bound
MHA per QD, 𝑥, quantified with 1H NMR. Here we note the fact that, for MHA, the pKa of the ‒
COOH tail group may increase at high coverages of MHA due to the increased energetic cost of
subtracting a proton in a region of high local density of negative charges.71 The presence of Na+,
however, partially offsets these repulsive interactions, and the pH of the QD dispersions that we
investigated, 9.6-10.3, will provide the basic condition necessary to deprotonate the majority, if
not all, of these protons. We therefore make the approximation that all ‒ COOH groups on the QD
surface are deprotonated at pH ≈ 10, and that each MHA ligand contributes one negative charge
to the QD ligand shell.
Calculation of 𝜑(𝑟𝑐𝑜𝑟𝑒 ) requires a solution of Poisson ‒ Boltzmann equation84 that includes a
difficult measurement or computation of the distribution of counterions as an input parameter.
Instead of searching for an exact solution for 𝜑(𝑟𝑐𝑜𝑟𝑒 ), we approximate that addition of each MHA
ligand increases 𝜑(𝑟𝑐𝑜𝑟𝑒 ) by 𝜑0 , eq 2.9. In eq 2.9, 𝜀𝑟 is the relative permittivity of the medium, 𝜀0
𝜑0 = 𝐴 ×

𝑒
4𝜋𝜀𝑟 𝜀0 𝑟𝑐𝑜𝑟𝑒

(2.9)

is the vacuum permittivity, and A is a shared empirical prefactor (0 < 𝐴 < 1) we use to account for
the screening effects from counterions in solution. In using this model, we assume that the electric
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field close to a QD surface with 𝑥 MHA ligands can be approximated as a spherically symmetric
field that generates a potential defined by eq 2.10. Combining eqs 2.8 and 2.10, we obtain an
𝜑(𝑟𝑐𝑜𝑟𝑒 ) = 𝑥 × 𝜑0 = 𝐴 ×

𝑥𝑒
4𝜋𝜀𝑟 𝜀0 𝑟𝑐𝑜𝑟𝑒

(2.10)

expression for ∆𝐺𝑜𝑏𝑠 , eq 2.11. Figure 2.4 shows a plot of ∆𝐺𝑜𝑏𝑠 (listed in Table 2.2) vs. the mean
∆𝐺𝑜𝑏𝑠 = ∆𝐺𝑎𝑑𝑠 + 𝑁𝐴 𝑒 × 𝐴 ×

𝑥𝑒
= ∆𝐺𝑎𝑑𝑠 + 𝑚𝑥
4𝜋𝜀𝑟 𝜀0 𝑟𝑐𝑜𝑟𝑒

(2.11)

number of MHA ligands bound per QD (listed in Table 2.1). We fit these data with eq 2.11, and
the good fit (R2 = 0.95) implies that ∆𝐺𝑜𝑏𝑠 is well-described by the proposed electrostatic double
layer model. By introducing each additional MHA to the ligand shell, we make the driving force
for translation, ∆𝐺𝑡𝑟𝑎𝑛𝑠 , more positive (more unfavorable) and make ∆𝐺𝑜𝑏𝑠 less negative by ~154
J/mol. Fit of the data yields a value for ∆𝐺𝑎𝑑𝑠 , the adsorption constant for the neutral QD ‒ AQ
complex, of ~-24.2 kJ/mol, which translates into an adsorption equilibrium constant, 𝐾𝑎 , of 1.7 ×
104 M-1. This number agrees with the previously reported values for QD ‒ molecule complexes in
the weak binding regime36, 38, 40, 85-88.
2.4

Conclusion
We fabricated a series of water-soluble PbS QDs capped by mixed monolayers of charged

mercaptohexanoate and neutral mercaptohexanol, with a controllable interfacial charge density,
and quantified the permeability of these monolayers to a charged small-molecule, a sulfonatefunctionalized anthraquinone, using photoinduced eT between the QD and the anthraquinone as a
probe of their interaction. NMR spectroscopy enabled quantification of charge density on the QD
surface, and steady-state PL spectroscopy and ultrafast TA spectroscopy enabled measurement of
the rate and yield of photoinduced eT. A thermodynamic electrostatic double layer model
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Figure 2.4. Plot of observable Gibbs free energy change, ∆𝐺𝑜𝑏𝑠 (listed in Table 2.2), as a
function of the average number of bound MHA per PbS QD (listed in Table 2.1). The red line
is a fit of these data using eq 2.11. The y-intercept, -24.2 kJ/mol, equals ∆𝐺𝑎𝑑𝑠 .
satisfactorily described the influence of the local electric field generated by these charged ligands
on the free energy for transfer of the charged anthraquinone to the surface of the QD, and thereby
mapped the charge density at the QD/solvent interface to the redox activity of the QD. This model
yielded a value for the change in driving force for the formation of the QD ‒ molecule complex
upon introduction of each additional charged ligand into the ligand shell (154 J/mol), and the value
for the adsorption constant of the QD ‒ molecule complex in the absence of electrostatic
interactions (-24.2 kJ/mol).
Our simple electrostatic double layer model fits the data and yields quantitative information
about electrostatic interactions on the nanoscale that are difficult to determine using other methods,
but it has some limitations, namely (i) the treatment of excess counterions (Na+) as a constant
screening background, which is inaccurate in the low-concentration limit according to the
theoretical predictions by Szleifer and coworkers34; and (ii) the approximation that the charged
ligands are evenly distributed on the surface of the QD and create a uniform, spherically symmetric
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electrostatic field. At low coverages of MHA ligands, the van der Waals interactions among the
alkyl chains may compete with electrostatic repulsions and cause ligands to form bundles.47, 54-55
Additionally, the model predicts a single, presumably average, adsorption constant for the QD ‒
AQ system, whereas there are several possible binding geometries (for example, through the
sulfonate group, through the oxygen lone pair, or through the pi system of AQ). We believe that
the photoinduced eT yield, as measured by the PL of the samples in the presence of AQ, is a
sensitive enough probe of these interactions to warrant a model that treats both the QD surface and
the ionic species in solution with molecular-level detail.
This work bridges the classic models of colloidal chemistry46 with the observable electronic
processes of QDs, and provides us with an insight into the versatility of surface chemistry in
controlling the optical properties of QDs exposed to various potential adsorbates. Our results once
again12, 14-15, 23, 53, 56 demonstrate the sensitivity of photoinduced cT as a probe of not only the local
chemical environment of a colloid, but also the intermolecular structure of its surfactant layer,
which is difficult to characterize using traditional analytical tools. By embedding electrostatic
interactions within QD ‒ molecule assemblies, we could construct a highly selective
recognition/reaction platform for ionic species based on their charges, and the use of water as the
medium for this system makes these results an exciting step towards potential applications of
water-soluble QDs in biological imaging, environmental sensing and photocatalysis.
2.5

Supporting Information

2.5.1 Synthetic Procedures for Oleate-Capped PbS QDs.
We synthesized 1.6-nm oleate-capped PbS QDs using a procedure adapted from that of Hines
and Scholes.67 We mixed 0.36 g PbO and 2.0 mL oleic acid with 18.0 mL 1-octadecene in a 50-
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mL three-neck round bottom flask at room temperature. Heating the mixture up to 150 °C with
constant stirring under N2 flow for an hour produced a clear and colorless solution. We cooled the
mixture to 110 °C, and injected 0.17 mL of hexamethyldisilathiane dissolved in 8 mL of 1octadecene. The solution turned from orange to brown within 3 seconds. After 10 minutes, we
used an ice bath to cool the reaction mixture to room temperature. The product was separated into
four 50-mL centrifuge tubes for further purification, as is described in section 2.3.1.
2.5.2 Sizing of PbS QDs via UV-Vis Ground-State Absorption and Transmission Electron
Microscopy.
All ground-state absorption spectra of solutions of oleate-capped PbS QDs were obtained on a
Varian Cary 5000 spectrometer using a 2 mm/10 mm dual pathlength quartz cuvette (in which we
excite along the 10-mm axis). We corrected the baselines of all spectra with hexanes prior to
measurement, and determined the size of the synthesized PbS QDs (and their respective extinction
coefficient) from the position of the first excitonic peak (~985 nm) using the calibration curve
published by Moreels et al.66 All concentrations of QDs were calculated from the absorbance of
QDs at 400 nm (Figure 2.5A). In order to verify the accuracy of this technique, we performed
transmission electron microscopy experiments using a JEOL JEM-2100F FAST TEM. We
prepared TEM samples by drop-casting a ~12 µM solution of PbS QDs in hexanes onto a Carbon
Type B film (Ted Pella, Inc), and Figure 2.5B shows a representative TEM image of these QDs.
We analyzed 101 PbS QDs using the ImageJ software package, and determined that the
average diameter of these particles is 3.6 ± 0.4 nm, Figure 2.5C. The 1.6-nm radius for oleatecapped QDs that we predicted from UV-vis spectroscopy is within the error of our TEM
measurement.
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Figure 2.5. A) UV-vis ground-state absorption spectrum (300 nm-1300 nm) of 4.5 µM oleatecapped PbS QDs (1.6-nm radius) in hexanes. Inset: the same spectrum zoomed in at the first
excitonic peak (985 nm). The absorbance used for concentration calibration is highlighted. B)
Representative transmission electron micrograph (TEM) image of oleate-capped PbS QDs. C)
Histogram of nanocrystal diameter constructed from 101 QD diameter measurements in
ImageJ. The average and standard deviation of the radius of these particles are 1.8 and 0.2 nm,
respectively.
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2.5.3 Cyclic Voltammetric and Ground-State Absorption Study of AQ.
In order to determine the redox potential of AQ, we first performed cyclic voltammetry
experiments using a three-electrode cell with a 3-mm radius glassy carbon electrode as the working
electrode, saturated Ag/AgCl as the reference electrode, and platinum wire as the counter
electrode. Measurements were taken with Princeton applied research potentiostats using 0.5 mM
deaerated solutions of AQ, with 0.25 M NaNO3 added as the supporting electrolyte. The pH of the
solution is adjusted to 10.0 using NaOH to mimic the actual condition for PL quenching
experiments (pH = 9.6-10.3).
Cyclic voltammogram in Figure 2.6A shows quasi-reversible reduction of AQ under various
scanning rates (0.05 V/s, 0.1 V/s, 0.25 V/s and 0.5 V/s). The observed reduction potential is -0.59
V vs. Ag/AgCl reference electrode, which, after conversion using eq 2.1289, corresponds to ~-4.1
𝐸(𝑣𝑠. 𝑣𝑎𝑐𝑢𝑢𝑚) = −𝐸(𝑣𝑠. 𝑁𝐻𝐸) − 4.43 𝑒𝑉
(2.12)
= −[𝐸(𝑣𝑠. 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.199 𝑒𝑉] − 4.43 𝑒𝑉
eV for the LUMO energy of AQ relative to vacuum.
UV-vis ground state absorption spectrum of AQ (collected at a concentration of 260 µM),
Figure 2.6B, shows that the optical transition with the minimal energy is centered at ~330 nm,
which translates into a 3.8 eV excitation energy between the HOMO and the LUMO. Therefore,
we subtract this energy from the LUMO energy that we measured using cyclic voltammetry and
determine that the HOMO energy of AQ is ~-7.9 eV, see Scheme 1C.
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Figure 2.6. A) Cyclic voltammogram for AQ under multiple scanning rates. B) UV-vis groundstate absorption spectrum of AQ (260 µM).
2.5.4 Calculation of the Percentage of Lost PbS QDs during Ligand Exchange.
We used UV-vis spectrophotometer to determine the concentration of PbS QDs by the
amplitude of their ground-state absorbance at 400 nm.66 Then we compared the total amount of
PbS QDs present in solution before and after ligand exchange, and calculated the percentage of
PbS QDs lost, as listed in Table 2.3, to be between 14.4% and 0.0% for samples 1-6.
Table 2.3. Percentage of PbS QDs Lost during the Ligand Exchange for Sample 1-6.
No. of Samples
Eq. of MHA/MHO Added
Percentage of PbS QDs Lost
1
400/0
9.4
2
320/80
14.4
3
280/120
13.4
4
240/160
8.4
5
160/240
9.3
6
80/320
0.0
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2.5.5 NMR Spectra of MHA/MHO-Capped PbS QDs.

Figure 2.7. A) Full 1H NMR spectra for Samples 1-6 in D2O. The sharp singlets at 8.33 ppm,
7.53 ppm, and 4.65 ppm correspond to sodium formate (added as an internal standard for
integration, see next section), chloroform residue, and H2O impurity, respectively. B) 1H NMR
spectra for 13.2 µM MHA- and oleate-capped PbS QDs.
Figure 2.7A shows the full spectra of MHA/MHO-capped water-soluble PbS QDs (13.2 µM),
with six different compositions in their ligand shells. Figure 2.7B compares the representative
NMR spectrum of water-soluble QDs (after exchange) with oleate-capped QDs (before ligand
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exchange). For QDs that are dispersed in aqueous solution, the absence of signal from bound oleate
(broad feature centered at 5.69 ppm) indicates that all the native oleate ligands are completely
displaced upon adding 400 eq. of thiols.
2.5.6 Quantification of MHA and MHO within the Mixed Monolayer Ligand Shell of WaterSoluble PbS QDs.
Figure 2.8 shows the signals from vinyl protons of bound oleate (5.69 ppm, broad) and free
oleate species (5.50 ppm, sharp multiplet) in the 1H NMR spectrum of oleate-coated QDs treated
with different concentrations of hexanethiol (HT). As the amount of added HT increases, the signal
from the vinyl protons of bound oleate decreases, and the signal from the vinyl protons for freelydiffusing oleate species increases. The sum of the integrated signals corresponding to bound and
free populations of oleate species (measured relative to an internal biphenyl standard with a signal
at 7.45 ppm) is between 200 and 230 ligands per QD at all points in the titration, see Table 2.4
(the errors arise from the discrepancy between integrating the whole peak vs. 2 × integrating half
the peak). We therefore estimate the maximum number of bound oleate per PbS QD (which equals
the total number of oleate per QD minus the number of free oleate with zero HT added) to be 190220. This number is used to approximate the number of bound MHO per QD, as we described in
Table 2.4. The Number of Bound and Free Oleate per QD and the Total Number of Binding
Sites on the Surface of PbS QDs.
Eq. of HT Added
No. of Free
No. of Bound
Total No. of
Total No. of
to PbS QDs
Oleate/QDa
Oleate/QDa
Oleate/QDb
Binding Sitesc
0 HT
10
200-220
210-230
200-220
200 HT
140
80
220
210
400 HT
160
40
200
190
800 HT
180-200
20
200-220
190-210
a

Calculated by integrating the signals of oleate vinyl protons in 1H NMR spectra as described in the text.
Estimated as the sum of the number of free and bound oleate per QD.
c
Calculated by subtracting the number of free oleate (with no HT added) from the total number of oleate per QD
estimated from b.
b
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Figure 2.8. Titration of oleate-capped PbS QDs (R = 1.6 nm) with 0, 200, 400, and 800
equivalents of hexanethiol (HT) per QD. The broad feature at 5.69 ppm, corresponding to the
vinyl protons of bound oleate, decreases in intensity, and the sharp multiplet at ~5.50 ppm,
corresponding to the vinyl protons of displaced oleate species, increases in intensity as more
HT is added to the QDs. The number of displaced oleate saturates at 180-200. Approximately
20 tightly bound oleate ligands remain bound to the QD, even upon addition of 800 eq of HT.
Table 2.1.
We acquired 1H NMR spectra for all the six water-soluble PbS QD samples (13.2 µM) after
ligand exchange and concentration calibration, as we described in the previous section, and used
a sum of five Lorentzian functions to fit and quantify the bound (one broad peak centered at ~2.07
ppm) and free (sharp triplet centered at ~2.03 ppm) MHA species as well as the singlet impurity
located at ~2.08 ppm. The respective 1H NMR spectra for Sample 1-6 (zoomed in at 1.96-2.20
ppm) are shown in Figure 2.9. The same spectra zoomed in at 3.30-3.70 ppm, the chemical shift
of methylene protons alpha to the hydroxyl group in MHO, are also shown in Figure 2.10. We
only observe a broad feature of MHO for all QD samples, with no clear distinction between bound
and free populations, which suggests that either all the MHO ligands are bound to the surface of
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QD, or there’s a fast exchange between bound and free populations of MHO.90 The poor resolution
of spectra also made it difficult to integrate these peaks accurately.

Figure 2.9. 1H NMR spectra (zoomed in at 1.96-2.20 ppm) for Sample A) 1, B) 2, C) 3, D) 4,
E) 5 and F) 6 fit by a sum of five Lorentzian functions.

Figure 2.10. 1H NMR spectra (zoomed in at 3.30-3.70 ppm) for Sample A) 1, B) 2, C) 3, D)
4, E) 5 and F) 6. The sharp singlet at 3.35 ppm originates from an unknown impurity in MHA
ligands.
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We therefore chose to approximate the upper limit of the number of bound MHO per QD
using the technique described in section 2.3.2.
2.5.7 The Stability of AQ in the Presence of Water-Soluble PbS QDs.
We prepared four samples of 2.63 µM MHA-capped PbS QDs with 6000 equivalents of
AQ/QD added. All the samples were stored under the same protection of N2 with different
treatments of light described in Figure 2.10. 1H-NMR spectra show that: (i) there’s no spontaneous
reaction between MHA-capped PbS QDs and AQ in the dark, (ii) when exposed to light, PbS QDs
and AQ undergo a photochemical redox reaction and create a long-lived paramagnetic AQ radical
anion91, which could be inferred from the broadened peaks in NMR spectra, (iii) The broad features
of AQ radical anion resharpen when the sample which we expose to light beforehand is put back
in the dark overnight, which may indicate a charge-recombination process between AQ radical

Figure 2.11. 1H NMR spectra of AQ (red), AQ added to PbS QDs and kept in the dark for 4 h
(blue), AQ added to PbS QDs and kept in light for 4 h (green), and AQ added to PbS QDs,
exposed to light for 4 h, and then kept in the dark overnight (violet).
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anions and oxidized QDs, and (iv) we observed no new peaks in NMR spectra for any of these
samples. We conclude that there’s no spontaneous reaction between AQ and water-soluble PbS
QDs without light, and we therefore chose to store all the samples in the dark for four hours to
equilibrate before taking PL measurements in order to eliminate photochemical reactions that can
be driven by room light.
2.5.8 Time-Dependent PL study on PbS QDs ‒ AQ Mixture.
We performed a time-dependent PL study on a separately prepared sample, using the same
setup described in last section (2.63 µM MHA-capped PbS QDs with 6000 equivalents of AQ/QD
added). We took 17 measurements consecutively with a 30-min interval, and our result shows that
the integrated PL intensity saturates in four hours after we add AQ to the QD sample, which
indicates that the adsorption of AQ on the surface of QD has reached equilibrium.

Figure 2.12. Time-dependent PL study for 2.63 µM MHA-capped PbS with 6000 eq. of
AQ/QD added as molecular quenchers.
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2.5.9 TA Spectra as a Proof for eT and Extraction of Globally-Shared Intrinsic eT Rate for
Each eT-active PbS QD ‒ AQ Pair.
Ultrafast TA Spectroscopy. We split the 2.5-mJ output of a commercial amplified Ti-sapphire
laser (Solstice, 1 kHz, 100 fs, Spectra Physics), and guided 95% to an optical parametric amplifier
(TOPAS-C, Light Conversion) used to produce the pump wavelength (850 nm) for sample
excitation, and 5% to a commercial TA spectrometer (HELIOS, Ultrafast Systems) for use as the
probe for TA experiments with pump-probe delay times up to 3200 ps. Within the spectrometer, a
single filament broadband continuum of probe wavelengths from 900-1400 nm was generated in
a 1.2-cm thick sapphire plate and then passed through a long-wave pass filter to isolate nearinfrared wavelengths above 850 nm. The probe light was then split into sample and reference
beams. We combined the sample beam with the pump light at the sample, which was contained in
a 2-mm quartz cuvette. The pump spot size was expanded to at least twice the size of the probe
spot to compensate for any imperfections in translation stage alignment. The transmitted probe
signal was collected into an optical fiber and dispersed onto an array detector. Dividing the signal
from the sample beam by the signal from the reference beam allowed us to divide out any
fluctuations in the probe beam intensity during the experiment. The output differential absorption
spectrum (A) was obtained through active background subtraction of the ground-state spectrum
by chopping the pump at 500 Hz. The pump light was depolarized to prevent unintentional
photoselection so that measurements reflect only population dynamics, and we adjusted the power
to 100 µW to ensure an expectation value (<N>) of ~0.2 in the first excitonic state of the QDs and
avoid any multi-exciton effects. The solution was stirred with a magnetic stir bar to minimize local
heating.
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Microsecond TA Spectroscopy. We used a commercial spectrometer (EOS, Ultrafast Systems)
to collect TA spectra for pump-probe delay times from 0.5 ns-25 μs. The excitation beam was
generated by the same method and followed the same beam path as the excitation used for the
picosecond TA experiment described above. The proprietary EOS light source generates a supercontinuum (400-1700 nm) probe pulse by focusing a diode laser into a photonic crystal fiber. The
repetition rate of the probe pulse is 2 kHz, which is twice the repetition rate of the pump pulse, and
it is triggered in sync with the pump pulse. The pump-probe delay is electronically generated and
measured by an electronic timer-counter-analyzer (Pendulum). After the probe pulse passes
through an 850-nm long pass filter, it is split by a beam-splitter into sample and reference beams.
The sample beam was sent onto the sample, which was contained in a 2-mm quartz cuvette, and
focused to a spot size of ~200 μm. The reference and sample beams are then collected in optical
fibers and dispersed onto array detectors. In order to achieve reasonable signal to noise, the
incident power of pump light was adjusted to be 2 mW. The solution was stirred with a magnetic
stir bar to minimize local heating.
We performed TA experiments, as described above, on a set of separately prepared 6.58 µM
PbS QDs with two different surface charge densities and various amounts of AQ added, which we
listed in Tables 2.5A and 2.5B. The samples were allowed to equilibrate in the dark for four hours
before we took measurements. We applied a sum of exponentials convoluted with an instrument
response function (in this case, a Gaussian pulse) to fit the kinetic trace of the ground-state bleach
and determine the life time and relaxation dynamics of photoexcited electrons and holes on both
the ultrafast and the microsecond timescale, eq 2.13:
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𝑛

𝑦 = 𝐼𝑅𝐹 ⊗ ∑ 𝐴𝑛 𝑒

−(𝑡−𝑡0 )
𝜏𝑛

(2.13)

1

Here we choose 𝑛 to be the minimal integer that can make the fitting converge. Figure 2.13
shows the microsecond TA kinetic traces of 115 MHA-capped and 31 MHA-capped PbS QDs
extracted at 1014 nm and 1039 nm, respectively, while the ultrafast TA kinetics are described in
Figure 2.2. The fitting parameters of these kinetic traces are listed in Tables 2.5A and 2.5B.

Table 2.5A. Time Constants for Decay of the QD Exciton for QD ‒ AQ Complexes on
Ultrafast Time Scale.
No. of
No. of Bound
Eq. of AQ
τ1 = τeT
τ2 (ps)
τ3 (µs)
𝑃𝐿/𝑃𝐿0
b, d
Samples MHA ligands
Bound per
(ps)
(A2)
(A1)b, e
a
b, c
per QD
QD
(A3)
1
~115
0
1
-793 ± 244 2.06 ± 0.04
(-0.06)
(-0.87)
0.60
0.55
576 ± 84
-2.06 ± 0.04
(-0.11)
(-0.82)
0.86
0.42
574 ± 56
-2.06 ± 0.04
(-0.16)
(-0.77)
6
~31
0
1
-590 ± 105 1.61 ± 0.02
(-0.08)
(-0.88)
2.68
0.07
129 ± 4 590 ± 105 1.61 ± 0.02
(-0.70)
(-0.18)
(-0.09)
4.42
0.01
102 ± 2 590 ± 105 1.61 ± 0.02
(-0.84)
(-0.11)
(-0.02)
a

Calculated from the normalized PL intensity (𝑃𝐿/𝑃𝐿0 ) of the same samples using eq 2.2, see the Supporting
Information, Figure 2.14.
b
Error bars are fitting errors.
c
Corresponds to the charge separation process (eT from QD conduction band to the LUMO of AQ). The rate of charge
recombination (recombination of the electron on AQ with the hole in the QD valence band) could not be deconvolved
from the component corresponding to the charge trapping process, τ2.
d
Corresponds to an electron or hole trapping process. For QD samples with 31 bound MHA ligands, this time constant
was fixed to the value extracted from the fit of the QD-only sample. For QD samples with 115 bound MHA per QD,
however, 1 and 2 could not be deconvolved.
e
Obtained from fits of the microsecond time scale TA kinetic traces, and fixed to these values when we fit the
picosecond time scale TA kinetic traces, see Table 2.5B and Figure 2.13.
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Table 2.5B. Time Constants for Decay of the QD Exciton for QD ‒ AQ Complexes on
Microsecond Time Scale.
No. of Samples
Eq. of MHA
Eq. of AQ
τ1 (µs)
τ2 (µs)
a
Bound/QD
Added/QD
(A1)
(A2)b
1
~115
0
2.06 ± 0.04
0.19 ± 0.07
(-0.86)
(-0.07)
4000
1.05 ± 0.03
0.08 ± 0.01
(-0.73)
(-0.21)
6
~31
0
1.61 ± 0.02
0.06 ± 0.01
(-0.83)
(-0.13)
a
b

corresponds to the radiative lifetime of PbS QDs
corresponds to the surface-mediated charge trapping processes.

We note the fact that, for 115 MHA-capped PbS QDs (sample 1) with 4000 eq of AQ added,
the normalized PL intensity, 𝑃𝐿/𝑃𝐿0 , and the leftover intensity of the bleach feature at the end of
the 3200 ps time delay, 𝐵/𝐵0, are not the same due to a component of excitonic decay on the
microsecond time scale, which is probably caused by dynamic quenching35, 42, 44, 92. This decay
does not show up in the microsecond kinetic traces of 31 MHA-capped QDs (Sample 6). This
discrepancy does affect the accuracy of our previous calculations based on a static quenching
model within pre-bound QD ‒ AQ complexes, where we assume 𝑃𝐿/𝑃𝐿0 = 𝐵/𝐵0 , i.e., all the eT
processes completes on an ultrafast time scale and QDs with no AQ bound to their surface will
undergo radiative recombination with a 100% yield. Instead, an additional term has to be applied
to correct the discrepancy between 𝑃𝐿/𝑃𝐿0 and 𝐵/𝐵0 , eq 2.14.35
𝑃𝐿
𝐵
𝜏
=
×
𝑃𝐿0 𝐵0 𝜏0

(2.14)

Here 𝜏 and 𝜏0 are the reduced fluorescence lifetime for QD samples with AQs added and the
original fluorescence lifetime of blank QD samples, respectively. This equation indicates that, by
calculating 𝜆 using eq 2, we are overestimating 𝜆 and, presumably, 𝐾𝑎 and ∆𝐺𝑜𝑏𝑠 as well. In the
case of 115 MHA-capped PbS QDs with 4000 eq of AQ added, 𝑃𝐿/𝑃𝐿0 (Figure 2.14A, blue trace)
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Figure 2.13. A) Normalized kinetic traces extracted (at 1014 nm) from the TA spectrum of a
6.58 µM sample of 115 MHA-capped PbS QDs mixed with 0 eq. (black) and 4000 eq. (red) of
AQ. B) Normalized kinetic traces extracted (at 1039 nm) from the TA spectrum of a 6.58 µM
sample of 31 MHA-capped PbS QDs.
is equal to 0.42, while 𝐵/𝐵0 (Figure 2.2A) and 𝜏/𝜏0 (Figure 2.13A, red trace) are equal to 0.88
and 0.51, respectively. The value of 𝜆 calculated from 𝐵/𝐵0 and 𝑃𝐿/𝑃𝐿0 using 𝜆 = −ln(𝐵/𝐵0 )
and eq 2 are 0.13 and 0.86, respectively, and we overestimate the value of 𝜆 by 0.73.
However, due to the small value of 𝜆 (even after overestimation, see Table 2.6) that we
calculated from 𝑃𝐿/𝑃𝐿0 for 115 MHA-capped QDs, we believe that this error will not strongly
skew our interpretation of the data and the general trend of our results. This error may also slightly
affect some other samples in the high charge density regime of QDs, such as sample 2 or 3, but we
believe that this influence should be small enough to be neglected. For the sake of consistency
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among all our measurements, we decide to acknowledge this discrepancy and keep using eq 2.2
for all the calculations, while indicating 𝜆 (in the case of 115 MHA-capped QDs only) as the upper
limit, see the open symbols in Figure 2.3B.
Table 2.6. Calculated 𝝀 for 115 MHA-Capped PbS QDs Mixed with Different Amounts of
AQs.
Eq. of AQ
Added
0
200
500
1000 1500 2000 3000 4000 5000 6000
λ Calculated
0.00 0.10 0.20 0.31 0.45 0.49 0.70 0.77 1.04 1.14

Figure 2.14. A) PL spectra for a 6.58 µM sample of 115 MHA-capped PbS QDs with 0 (black),
2000 (red) and 4000 eq. (blue) of AQ added, respectively. B) PL spectra for a 6.58 µM sample
of 31 MHA-capped PbS QDs with 0 (black), 100 (red) and 200 eq. (blue) of AQ added,
respectively.
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Figure 2.14A and 2.14B show the PL spectra taken under the same concentration of PbS QDs
and AQs with the same 850-nm excitation wavelength as we used for ultrafast TA experiments.
Figure 2.15 contains a plot of the overall rate constant of eT, 𝑘𝑜𝑏𝑠 as a function of bound AQs
per PbS QD, 𝜆, which we translate from Table 2.5A. Fitting these data with 𝑘𝑜𝑏𝑠 = 𝑘𝑖𝑛𝑡 × 𝜆 yields
an intrinsic eT rate constant of (2.4 ± 0.2) × 109 s-1. The method for propagating errors in 𝑘𝑜𝑏𝑠
from the errors in time constants we listed in Table 2.5 is also described in this section, see eq
2.22.

Figure 2.15. Plot of the overall rate constant of eT, 𝑘𝑜𝑏𝑠 as a function of bound AQs per PbS
QD, 𝜆. The red line is the fitting result from a linear function after we fix the intercept to be 0.
2.5.10 Derivation of Equation 6 Using the Concept of Electrochemical Equilibrium.83
With the presence of charges and local electric field at the QD/solvent interface, the total
energy of an AQ that permeates through this potential barrier will be a sum of electrostatic and
nonelectrostatic contributions, which we could describe using eq 2.15, where 𝜇𝑒𝑐 , 𝜇𝑒 and 𝜇𝑐 are
𝜇𝑒𝑐 = 𝜇𝑒 + 𝜇𝑐

(2.15)
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defined as electrochemical, electrostatic, and chemical potentials of AQ, respectively. When the
system has reached electrochemical equilibrium, the electrochemical potential should be the same
for AQs located anywhere in the solution. Therefore, the electrochemical potential change, Δ𝜇𝑒𝑐 ,
for an AQ to transfer from the bulk solution (𝑟 → ∞) to the proximity of a QD (𝑟 → 𝑟0 ) could be
described using eq 2.16, and should be zero.
Δ𝜇𝑒𝑐 = Δ𝜇𝑒 + Δ𝜇𝑐 = 0

(2.16)

The term of electrostatic potential change, Δ𝜇𝑒 , could be defined as the additional potential
energy gained by a singly-charged AQ when it moves from the bulk solution (𝑟 → ∞) to the
proximity of a QD (𝑟 → 𝑟0 ), eq 2.17, while the term of chemical potential change, Δ𝜇𝑐 , should
Δ𝜇𝑒 = 𝑁𝐴 × e(φ(𝑟0 ) − φ(∞)) = 𝑁𝐴 𝑒φ(𝑟0 )

(2.17)

arise from the diluted concentration of AQ (at 𝑟 → 𝑟0) relative to its concentration in the bulk
solution, eq 2.18.
Δ𝜇𝑐 = [𝜇 ° + 𝑅𝑇𝑙𝑛(𝛼𝑟0 )] − [𝜇 ° + 𝑅𝑇𝑙𝑛(𝛼∞ )] = 𝑅𝑇𝑙𝑛(

𝛼𝑟0
)
𝛼∞

(2.18)

In eq 2.18, 𝜇 ° is the standard chemical potential for AQ in aqueous solution, and 𝛼 is the
activity of AQ located at 𝑟0 /in bulk solution. Suppose that the activity coefficient of AQ is a
constant, then

𝛼 𝑟0
𝛼∞

=

𝑛𝑟0
𝑛∞

holds, where 𝑛 is the concentration of AQ at different locations in

solution. Combining this approximation with eqs 2.15-2.17 we should be able to obtain eqs
2.19a,b:
𝑛𝑟
𝑁𝐴 𝑒φ(𝑟0 ) + 𝑅𝑇𝑙𝑛 ( 0 ) = 0
𝑛∞

(2.19a)

−𝑁𝐴 𝑒𝜑(𝑟0 )
𝑛(𝑟0 ) = 𝑛(∞)exp(
)
𝑅𝑇

(2.19b)
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Replacing 𝑟0 with a general variable, 𝑟, we therefore prove that the distribution of AQs as a
function of its position conforms a Boltzmann distribution, as we described using eq 2.6.
2.5.11 Calculations of Experimental Errors in 1H NMR measurements.
In order to determine the accuracy of 1H NMR measurements, we performed a series of
calibration experiments (sample a-g) with MHA under similar concentrations to our NMR samples
used for ligand shell quantification. The concentration of MHA is therefore expressed in the unit
of equivalents per QD (eq.). Figure 2.16 is a plot of MHA concentration measured (by integrating
the triplet centered at 2.03 ppm using 800 eq. sodium formate as an internal integration standard)
as a function of the concentrations of MHA that we calculated when preparing these samples.
Detailed data are listed in Table 2.7. We calculated the average deviation (by percentage) between
the concentration of MHA we measured and the concentration calculated to be 8.26%, and we use
this number to further propagate the errors in our ligand shell quantification by multiplying it with
the average number of MHA per QD (Table 2.1), see eq 2.20. Errors we calculated for each
∆(𝑀𝐻𝐴) = ± 𝑁𝑜. 𝑜𝑓 𝑀𝐻𝐴/𝑄𝐷 × 8.26 %

(2.20)

measurement are listed in Table 2.1 and applied in Figure 2.4 in the main text.

Figure 2.16. MHA 1H NMR concentration calibration plot (sample a to g). The red line is 𝑦 =
𝑥 and serves as a guide for the eye.
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Table 2.7. Calculation of Deviation in 1H NMR Calibration Experiments for MHA.
No. sample
a
b
c
d
e
f
g
Average
Eq. of MHA calculated
-20
50
100
200
300
400
500
Eq. of MHA measured
20
56
104
220
328
428
536
-Percentage of deviation 0.00
12.00
4.00
10.00
9.33
7.00
7.20
8.26
2.5.12 Propagation of Errors in ∆𝐺𝑜𝑏𝑠 and 𝑘𝑜𝑏𝑠
Propagation of Errors in ∆𝑮𝒐𝒃𝒔 . We propagated the errors of ∆𝐺𝑜𝑏𝑠 from the errors in 𝐾𝑎
that we obtained from global fitting (Figure 2.3B) using the equations below93:

∆(∆𝐺𝑜𝑏𝑠 ) =

∆𝐺𝑜𝑏𝑠 = −𝑅𝑇𝑙𝑛𝐾 ∘

(2.21a)

𝑑(∆𝐺𝑜𝑏𝑠 )
∆𝐾 °
°
× ∆𝐾 = −𝑅𝑇 × °
𝑑𝐾 °
𝐾

(2.21b)

The errors are listed in Table 2.2.
Propagation of Errors in 𝒌𝒐𝒃𝒔 .We propagated the errors of 𝑘𝑜𝑏𝑠 (see error bars in Figure
2.15) from the errors in 𝜏𝑒𝑇 , which we obtained from fitting the TA kinetic traces (Table 2.5A),
using the equations below:
𝑘𝑜𝑏𝑠 =

1
𝜏𝑒𝑇

𝑑𝑘𝑜𝑏𝑠
1
∆𝑘𝑜𝑏𝑠 = |
| × ∆𝜏𝑒𝑇 = | 2 | × ∆𝜏𝑒𝑇
𝑑𝜏𝑒𝑇
𝜏𝑒𝑇

(2.22a)

(2.22b)

2.5.13 Conversion of No. of Bound MHA to Interfacial Charge Density.
Assuming that the charged MHA ligands are evenly distributed on the surface of a QD and the
ligand shell is, therefore, spherically symmetric, we apply eq 2.23 to convert the average number
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑐ℎ𝑎𝑟𝑔𝑒𝑠/𝑛𝑚2 )
=

𝑁𝑜. 𝑜𝑓 𝑏𝑜𝑢𝑛𝑑 𝑀𝐻𝐴 𝑝𝑒𝑟 𝑄𝐷
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑙𝑖𝑔𝑎𝑛𝑑 𝑠ℎ𝑒𝑙𝑙

of bound MHA to interfacial charge density (charges/nm2):

(2.23)
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Table 2.8. Conversion of No. of Bound MHA to Interfacial Charge Density and the
Corresponding Yield of eT upon Adding 200 Eq. of AQ to a 2.63 µM QD sample.
No. of Samples
No. of Bound MHA
Interfacial Charge
Yield of eT upon
a
per QD
Density
Adding 200 Eq. of
(Charges/nm2)b
AQc
1
115 ± 9
1.09
9.5
2
100 ± 8
0.95
6.1
3
94 ± 8
0.89
12.0
4
81 ± 7
0.76
16.8
5
67 ± 6
0.63
50.7
6
31 ± 3
0.29
97.6
a

Equal to the average number of bound MHA ligands per QD listed in Table 2.1.
Calculated using eqs 2.23 and 2.24.
c
Extracted from Figure 2.3B. The lower yield of eT for sample 2 compared to sample 1 (presumably caused by
experimental error) is against the general trend of our data, but this discrepancy between sample 1 and 2 no longer
shows up as we increase the concentration of AQ.
b

The total surface area of a charged QD ligand shell can be calculated using eq 2.24:
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 4 × 𝜋 × [𝑟(𝑄𝐷) + 𝑑(𝑀𝐻𝐴)]2

(2.24)

𝑟(𝑄𝐷) = 1.6 nm is the radius of the inorganic core of a QD, and 𝑑(𝑀𝐻𝐴) = 1.3 nm94 is the reported
length of the MHA ligand. The calculated interfacial charge densities as well as the representative
yields of eT upon mixing a 2.63 µM QD sample with 200 eq. of AQ are listed in Table 2.8.

74

Chapter 3: Noncovalent Control of the
Electrostatic Potential of QDs through the
Formation of Interfacial Ion Pairs

Adapted From:
He, C.*; Nguyen, T. D.*; Edme, K.; Olvera de la Cruz, M.; Weiss, E. A., J. Am. Chem. Soc.
2017, 139, 10126-10132. (*equal contributions)
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3.1

Chapter Summary
This chapter describes the role of tetraalkylammonium counterions (NR4+, R = ‒ CH3, ‒

CH2CH3, ‒ (CH2)2CH3, or ‒ (CH2)3CH3) in gating the electrostatic potential at the interface
between the MHA ligand shell of a PbS QD and water. The permeability of this ligand shell to a
negatively charged anthraquinone derivative (AQ), measured from the yield of eT from the QD
core to AQ, increases as the steric bulk of NR4+ increases (for a given concentration of NR4+). This
result indicates that bulkier counterions screen repulsive interactions at the ligand/solvent interface
more effectively than smaller counterions. Free energy scaling analysis and molecular dynamics
simulations suggest that ion pairing between the ligand shell of the QD and NR4+ results from a
combination of electrostatic and van der Waals components, and that the van der Waals interaction
promotes ion pairing with longer-chain counterions and more effective screening. This work
provides molecular-level details that dictate a nanoparticle’s electrostatic potential, and
demonstrates the sensitivity of the yield of photoinduced cT between a QD and a molecular probe
to even low-affinity binding events at the QD/solvent interface.
3.2

Introduction
This chapter describes the control of the electrostatic potential at the interface between a QD

and the solvent, water, by tuning noncovalent interactions between the ligand shell of the QD and
screening counterions. The electrostatic potential of a nanoparticle, governed by charges of the
ionizable tail groups of the particle’s passivating organic ligands53 and electrostatic screening from
surrounding electrolyte83, controls (i) the particle’s solubility within polar media such as water, (ii)
the particle’s tendency to self-assemble into superlattices and functional materials,95-96 (iii) the
wettability97, permeability98-99 and binding affinity100-102 of the particle’s surface with respect to
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charged small molecules or macromolecular species (and therefore the ability of its passivation
layer to act as a selective molecular recognition platform for charged analytes and potential
adsorbates),58, 60, 103 and (iv) the particle’s interaction with biomembranes.104-106 The concentration
and distribution of noncovalently bound counterions around a particle’s surface additionally
influence the apparent dissociation constant of ionizable ligands immobilized on the surface by
screening inter-ligand interactions.71
The electrostatic double layer model, widely applied through both analytical and simulation
approaches, has provided quantitative predictions of how the size, valence and concentration of
surrounding ions contribute to the inversion and/or amplification of surface charges surrounding a
macroion like a nanoparticle.83, 107-110 This model does not, however, adequately describe the
electrostatic screening of such ions when that screening has contributions from molecular-level
interactions such as van der Waals interactions, which depend on the specific chemical structure
and the hydrophilicity/hydrophobicity of both the surface-bound ligands and the electrolytes.
QDs, in addition to their practical applications as biological probes,23-24, 111 are excellent model
systems to investigate the role of such complex screening effects because of the sensitive response
of their exciton dynamics, which we can readily map with steady-state and time-resolved optical
spectroscopy, to the surrounding dielectric environment112-113 or to proximate small molecules114115

. Here, we demonstrate control over the local electrostatic environment of near-infrared-

absorbing and -emitting PbS QDs through noncovalent interactions of their MHA ligand shell with
proximate NR4+ cations, Scheme 3.1A,B. These interactions consist of electrostatic and van der
Waals components, and regulate the permeability of the anionic ligand shell of the QDs to the
negatively-charged small molecule, AQ (Scheme 3.1B), as measured by the yield of photoinduced
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eT from the QD to AQ. We show, through PL experiments, free energy scaling analysis, and
molecular dynamics simulations that, even though the cations are in fast exchange between the
fully solvated state and the ion pair state (as counterions to the QDs’ ligands, see the Supporting
Information, Figure 3.9 and Table 3.4), they effectively screen the repulsive interactions between
the MHA and AQ and increase the probability that AQ will permeate the ligand shell. The efficacy
of this screening increases as the length of the alkyl chains of the cation (R) increases, because
accumulative van der Waals interactions between the backbones of MHA ligands and the alkyl
chains of NR4+ increase the probability of ion pairing at the ligand/water interface.
This demonstration of the use of noncovalent interactions to control the electrostatic potential
of a QD is important because noncovalent chemistry imparts great tunability to the properties of
QDs in aqueous dispersions without the need for additional covalent functionalization of their
surfaces.116-119 Furthermore, this work demonstrates the sensitivity of our photoinduced cT
method14, 38, 40-44, 55, 120 to quantitatively probe the properties of the QD/solvent interface: here, that
technique successfully measures even the very weak, transient interactions between QDs and
counterions, a challenge for structural and chemical characterization tools like NMR.
3.3

Results and Discussion

3.3.1 Synthesis of MHA-Capped PbS QDs and Quantification of Their Ligand Shells.
We synthesized oleate-capped PbS QDs with a first excitonic peak at 968 nm, which
corresponds to a core radius of 1.6 nm based on the empirical formula reported by Moreels et al.66,
using a procedure adapted from that of Hines and Scholes, see the Supporting Information.67 We
prepared water-soluble PbS QDs capped with an adlayer of MHA by adding 400 molar equivalents
of MHA to displace the native oleate ligands and subsequently transfer the QDs to water, a
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procedure detailed in our previous work120 and in the Supporting Information. We used 1H NMR
to quantify the composition of the ligand shell of the MHA-capped QDs, and, based on five
measurements on separately prepared samples, each PbS QD has an average of 102 ± 11 MHA

Scheme 3.1. A) Structures of the NR4+ cations, which we add to the QDs as chloride salts: R
= ‒ CH3, tetramethylammonium (TMA); R = ‒ CH2CH3, tetraethylammonium (TEA); R = ‒
(CH2)2CH3, tetrapropylammonium (TPA); and R = ‒ (CH2)3CH3, tetrabutylammonium (TBA)
cations. B) Schematic representation of NR4+ forming ion pairs with the carboxylate tail groups
of MHA ligands, thereby enhancing the permeability of this anionic ligand shell toward AQ,
the electron acceptor. The positive and negative charge centers are highlighted in red and blue,
respectively. We added AQ to the QDs as a sodium salt.
ligands bound to its surface, see the Supporting Information, Figure 3.4 and Table 3.2. No bound
oleate was detected on the surfaces of the water-soluble QDs.
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3.3.2 Steady-State and Time-Resolved Optical Spectroscopy as a Probe for the Screening
Capability of NR4+ Cations
We prepared a series of 2.63 µM samples of MHA-capped QDs mixed with 1000 eq. of AQ
and increasing molar eq. (0-2.0 × 105 per QD) of NR4+, where R = ‒ CH3, tetramethylammonium
(TMA); R = ‒ CH2CH3, tetraethylammonium (TEA); R = ‒ (CH2)2CH3, tetrapropylammonium
(TPA); or R = ‒ (CH2)3CH3, tetrabutylammonium (TBA). We allowed all the samples to
equilibrate in the dark for four hours before performing any optical measurements. AQ is an
electron acceptor120 with respect to photoexcited PbS QDs. As we have shown previously,35, 40, 4244

the probability of eT from the photoexcited QD to a proximate AQ is a measure of the

permeability of the MHA ligand shell to the AQ. We measure this probability directly from the
degree of PL quenching of the QD ensemble upon addition of AQ, since eT from the QD to AQ
results in a charge-separated state that recombines nonradiatively. We have shown previously,
through our eT method, that, with no NR4+ present, the free energy of transfer of the charged AQ
from the bulk solution to the inorganic surface of the QD increases by 154 J/mol upon introduction
of each additional charged MHA ligand to the ligand shell.120 We now investigate the influence of
a set of NR4+ counterions on this repulsive interaction.
In Figure 3.1A, we plot “𝑃𝐿/𝑃𝐿0 ” vs. the concentration of NR4+ in the QD solution, where
“𝑃𝐿” is the integrated PL intensity of each sample containing 1000 eq. of AQ and a given
concentration of NR4+, and “𝑃𝐿0 ” is the intensity of each sample with the same NR4+ concentration
but with no added AQ. The ratio “𝑃𝐿/𝑃𝐿0 ” is therefore the fraction of the emissive population of
QDs that remain emissive after addition of the quencher AQ. For all the cation structures studied,
the AQ quenches the PL of the QDs more effectively – that is, the yield of eT increases – as the
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concentration of the screening counterion NR4+ increases; NR4+ therefore increases the
permeability of the ligand shell to AQ. The effectiveness of this screening depends on the size and
structure of the counterion: the maximum yield of eT, i.e., (1-the minimum 𝑃𝐿/𝑃𝐿0 ), increases
from ~50% to ~80% as we increase the number of carbons in the R groups of the cation from 1 to
4. The screening by the counterion is therefore more effective as the steric bulk of the counterion
increases (while holding the charge constant).
TA experiments on QD ‒ AQ mixtures allow us to identify two general mechanisms of eT in
this system, and to determine which is more sensitive to screening by NR4+. The setup for our TA
experiments and the protocols for fitting the kinetic traces are detailed in our previous work42, 44,
120

and the Supporting Information. Addition of 1000 eq. of AQ to PbS QDs accelerates the decay

of the QD exciton, monitored as the recovery of the ground-state bleach feature of the QD at 1014
nm, on both the nanosecond time scale and the microsecond time scale when no NR4+ is present.
Based on our previous work on the QD ‒ AQ system, we assign the extracted single-ns decay
process introduced by addition of the AQ (shown in the Supporting Information, Figure 3.11C)
to eT from the photoexcited QD to statically bound AQ molecules on its surface. We assign the
increase in the rate of exciton decay from (1 µs)-1 to (0.7 µs)-1 shown in Figure 3.1B to diffusioncontrolled eT from the QD to AQ.35, 42, 44, 120
The rate and fractional amplitude of the single-ns eT process is only slightly affected by the
presence of NR4+ counterions and shows negligible dependence on the bulkiness of these species,
Figure 3.11C and Table 3.6. For instance, upon addition of 50,000 eq. of TMA to the QD ‒ AQ
mixture, this time constant is 1.4 ns, and upon addition of the same amount of TBA to the QD ‒
AQ mixture, this time constant is 1.3 ns.
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Figure 3.1. A) Fraction of emissive PbS QDs (2.63 μM, pH ≈ 10) in the ensemble that remain
emissive upon addition of 1000 eq. of AQ quencher (𝑃𝐿/𝑃𝐿0 ) vs. the molar equivalents of
NR4+ added to the QD sample. Three measurements on separately prepared samples were
averaged to obtain each data point, and the error bars are the standard deviation of those
measurements. The sizes in the legend are the hydrodynamic radii, 𝑟, of the NR4+ cations,
measured by diffusion-ordered spectroscopy (DOSY) in D2O, see the Supporting Information,
Table 3.3 and Figure 3.8. B) Normalized kinetic traces extracted (at the ground-state bleach
minimum, 1014 nm) from the nanosecond-to-microsecond TA spectrum of a 6.58 μM sample
of MHA-capped PbS QDs, mixed with 1000 eq. of AQ and no NR4+ cations (black), 1000 eq.
of AQ and 50,000 eq. TMA (red), or 1000 eq. of AQ and 50,000 eq. TBA (blue). The solid
lines are fits using a sum of two exponentials convoluted with an instrument response function
(see the Supporting Information, eq 3.5), with parameters summarized in Table 3.1.
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The eT from the QDs to AQ on the s timescale is, in contrast, very sensitive to the presence
and identity of the NR4+ counterions. While addition of TMA seems to have negligible effect on
the rate of eT on this time scale (compare black and red traces in Figure 3.1B), addition of 50,000
eq. of TBA reduces the exciton lifetime of QDs within QD ‒ AQ mixtures by a factor of three,
compare black and blue traces in Figure 3.1B, and see Table 3.1). This result is consistent with
the dramatic increase (from ~35% to ~80%) in the yield of eT from QDs to AQ upon addition of
TBA measured from PL quenching experiments. It appears then, that the addition of NR4+
predominantly affects the rate and yield of diffusion-controlled eT from the QD to AQ, rather than
that of eT within static QD ‒ AQ complexes. This result is reasonable since, while static QD ‒ AQ
complexes form from occupation of AQ in gaps within the ligand shell,35,

40, 42

the rates of

diffusion-controlled eT processes depend on the rate of transport of the charged AQ across the
ligand/solvent interface (a process that is slower than the diffusion of AQ in water by up to a factor
of ∼700), and this transport depends on the electrostatic interactions at this interface.
Importantly, the presence NR4+ does not affect the excited state dynamics of QDs in the
absence of AQ, see the Supporting Information, Figure 3.12B and Table 3.7, so the acceleration
Table 3.1. Time Constants for Decay of the QD Exciton in the Presence of 1000 Eq. AQ, on
the Nano-to-Microsecond Time Scale.
Samples
τ1 (ns)a
τ2 (µs)a
Amplitude(A1)
(A2)
Weighted Average
Time Constant, τ
(µs)b
PbS QD + AQ
96 ± 26
0.70 ± 0.03
0.59
(-0.19)
(-0.81)
PbS QD + AQ +
51 ± 12
0.61 ± 0.07
0.53
50,000 eq. TMA
(-0.15)
(-0.85)
PbS QD + AQ +
10 ± 1
0.35 ± 0.01
0.22
50,000 eq. TBA
(-0.39)
(-0.61)
a

Error bars are fitting errors from the kinetic traces extracted (at 1014 nm) from the nanosecond-to-microsecond TA
spectrum of each sample, Figure 3.1B.
b
Calculated using eq 3.6, see the Supporting Information.
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of their exciton decay in the presence of AQ can be attributed exclusively to the acceleration of
the eT processes from QDs to AQ.
Both steady-state PL and TA measurements indicate that the ability of the cation to screen the
electrostatic repulsion between the QD’s ligands and AQ increases with increasing size of the
cation. Our observation is in line with what has been observed by Lee et al. for the destabilization
of anionic dodecylsulfate micelles using NR4+ cations,121 and in a report by Zimmermann et al.
regarding the decreasing surface conductivity within cationic polyelectrolyte brushes.122 We note
however that, in previous theoretical108 and simulation107,

109

studies, an opposite trend was

predicted, as the free energy penalty for localizing a cation from the bulk solution to the surface of
a nanoparticle was predicted to increase with the size of the counterion due to steric effects.
Instead, here in both this work and previous experimental studies, screening is more effective for
bulkier counterions. The difference between the computational studies mentioned above and the
experimental studies on micelles, polymer brushes, and our system is that, in the computational
studies, counterions are treated as hard spheres of finite sizes surrounding a macroion, whereas, in
the experiments, the counterions have some hydrophobic portion that can drive ion-pairing with
the hydrophobic portion of the ion it screens (here, predominantly the MHA ligand shell of the
QD, not AQ, see the Supporting Information, Figure 3.10 and Table 3.5) through favorable van
der Waals interactions. We therefore hypothesize that the trend we observe – that TBA screens
repulsion between QD and AQ more effectively than TMA – is due to these interactions, and
pursue simulations to support or contradict this hypothesis.
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3.3.3 Theoretical Models and Computer Simulations.
To better understand the effects of the size of NR4+ ions on their condensation at the QD
surface, we first develop a scaling model for the free energy, 𝑓, of an MHA-passivated QD
surrounded by NR4+, Na+ and Cl-, eq 3.1, where 𝑙𝐵 is the Bjerrum length83, the distance at which
𝑓
𝑙𝐵
= 𝑓𝑒𝑙 − 𝑛𝑐 𝜀 − 𝑛𝑒𝑙 ( )
𝑘𝐵 𝑇
𝑑

(3.1)

the electrostatic energy between two ions is equal to thermal energy, 𝑘𝐵 𝑇 (𝑙𝐵 = 0.7 nm in water at
room temperature); 𝑛𝑐 is the number of van der Waals contacts per QD; 𝜀 is the interaction
strength per contact; 𝑑 is the center-to-center distance between two ions; and 𝑛𝑒𝑙 is the number of
ionic contacts per QD. The first term on the right-hand side of eq 3.1 represents the electrostatic
energy of a QD resulting from 𝑁𝑒𝑓𝑓 = 𝑁 − 𝑁𝑖 charges located at its outer boundary, where 𝑁 is
the number of ‒ COO- groups of MHA ligands and 𝑁𝑖 the number of condensed cations. The
second term represents the total effective (hydrophobic) interaction between the – CH2 – groups
from MHA ligands and those in the NR4+ cations. The last term captures the electrostatic attraction
between the negative charges of the MHA ligands and the NR4+ cations.
With the concentration of NR4+ and Cl- varying from 100 to 500 mM, the Debye screening
length, 1/𝜅 is smaller than the radius of the MHA ligand shell, 𝑅, i.e., 𝜅𝑅 > 1. In this limit, the
first term in eq 3.1 scales as 1/𝜅 2 ,123 and therefore has negligible dependence on the size of
condensed ions, provided that they are small enough to screen electrostatic interactions. As the
size of the counterions increases, however, the increase in the energetic gain due to hydrophobic
interactions (the second term in eq 3.1) as the number of hydrophobic contacts, 𝑛𝑐 , increases, is
expected to outcompete the decrease in energetic gain in the third term as 𝑑 increases. As a result,
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our scaling model predicts that, if the hydrophobic interactions between the MHA ligands and the
𝑙

alkyl chains of NR4+ are sufficiently strong (𝑛𝑐 𝜀 > 𝑛𝑒𝑙 ( 𝑑𝐵 )), the increase in the size of NR4+ will
lead to an increase in the number of adsorbed cations, which, in turn, enhances their electrostatic
screening effect. This result is consistent with the experimental data in Figure 3.1A.
To further elucidate experimental results and support the result of our scaling model, we
performed molecular dynamics simulation on a coarse-grained model of the MHA-capped QD –
NR4+ system. In our model, the intra-molecular interactions are based on the GROMOS 53A6
force ﬁeld,124 while the nonbonded interactions between the MHA ligands and the alkyl chains of
the NR4+ cations are adjusted to account for the effects of implicit water molecules. Due to the
radially symmetric nature of the charge distribution surrounding a QD, we chose to model a
fraction of the PbS QD as a planar surface with the ligands oriented toward the bulk solution,
which contains co-ions (Cl-) and counterions (NR4+ and Na+), Figure 3.2A. The dimension of the
simulation box in the 𝑧 direction is varied between 25 and 50 nm, and the resulting concentration
of NR4+/Cl- is within the range of 100-400 mM, which corresponds to approximately (5-15) × 104
eq. of NR4+Cl- per QD in our experiments. In this model, there are 30 MHA ligands grafted on the
QD surface, which results in a surface charge density of 0.9 e/nm2 and is consistent with our
experiment, i.e., 102 ‒ COO- groups distributed on a spherical surface of approximately 5.8 nm in
diameter120, see Table 3.2. We set the molar ratio NR4+:Na+ to be 100:1, and ensure that the system
is charge-neutral by adding a charge-balancing amount of Cl-. Periodic boundary conditions are
applied in the 𝑥 − 𝑦 plane, which is parallel to the QD surface. Further details on our simulation
model and method are in the Supporting Information.
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Our simulation reveals several factors that potentially contribute to the enhanced electrostatic
screening effects observed with the increasing size of NR4+. First, as R increases in length, NR4+
forms a thicker condensation layer on the QD surface (see blue molecules in Figure 3.2A). The
bigger condensed cations, TEA, TPA and TBA, penetrate the MHA ligand shell and form multiple
layers on the QD surface, see the Supporting Information, Figure 3.13. We found that the
attraction strength, 𝜀, between the – CH2 – groups in NR4+ and MHA that results in this multilayer
structure is in the range of 0.1-0.3 kcal/mol, or equivalently, ~0.2-0.5 𝑘𝐵 𝑇, see the Supporting
Information. Second, as 𝜀 increases, the number of hydrophobic contacts, 𝑛𝑐 , between the
methylene groups of MHA and NR4+ increases for all the cations (Figure 3.14). This trend is
consistent with the predictions from our scaling model described earlier. Third, from the density
profiles of NR4+, 𝜌(𝑧) (Figure 3.2B), we define the slipping plane, 𝑧𝑑 (as indicated by the arrow
in Figure 3.2B), as the location where the number density of NR4+ cations decays to its bulk value
(see Note 2 in the Supporting Information). The location of the slipping plane shifts away from
the QD surface as the size of NR4+ increases and their condensation layer increases in thickness
(Figure 3.15). Finally, the integrated net charge per unit area, 𝑄(𝑧), at the slipping plane (see Note
1 in the Supporting Information) decreases in magnitude as the alkyl chains of NR4+ increase in
length (Figure 3.2C), which suggests that bulkier NR4+ cations are more effective in screening the
electrostatic potential of a negatively charged QD.
Based on a comparison with a different experimental system where bulkier NR4+ cations
exhibit a less pronounced electrostatic screening effect, as determined from the apparent
dissociation constants of carboxylic groups within ligands grafted on a nanoparticulate surface,71
some of the specific features of our system that contribute to our results are: i) the previous work
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Figure 3.2. A) Representative simulation snapshots showing the adsorbed layers of NR4+
(TMA, TEA, TPA or TBA) on the surface a MHA-capped QD. B) Density profile, 𝜌(𝑧), and
integrated net charge per unit area, 𝑄(𝑧), of the TPA ions along the 𝑧 direction from the QD
surface. Attraction strength 𝜀 = 0.2 𝑘𝐵 𝑇. The dashed lines indicate the values of 𝜌(𝑧) and
𝑄(𝑧) at the slipping plane, z = 𝑧𝑑 (marked by the arrow). C) The magnitude of the integrated
net charge calculated at the slipping plane for different NR4+ cations. Error bars are standard
deviations measured from 10 uncorrelated configurations.
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mentioned was performed on the surface of gold nanoparticles, which can accommodate a 1.5 ×
higher capping density of thiolate ligands (4.7 ligands/nm2) than PbS QDs (3.2 ± 0.3 ligands/ nm2,
see the Supporting Information, Table 3.2); and ii) the capping ligand used in the previous work,
11-mercaptoundecanoate, is almost twice as long as MHA, which may contribute to a more
ordered intermolecular structure within the ligand shell.41 Either of these factors may result in a
difference in the free energy change between surface-bound and solvated NR4+.95 In fact, in our
simulations using a higher surface charge density (3.2 e/nm2), we observe that the NR4+ cations
can no longer penetrate the MHA ligand shell or neutralize the negative charges in the first
adsorption layer (Figure 3.16), and the formation of additional layers of NR4+ due to hydrophobic
interactions actually inverts the surface charge of the QD.125 Simulations using longer ligands
(with 11 methylene groups) at a capping density of 0.9 e/nm2, however, successfully reproduce
the trend in the previous work mentioned above (Figure 3.17), which suggests that, for a thicker
ligand shell, the energetic gain from ion-pairing between the ligand shell and NR4+ can no longer
compensate the energetic cost from size-exclusion effect.
3.4

Conclusion
In summary, the electrostatic potential at the surfaces of PbS QDs, passivated by an anionic

ligand shell of MHA, can be readily adjusted by noncovalent interactions with noncoordinating
NR4+ though the formation of interfacial ion pairs. By changing the length of the alkyl chains on
these cations and adjusting their concentrations, we regulate the permeability of the anionic ligand
shell of QDs to a negatively charged molecular redox probe, AQ. The ability of NR4+ to screen the
repulsive interaction between the negatively charged QDs and the molecular probe increases as
either the concentration or the steric bulkiness of NR4+ increases. Free energy scaling analysis and
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molecular dynamics simulations confirm that the probability of forming an interfacial ion pair,
which ultimately creates a diffuse layer consisting of counterions and effectively lowers the
electrostatic potential at the slipping plane of a colloidal PbS QD, is regulated by not only the
number of available counterions in bulk solution, but also the intrinsic binding affinity of each
ligand ‒ counterion pair. This binding affinity is influenced by both electrostatic and van der Waals
contributions toward the total free energy of the system. Here we note that, in this analysis, we
only identified one specific parameter set, both experimentally and computationally, where the
counterions with larger steric bulk (and hydrophobicity) preferentially adsorb to a charged
macroion compared to their smaller analogues. Comparisons to cases where increasing the size of
the counterion decreases its screening ability identified that capping density and crystallinity of
the surfactants, in addition to the chemical structure of the surfactant and counterion, are important
in determining how counterion concentration influences the electrostatic potential at the
QD/solvent interface.
Finally, this work demonstrates that photoinduced eT is a sensitive probe for not only the
covalent chemistry at the surface of QDs, 35, 38, 40, 42, 44 but also the transient associations between
the QD ligand shell and freely diffusing, redox-inert chemical species. Our investigation on
noncovalent interactions potentially expands the current toolset of nanoparticle surface chemistry,
and suggests strategies for implementing a combination of nanoscale forces, such as
electrostatic/van der Waals interactions, in the development of nanoparticle-based platforms in
self-assembly126, molecular recognition127, and enantioselective photocatalysis22. These
applications require control of both the chemical nature and the strength of noncovalent
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interactions, either among nanoparticulate building blocks or between nanoparticles and molecular
substrates with well-defined geometry, chirality, and charge distribution.95, 128-130
3.5

Supporting Information

3.5.1 Synthetic Procedures for Oleate-Capped PbS QDs.
We synthesized 1.6-nm oleate-capped PbS QDs using a procedure adapted from that of Hines
and Scholes.67 We mixed 0.36 g PbO and 2.0 mL oleic acid with 18.0 mL 1-octadecene in a 50mL three-neck round bottom flask at room temperature. Heating the mixture up to 150 °C with
constant stirring under N2 flow for an hour produced a clear and colorless solution. We cooled the
mixture to 110 °C, and injected 0.17 mL of hexamethyldisilathiane dissolved in 8 mL of 1octadecene. The solution turned from orange to brown within 3 seconds. After 10 minutes, we
used an ice bath to cool the reaction mixture to room temperature. The product was separated into
four 50-mL centrifuge tubes for further purification. We purified the QDs by first washing the
reaction mixture with acetone (6:1 by volume), and centrifuging it at 3500 rpm for 20 min. We
then decanted the supernatant, dried the QD pellet, redispersed the QDs in 7.5 mL hexanes, and
precipitated the QDs two additional times, as described above, using 12.5 mL methanol and
acetone, respectively, as the nonsolvents. The cleaned PbS QDs were finally dispersed in a
minimal amount of hexanes to form the stock solution. The quantum yield of a typical batch of
oleate-capped PbS QDs is 23.6 ± 1.0%, which we measured relative to IR-26 dye (QY = 0.048 ±
0.002%).131
3.5.2 Sizing of PbS QDs via Ground-State Absorption and Transmission Electron Microscopy.
The ground-state absorption spectrum of a 4.1 µM solution of oleate-capped PbS QDs was
obtained on a Varian Cary 5000 spectrometer using a 2 mm/10 mm dual pathlength quartz cuvette.
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Figure 3.3. A) Ground-state absorption spectrum of a 4.1 µM sample of oleate-capped PbS
QDs (1.6-nm radius) in hexanes. Inset: the same spectrum zoomed in at the first excitonic peak.
B) Representative transmission electron micrograph (TEM) image of oleate-capped PbS QDs.
Inset: A histogram of the diameter of these QDs, constructed from 81 measurements in ImageJ.
The average and standard deviation for the diameter of these particles are 2.9 and 0.3 nm,
respectively. C) Normalized ground-state absorption and D) normalized PL spectra of PbS QDs
before (black) and after (red) ligand exchange. The highlighted wavelength corresponds to the
peak position of each spectrum.
We corrected the baseline of the spectrum with hexanes prior to measurement, and determined the
size of the synthesized PbS QDs (and their respective extinction coefficient) from the position of
the first excitonic peak (~968 nm) using the calibration curve published by Moreels et al.66 All
concentrations of QDs were calculated from the absorbance of QDs at 400 nm (Figure 3.3A).
In order to verify the accuracy of this calibration technique, we performed transmission
electron microscopy experiments using a JEOL JEM-2100F FAST TEM. We prepared TEM
samples by drop-casting a solution of PbS QDs in hexanes onto a Carbon Type B film (Ted Pella,
Inc), and Figure 3.3B shows a representative TEM image of these QDs. We analyzed 81 PbS QDs

92
using the ImageJ software package, and determined that the average diameter of these particles is
2.9 ± 0.3 nm, see the inset of Figure 3.3B. The 1.6-nm radius for oleate-capped QDs that we
calculated from absorption spectroscopy is within the error of our TEM measurements.
3.5.3 Preparation of MHA-Capped PbS QDs by Ligand Exchange.
We prepared water-soluble PbS QDs capped with MHA through ligand exchange using a
method detailed in our previous work.120 We added 400 eq. of MHA to a 5-mL sample of 40 µM
oleate-capped PbS QDs dispersed in CHCl3, and shook the mixture rigorously for 1 min until the
QDs flocculated. We then added 480 equivalents of NaOH per QD (NaOH/MHA=1.2:1) to the
mixture to deprotonate the ‒ COOH groups (pKa ≈ 4.8), and make the QDs negatively charged
and water-soluble. The QDs precipitated out of solution as we added NaOH, and transferred to the
aqueous layer as we added 4 mL of water on top of the chloroform and gently shook the mixture.
We then centrifuged this mixture at 7000 rpm for 10 min to facilitate the separation between
aqueous and organic layers, which are sometimes emulsified due to the presence of surfactants.
The optically clear aqueous layer was separated and washed with 10 mL chloroform to eliminate
displaced oleate species, and this aqueous layer served as a stock solution of MHA-capped PbS
QDs. The quantum yield of a typical batch of MHA-capped PbS QDs is 10.7 ± 0.4%, which we
measured relative to IR-26 dye (QY = 0.048 ± 0.002%).131
Here we note that the size of these QDs might shrink slightly due to the loss of Pb 2+ cations
from their surfaces. Given that the lattice constant of rock-salt PbS is 6 angstroms, we can
approximate that the loss of one monolayer of Pb2+ cations should result in a change of no more
than 2 angstroms in the radius of these QDs. This potential change, however, cannot be observed
in the optical spectra of these QDs, since the adsorption of thiolate ligands relaxes the exciton
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confinement (specifically the hole) within the QD core and induces a bathochromic shift instead
of a hypsochromic shift in both the ground-state absorption and PL spectra (see Figures 3.3C,D).40,
44, 132

Since this change in size is present in all our QD samples, we do not expect it to affect our

analysis.

Figure 3.4. 1H NMR spectra of MHA-capped PbS QDs (Sample 1-5) zoomed in at the 2.012.28 ppm region, which corresponds to the methylene protons alpha to the carboxylate group
in MHA. The average number of bound MHA per QD in each sample is calculated by
integrating the broad feature at 2.13 ppm (the green fitting lines) against 800 eq. of sodium
formate, which we use as the internal integration standard. The sharp singlet at ~2.14 ppm,
marked by an asterisk (*), corresponds to an unknown impurity in D2O.
3.5.4 Quantification of MHA Ligands within the Ligand Shell of PbS QDs.
We prepared MHA-capped, water-soluble PbS QDs using the procedures described above,
determined their concentration from the intensity of their ground-state absorption spectra at 400
nm, and applied 1H NMR to quantify the number of bound MHA ligands per QD. The NMR
samples were 39.5 µM solutions of the QDs with 800 eq. of sodium formate added as an internal
integration standard (singlet at 8.36 ppm, 1H). We set the acquisition time to 30 s and the relaxation
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time to 90 s, respectively, to allow for complete collection of the FID signal and sufficient
relaxation of proton nuclei between measurements, and performed 32 scans to get a spectrum with
satisfactory S/N ratio. The 2.01-2.28 ppm region of the resulting spectra (which contains signal
from the methylene protons alpha to the carboxylate group in MHA) is fit with a sum of Lorentzian
functions as we described in our previous work,120 and the broad feature centered at ~2.13 ppm,
which corresponds to those protons of MHA ligands that are bound to the surface of QDs, is
integrated against the sodium formate internal standard. The detailed assignment of peaks and
fitting results of 1H NMR spectra acquired from five separately prepared samples can be found in
Figure 3.4, and the corresponding quantitative NMR analyses are tabulated in Table 3.2.
Table 3.2. Compositions of the Ligand Shells of MHA-Capped PbS QDs.
No. of Samples
No. of Bound MHA per QD
1
95
2
90
3
112
4
97
5
117
Average/Standard Deviation
102 ± 11
3.5.5 Effects of NR4+ Chloride Salts and AQ on the Electronic Structure and Colloidal Stability
of MHA-Capped PbS QDs.
Figure 3.5A contains superimposed ground-state absorption spectra collected from a 2.63 µM
aqueous solution of MHA-capped PbS QDs, mixed with 200,000 eq. of TMA, TEA, TPA or TBA,
respectively. The backgrounds of these spectra were subtracted using the absorbance of an aqueous
solution of the respective NR4+ chloride salt with the same concentration. The four spectra overlay
satisfactorily with each other with no sign of scattering in either the visible or the near infrared
region, which indicates that the addition of NR4+ chloride salts has negligible effects on the
electronic structure and colloidal stability of MHA-capped PbS QDs.
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Figure 3.5. A) Ground-state absorption spectra of 2.63 µM solutions of MHA-capped PbS
QDs, mixed with 0 (black) or 200,000 eq. of TMA (red), TEA (blue), TPA (pink) or TBA
(green), which was added as a chloride salt. The insets are the same spectra zoomed in at
ultraviolet and infrared regions, and the minor fluctuations in the infrared are caused by
insufficient subtraction of the background absorbance of NR4+. B) Ground-state absorption
spectra of a 2.63 µM sample of MHA-capped QDs, mixed with 1000 eq. of AQ and 200,000
eq. of TBA and collected before (black) and after (red) 14 hours of incubation. The inset
contains the same spectra zoomed in at 600-1300 nm. The peak at ~330 nm corresponds to the
absorption of AQ.
Addition of AQ also does not impact the colloidal stability of MHA-capped QDs, as these QDs
(2.63 µM), when mixed with 200,000 eq. TBA and 1000 eq. AQ, remain stable over 14 hours of
incubation, see Figure 3.5B.
3.5.6 Representative PL Spectra of MHA-Capped QDs upon Mixing with Increasing Molar
Equivalents of NR4+ Chloride Salts.
We prepared the samples for PL measurements using the procedures described above. This
series of samples have no AQ added and serve as the blank controls. All the samples were
contained in a 10 mm/2 mm dual pathlength quartz cuvette and photoexcited with an 800-nm beam
along the 10-mm axis (the optical density of these samples is below 0.03 along the 2-mm axis at
800 nm), and the corresponding PL spectra were collected in a right-angle geometry, see Figure
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Figure 3.6. Representative PL spectra of 2.63 µM solutions of MHA-capped PbS QDs, mixed
with increasing eq. of A) TMA, B) TEA, C) TPA or D) TBA, which was added as a chloride
salt.
3.6, in order to minimize the re-absorption of emission. The integrated PL intensity, which we
define as “𝑃𝐿0 ”, see Figure 3.1A, is calculated from integrating each spectrum after baseline
subtraction. In some cases, the PL intensity of PbS QDs is slightly enhanced upon addition of NR4+
chloride salts. This enhancement in PL quantum yield potentially results from the passivation of
surface electron trap states by Cl- anions, which has also been reported in the literature.133
3.5.7 Representative PL Spectra of MHA-Capped QDs upon Mixing with Increasing Molar
Equivalents of NR4+ Chloride Salts and 1000 Eq. AQ.
We recorded the PL spectra of these samples using the same setup described earlier, Figure
3.7. The integrated PL intensity, which we define as “𝑃𝐿”, see Figure 3.1A, is calculated from
integrating each spectrum after baseline subtraction.
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Figure 3.7. Representative PL spectra of 2.63 µM solutions of MHA-capped PbS QDs, mixed
with 1000 eq. AQ and increasing eq. of A) TMA, B) TEA, C) TPA or D) TBA, which was
added as a chloride salt.
3.5.8 Calculations of the Hydrodynamic Radii of NR4+ Cations Using DOSY NMR.
We recorded DOSY spectra of NR4+ chloride salts (TMA, TEA, TPA and TBA, 0.1 M) in D2O
using a double stimulated echo experiment with bipolar gradients (“dstebpgp3s” sequence) on a
Bruker Avance-III 600 MHz NMR spectrometer. We used a diffusion delay, Δ, of 0.2 s, a gradient
length, 𝛿 , of 2000 μs, and chose 16 gradient strength values from 5% to 60% for all our
measurements. In order to determine the diffusion coefficients and hydrodynamic radii of these
species, we plotted the dependence of the integrated 1H signal of the methylene/methyl protons
alpha to N (3.10 ppm) as a function of the gradient function, 𝐺 2 , given by eq 3.2 (Figure 3.8),
𝛿
𝐺 2 = (𝛾𝑔𝛿)2 (Δ − )
3

(3.2)

where 𝛾 is the gyromagnetic ratio of a proton (2.68 × 104 s-1G-1) and 𝑔 is the gradient strength
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Table 3.3. Fitting Parameters for DOSY Experiments on NR4+ Cations.
Name of Species
1/Diffusion
Diffusion Coefficient
Hydrodynamic Radius
Coefficient
(𝐷, × 10-6 cm2/s)
(𝑟, nm)b
2 a
(𝑚, s/cm )
TMA
96443 ± 1389
10.4
0.237 ± 0.003
TEA
130929 ± 390
7.64
0.321 ± 0.001
TPA
184517 ± 520
5.42
0.453 ± 0.001
TBA
224341 ± 945
4.46
0.550 ± 0.002
a
b

Error bars are fitting errors.
𝑘 𝑇
Errors are propagated directly from the fitting errors in 𝑚 using the equation ∆𝑟 = 𝐵 × ∆𝑚.
6𝜋𝜂
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Figure 3.8. Dependence of signal attenuation on the gradient strength function, 𝐺 2 , measured
in DOSY experiments for NR4+ cations (TMA, TEA, TPA and TBA). Solid lines are the best
fits using eq 3.3 described in the text.
(G/cm). We performed a fit of these curves using eq 3.3, to determine the diffusion coefficients,
2

𝐼(𝐺 2 ) = 𝐼0 𝑒 −𝐷𝐺 = 𝐼0 𝑒 −𝐺

2 /𝑚

(3.3)

𝐷, and calculated the hydrodynamic radii, 𝑟, using the Stokes ‒ Einstein equation, eq 3.4,
𝑟=

𝑘𝐵 𝑇
𝑘𝐵 𝑇𝑚
=
6𝜋𝜂𝐷
6𝜋𝜂

(3.4)

where 𝑘𝐵 is the Boltzmann constant (1.38 × 10-23 J/K), 𝑇 is the temperature (298 K), 𝜂 is the
viscosity of D2O (0.89 mPa·s), and 𝑚 = 1/𝐷. The fitting results can be found in Table 3.3, and
the calculated hydrodynamic radii are included in the legends of Figure 3.1A.
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Figure 3.9. Dependence of signal attenuation on the gradient strength function 𝐺 2 , measured
in DOSY experiments for TBA cations in pure D2O (red) or mixed with MHA-capped PbS QDs
(TBA:QD = 50:1). Solid lines are the best fits using eq 3.3 as described in the text.
3.5.9 The Fast Exchange of NR4+ Cations between the Fully-Solvated State and the Ion Pair
State.
Table 3.4. Fitting Parameters for DOSY Experiments on TBA Chloride in Aqueous Solution.
Name of Samples
1/Diffusion
Diffusion Coefficient Hydrodynamic Radiusb
Coefficienta
(𝐷, × 10-6 cm2/s)
(𝑟, nm)
2
(𝑚, s/cm )
QD + 50 TBA
250843 ± 3338
3.99
0.615 ± 0.008
TBA Only
224341 ± 945
4.46
0.550 ± 0.002
a
b

Error bars are fitting errors.
𝑘 𝑇
Errors are propagated directly from the fitting errors in 𝑚 using the equation ∆𝑟 = 𝐵 × ∆𝑚.
6𝜋𝜂

We prepared two samples where TBA chloride salt is either dissolved in pure D 2O or mixed
with a 2.63 µM sample of MHA-capped PbS QDs (TBA:QD = 50:1). We recorded DOSY spectra
on these samples using the procedures described above, and applied eqs 3.3 and 3.4 to extract the
diffusion coefficient and hydrodynamic radius of TBA cations. We observe that both spectra are
well-fit by a single-exponential function, which indicates that there’s consistently one single
population of TBA cations in solution, and the hydrodynamic radius of TBA mixed with QDs
shows an increase of up to 12% compared to the sample without any added QDs, see Table 3.4.
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We therefore conclude that TBA cations are in fast exchange on and off the QD surface, a process
that cannot be deconvolved within the temporal resolution of NMR and contributes to a weightedaverage of hydrodynamic radii between the two states.
Table 3.5. Fitting Parameters for DOSY Experiments on a 2.63 mM Solution of AQ Mixed
with Increasing Eq. of TBA Chloride.
Name of Samples
1/Diffusion
Diffusion Coefficient
Hydrodynamic
Coefficienta
Radiusb
(𝐷, × 10-6 cm2/s)
(𝑚, s/cm2)
(𝑟, nm)
AQ Only
165639 ± 3842
6.04
0.406 ± 0.009
AQ + 5 TBA
190424 ± 2112
5.25
0.467 ± 0.005
AQ + 10 TBA
195676 ± 1817
5.11
0.480 ± 0.004
AQ + 50 TBA
258552 ± 4484
3.87
0.634 ± 0.011
AQ + 200 TBA
454235 ± 27021
2.20
1.11 ± 0.066
a
b

Error bars are fitting errors.
𝑘 𝑇
Errors are propagated directly from the fitting errors in 𝑚 using the equation ∆𝑟 = 𝐵 × ∆𝑚.
6𝜋𝜂

3.5.10 The Contribution of the Ion-Pairing Effect between AQ and NR4+ to the Increasing Yield
of PL Quenching.

Figure 3.10. 𝑃𝐿/𝑃𝐿0 of a 2.63 µM solution of MHA-capped PbS QDs mixed with 1000 eq. of
AQ and increasing eq. of TBA, plotted as a function of increasing TBA/AQ ratio (black, see
Figure 3.2A), and hydrodynamic radius of AQ calculated from DOSY and plotted as a function
of increasing TBA/AQ ratio (red). While 𝑃𝐿/𝑃𝐿0 saturates from 0.75 to 0.2 drastically as
TBA/AQ increases from 0 to 50, the hydrodynamic radius of AQ only increased gradually by
a factor of 1.6; the two-fold increase in hydrodynamic radius when TBA/AQ increases from 50
to 200, however, seems to have no effect on the yield of PL quenching.
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We recorded DOSY spectra on five 2.63 mM samples of AQ mixed with increasing eq. (0-200
per AQ) of TBA chloride salt in D2O using the same pulse sequence described above, and
calculated the diffusion coefficient and hydrodynamic radius of AQ in each sample using eqs 3.3
and 3.4, see Table 3.5. Here we note that the concentration of AQ and the range of concentrations
for TBA are the same as those samples we used for PL measurements. The hydrodynamic radii of
AQ are plotted with 𝑃𝐿/𝑃𝐿0 (from Figure 3.1A), as a function of the TBA/AQ ratio, see Figure
3.10. The lack of resemblance between these two curves suggests that it is the ion-pairing effect
between the QD ligand shell and NR4+, not the ion-pairing effect between AQ and NR4+, that
results in the enhanced yield of eT between PbS QDs and AQ.
3.5.11 Calculation of the Minimum Diffusion Coefficient of AQ inside the QD Ligand Shell.
The minimum diffusion coefficient of AQ inside the ligand shell can be approximated using
the following equation 𝐷 = 𝐿2 /2𝜏.134 In this equation, 𝐿 is the average distance of diffusion, and
𝜏 is the corresponding time period. If we assume that 𝐿 is equal to the thickness of the ligand shell
(1.3 nm94), and 𝜏 is equal to the excited-state lifetime of a QD (~1 µs), 𝐷 should be approximately
8.45 × 10-9 cm2/s. This number is smaller than the diffusion coefficient of AQ in water (6.04 × 106

cm2/s, see Table 3.5) by a factor of 700.

3.5.12 TA Measurements.
Picosecond-to-Nanosecond TA Spectroscopy. We split the 2.5-mJ output of a commercial
amplified Ti-sapphire laser (Solstice, 1 kHz, 100 fs, Spectra Physics), and guided 95% to an optical
parametric amplifier (TOPAS-C, Light Conversion) used to produce the pump wavelength (850
nm) for sample excitation, and 5% to a commercial TA spectrometer (HELIOS, Ultrafast Systems)
for use as the probe for TA experiments with pump-probe delay times up to 3200 ps. Within the

102
spectrometer, a single filament broadband continuum of probe wavelengths from 900 to 1400 nm
was generated in a 1.2-cm thick sapphire plate and then passed through a long-wave pass filter to
isolate near-infrared wavelengths above 850 nm. The probe light was then split into sample and
reference beams. We combined the sample beam with the pump light at the sample, which was
contained in a 2-mm quartz cuvette. The transmitted probe signal was collected into an optical
fiber and dispersed onto an array detector. Dividing the signal from the sample beam by the signal
from the reference beam allowed us to divide out any fluctuations in the probe beam intensity
during the experiment. The output differential absorption spectrum (A) was obtained through
active background subtraction of the ground-state spectrum by chopping the pump at 500 Hz. The
pump light was depolarized to prevent unintentional photoselection so that measurements reflect
only population dynamics, and we adjusted the power to 100 µW to avoid any multi-exciton
effects. The solution was stirred with a magnetic stir bar to minimize local heating.
Nanosecond-to-Microsecond TA Spectroscopy. We used a commercial spectrometer (EOS,
Ultrafast Systems) to collect TA spectra for pump-probe delay times from 0.5 ns-10 μs. The
excitation beam was generated by the same method and followed the same beam path as the
excitation used for the picosecond-to-nanosecond TA experiment described above. The proprietary
EOS light source generates a super-continuum (400-1700 nm) probe pulse by focusing a diode
laser into a photonic crystal fiber. The repetition rate of the probe pulse is 2 kHz, which is twice
the repetition rate of the pump pulse, and it is triggered in sync with the pump pulse. The pumpprobe delay is electronically generated and measured by an electronic timer-counter-analyzer
(Pendulum). After the probe pulse passes through an 850-nm long pass filter, it is split by a beamsplitter into sample and reference beams. The sample beam was sent onto the sample, which was
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contained in a 2-mm quartz cuvette, and focused to a spot size of ~200 μm. The reference and
sample beams are then collected in optical fibers and dispersed onto array detectors. In order to
achieve reasonable signal to noise, the incident power of pump light was adjusted to 2 mW. The
solution was stirred with a magnetic stir bar to minimize local heating.
We performed TA experiments, as described above, on a set of separately prepared 6.58 µM
PbS QDs. The compositions of these samples are described in section 3.3.2. These samples were
allowed to equilibrate in the dark overnight before we took measurements. We applied a sum of
exponentials convoluted with an instrument response function (in this case, a Gaussian pulse) to
fit the kinetic traces of the ground-state bleach (extracted at 1014 nm, see Figures 3.11 and 3.12)
and determine the relaxation dynamics of photoexcited carriers on both ultrafast and nanosecondto-microsecond timescales, eq 3.5.
𝑛

𝑦 = 𝐼𝑅𝐹 ⊗ ∑ 𝐴𝑛 𝑒

−(𝑡−𝑡0 )
𝜏𝑛

(3.5)

1

Here 𝑛 is the minimal number of exponential functions required to adequately fit the data, that
is, to yield a symmetric, random distribution of residuals across the zero line.
For QD samples with no added AQ, the kinetic traces of the ground-state bleach on a picosecondto-nanosecond time scale are fit with a sum of three exponentials. These three time constants are
fixed when we fit the kinetics from the same QD samples mixed with AQ (while their amplitudes
are allowed to vary), and a fourth exponential is added to account for the accelerated decay of QD
excitons induced by eT. Figures 3.11B and 3.11C contain the kinetic traces from these
measurements, and the fitting parameters are summarized in Table 3.6.
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Figure 3.11. A) A representative ground-state bleach signal from MHA-capped PbS QDs,
extracted at a time delay of 2 ps. B) Normalized kinetic traces extracted (at 1014 nm) from the
TA spectrum of a 6.58 µM sample of MHA-capped PbS QDs, mixed with no NR4+ (black),
50,000 eq. of TMA (red), and 50,000 eq. of TBA (blue). C) Normalized kinetic traces extracted
(at 1014 nm) from the TA spectrum of a 6.58 µM sample of MHA-capped PbS QDs, mixed
with 1000 eq. of AQ and no NR4+ (black), 50,000 eq. of TMA (red), and 50,000 eq. of TBA
(blue). The solid lines in B and C are fits of the traces using eq 3.5, and the fitting parameters
are summarized in Table 3.6.
Table 3.6. Time Constants for Decay of the QD Exciton on a Pico-to-Nanosecond Time Scale.
Samples
τ1 (ps)a,b
τ2 (ps)a,b
τ3 (ps)a,c
τ4 = τeT (ns)a,d
(A1)
(A2)
(A3)
(A4)
PbS QD Only
2.5 ± 0.7
38.3 ± 8.9
>3000
-(-0.07)
(-0.06)
(-0.87)
PbS QD + AQ
2.5 ± 0.7
38.3 ± 8.9
>3000
2.2 ± 0.3
(-0.03)
(-0.05)
(-0.66)
(0.23)
PbS QD + TMA
3.4 ± 1.3
31.3 ± 10.3
>3000
-(-0.05)
(-0.04)
(-0.90)
PbS QD + AQ +
3.4 ± 1.3
31.3 ± 10.3
>3000
1.4 ± 0.1
TMA
(-0.03)
(-0.06)
(-0.67)
(0.23)
PbS QD + TBA
3.4 ± 0.9
50.0 ± 14.0
>3000
-(-0.06)
(-0.05)
(-0.88)
PbS QD + AQ +
3.4 ± 0.9
50.0 ± 14.0
>3000
1.3 ± 0.1
TBA
(-0.04)
(-0.07)
(-0.65)
(0.22)
a

Error bars are fitting errors.
These small-amplitude components correspond to surface-mediated charge trapping processes.
c
This component is well beyond the measurable time window (3 ns) of our TA set up and cannot be fit accurately,
but is required to make the fittings converge.
d
This component corresponds to the electron exchange process (marked by eT) between photoexcited QDs and AQ,
the rate and magnitude of which is not sensitive to the presence and structure of NR4+ counterions. Here we note that
this component could contain contributions from both the charge separation (eT from the conduction band of QD to
the LUMO of AQ) and the charge recombination (recombination between the electron on AQ and the hole in the
valence band of QD) processes, but we are not able to deconvolve them.
b
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Table 3.7. Time Constants for Decay of the QD Exciton on a Nano-to-Microsecond Time
Scale.
Samples
τ1 (ns)a,b
τ2 (µs)a
Amplitude(A1)
(A2)
Weighted Average
Time Constant, τc
(µs)
PbS QD Only
184 ± 35
1.14 ± 0.03
1.01
(-0.15)
(-0.86)
PbS QD + TMA
158 ± 52
1.06 ± 0.02
0.93
(-0.14)
(-0.86)
PbS QD + TBA
85 ± 18
1.03 ± 0.02
0.94
(-0.10)
(-0.90)
a

Error bars are fitting errors.
Correspond to surface-mediated charge trapping processes.
c
Calculated using eq 3.6.
b

Figure 3.12. A) A representative ground-state bleach signal from MHA-capped PbS QDs,
extracted at a time delay of 0.1 µs. B) Normalized kinetic traces extracted (at 1014 nm) from
the TA spectrum of a 6.58 µM sample of MHA-capped PbS QDs, mixed with no NR4+ (black),
50,000 eq. of TMA (red), and 50,000 eq. of TBA (blue). The solid lines are biexponential fits
of the traces using eq 3.5, and the fitting parameters are summarized in Table 3.7.
The nanosecond-to-microsecond kinetic traces of the ground-state bleach for QDs mixed with
NR4+ counterions and AQ are fit with a sum of two exponential functions, see Figure 3.1B and
Table 3.1. We also fit the kinetic traces extracted from the TA spectra of QD samples with no
added AQ, see Figure 3.12, and the fitting parameters are tabulated in Table 3.7. These data show
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that the presence of NR4+ counterions alone has negligible effects on the exciton dynamics of QDs,
and the excited state life time of these QDs is consistently ~1 µs.
3.5.13 Calculations of Amplitude-Weighted Average Time Constants.
The amplitude-weighted average time constants, 𝜏, for decay of the QD exciton on a nano-tomicrosecond time scale are calculated using the following equation:
𝜏=

∑ 𝐴𝑖 𝜏𝑖
∑ 𝐴𝑖

(3.6)

where 𝐴𝑖 and 𝜏𝑖 are the amplitude (%) and individual time constant for each component of
excitonic decay (see Table 3.1 and Table 3.7), which we obtained from fitting the kinetic traces
of TA spectra (see Figure 3.1B and Figure 3.12B) with a sum of exponential functions.
3.5.14 Model and Method for Molecular Dynamics Simulations.
To capture the anisotropic excluded volume and van der Waals interactions between the
ligands, salts and counterions, we developed a simulation model based on the GROMOS 53A6
force ﬁeld.124 The MHA ligands grafted on the QD surface, NR4+/Na+ cations and Cl- anions are
modeled via a united atom model, while water molecules are treated implicitly as a uniform media
with a dielectric constant of 𝜀𝑟 = 80. Based on the spherical symmetry of the electrostatic potential
surrounding a QD, we modelled our system as a planar QD surface with the ligands oriented
toward the bulk solution, see Figure 3.2A. A similar setup has also been reported in the recent
work by Garg et al.109 In our model, 30 MHA ligands are bound through the thiolate groups, which
are arranged in a triangular lattice. We performed simulations with two surface charge densities
on the QD surface: in the first case, the box dimensions in the 𝑥 − 𝑦 plane are 𝐿𝑥 = 3.0 nm and
𝐿𝑦 = 3.1 nm, which results in a capping density of 3.2 ligands/nm2, consistent with our
quantification using 1H NMR for an average number of 102 MHA ligands per QD (1.6 nm in
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radius), which we described earlier. In the second case, 𝐿𝑥 = 5.4 nm and 𝐿𝑦 = 5.6 nm, which
corresponds to a surface charge density of 0.9 e/nm2, the actual density of ‒ COO- groups when
uniformly distributed on the outermost boundary of an MHA-capped QD (𝑑 = 5.8 nm after
accounting for the length of each MHA ligand, 1.3 nm94).
We set the number of NR4+ and Na+ to be 100 and 1, respectively, in each simulation box, and
include 71 Cl- ions to ensure charge neutrality. The size of the box in the 𝑧 direction, 𝐿𝑧 , is varied
from 25 to 50 nm, and the simulation time is set to be ~10 ns. We also apply a repulsive potential
at the upper boundary in the 𝑧 direction to keep all species inside the simulation box. According
to the GROMOS96 53A6 force ﬁeld, the effective size of the charged species is taken into account
by the corresponding parameter, 𝜎, of the Lennard-Jones potential: 𝜎(𝐶𝑙− ) = 0.444 nm, 𝜎(𝑁𝑎+) =
0.257 nm, 𝜎(𝑁+) = 0.313 nm, and 𝜎(−𝐶𝐻2 −) = 0.407 nm.
The system is equilibrated at constant temperature and volume using the Langevin thermostat,
in which individual atoms are subject to random drag forces exerted by implicit water molecules.
The long-range electrostatic interaction between the ions is computed by the particle-particle
particle-mesh solver. Periodic boundary conditions are applied in the 𝑥 and 𝑦 directions, while the
nonperiodic boundary conditions in the 𝑧 direction is corrected by adding extra empty space on
both sides of the box along the 𝑧 axis. Here we note the attraction strength between the – CH2 –
groups of the MHA ligands and the NR4+ cations is approximately 0.1 kcal/mol (i.e., 0.16 𝑘𝐵 𝑇)
according to the GROMOS96 53A6 force field parameters for explicit water simulations.
In our implicit water simulation, we vary the effective attraction strength, 𝜀, between the – CH2
– groups of the MHA ligands and of the NR4+ cations from 0.05 to 0.8 𝑘𝐵 𝑇. We found that only
when 𝜀 is within the range of 0.2-0.5 𝑘𝐵 𝑇 can NR4+ adsorb on the MHA ligand shell while
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remaining soluble in bulk aqueous solution. To ascertain that our simulation results reflect the
steady states, not the kinetically trapped states, of the system, and are not biased by the initial
configurations, we also performed several simulations for the cases where the hydrophobic
attraction between the – CH2 – groups of the MHA ligands and of the NR4+ cations is strong, i.e.,
𝜀 = 0.1-0.5 𝑘𝐵 𝑇. All simulations were performed using Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) with GPU acceleration.135-137

Figure 3.13. Ion density profiles for QD – TMA, QD – TEA, QD – TPA and QD – TBA
mixtures when the attraction strength between the – CH2 – groups of NR4+ and those of the
MHA ligands is A) 𝜀 = 0.2 𝑘𝐵 𝑇 and B) 𝜀 = 0.5 𝑘𝐵 𝑇.
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Note 1: The integrated net charge per unit area, 𝑄(𝑧), is defined as where 𝑞(𝑧) is the net
𝑄(𝑧) = 𝐿

𝑧
∫0 𝑞(𝑧)𝑑𝑧,
𝐿
𝑥 𝑦
1

charge in the spatial interval [𝑧, 𝑧 + 𝑑𝑧], and 𝐿𝑥 and 𝐿𝑦 are the box dimensions in the 𝑥 and 𝑦
direction, respectively.
Note 2: In this study, we define the slipping plane as the location, 𝑧𝑑 , where the number density
of the NR4+ cations decays to its corresponding value in the bulk solution. This is relevant in our
implicit water model because, at this location, the electrostatic interactions between the MHAcapped QD surface and the NR4+ cations should effectively diminish.

Figure 3.14. Histograms of the number of hydrophobic contacts, 𝑛𝑐 , for TMA, TEA, TPA and
TBA: A) 𝜀 = 0.2 𝑘𝐵 𝑇 and B) 𝜀 = 0.5 𝑘𝐵 𝑇.
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In Figure 3.13, the first peak in the density profiles of N+ corresponds to the NR4+ ions that
condense on the ligand shell. The other peaks correspond to the NR4+ ions that are in solution. The
presence of multiple peaks, instead of a single population, results from the fact that there are
multiple aggregates of the NR4+ ions along the 𝑧 axis. Given the low concentration of NR4+
(approximately 0.2 M), it would take a longer simulation time for these aggregates to coalesce. In
certain cases, e.g., for TPA and TBA in Figure 3.13A, we did observe the aggregates coalesce
within our simulation time (i.e., ~10-20 ns).
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Figure 3.15. Integrated net charge per unit area, 𝑄(𝑧), and number density, 𝜌(𝑧), for TMA,
TEA, TPA and TBA when the attraction strength between the – CH2 – groups of the NR4+
cations and those of the MHA ligands is: A) 𝜀 = 0.2 𝑘𝐵 𝑇 and B) 𝜀 = 0.5 𝑘𝐵 𝑇. The red dashed
lines in panel A indicate the values of 𝜌(𝑧) at the slipping plane, z = 𝑧𝑑 .
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Figure 3.16. A) Representative snapshot for the QD – TEA system with a surface charge
density of 3.2 e/nm2; B) integrated net charge and C) net charge profiles for TMA, TEA, TPA
and TBA, see Note 1 above.

Figure 3.17. A) Representative snapshot for the QD – TEA system with a surface charge
density of 0.9 e/nm2 and ligands consisting of 11 methylene groups; B) The magnitude of the
integrated net charge calculated at the slipping plane for different NR4+ cations.
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Chapter 4: Reversible Modulation of the
Electrostatic Potential of a QD through the
Protonation Equilibrium of Its Ligands

Adapted From:
He, C.; Zhang, Z.; Wang, C.; Jiang, Y.; Weiss, E. A., J. Phys. Chem. Lett. 2017, 8, 4981-4987.
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4.1

Chapter Summary
This chapter describes the reversible modulation of the electrostatic potential at the interface

between a PbS QD and its solvent through the protonation equilibrium of the QD’s histaminederivatized dihydrolipoic acid (DHLA) ligand shell. The electrostatic potential is sensitively
monitored by the yield of photoinduced eT from the QD to the charged electron acceptor, AQ. The
permeability of the DHLA coating to the AQ progressively increases as the average degree of
protonation of the ligand shell increases from 0 to 92%, as quantified by 1H NMR, upon successive
additions of p-toluenesulfonic acid (Tol-SO3H); this increase results in a decrease in the PL
intensity of the QDs by a factor of 6.7. The increase in permeability is attributable to favorable
electrostatic interactions between the ligands and AQ. This work suggests the potential of the
combination of near-IR emitting QDs and molecular quenchers as robust local H+ sensors.
4.2

Introduction
This chapter describes a precise mechanism to control the PL intensity of a QD through the

acidity/basicity of its environment by using protons to regulate the permeability of the QD’s
organic adlayer to a charged molecular quencher. The emissive PbS QDs are passivated by an
adlayer of histamine-derivatized dihydrolipoic acid (DHLA-His, Scheme 4.1). The imidazole
moieties at the outer boundary of this ligand shell capture freely diffusing protons, and switch from
neutral to positively charged state, such that the electrostatic field at the QD/solvent interface is
controllable through the acidity of the solution. 1H NMR spectroscopy allows us to quantify the
average degree of protonation of the QD ligand shell, and steady-state and time-resolved optical
spectroscopies allow us to relate this degree of protonation to the permeability of the ligand shell
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to the charged small-molecule electron acceptor, AQ, through the rate and yield of photoinduced
eT from the QD to AQ.
This work advances ours120,

138

and others104,

116-119, 139

efforts to control the electrostatic

potential of a colloidal nanoparticle, that is, the zeta potential at the slipping plane between the
nanoparticle and the bulk solution. The polarity and magnitude of this potential dictate how the
colloid will interact with its chemical environment. This potential is a critical factor in regulating
(i) permeation of small-molecules to the inorganic surface of the particle (which can lead to
desirable binding events or undesirable corrosion), and (ii) nonspecific adsorption of larger
biomolecules to the nanoparticle, e.g., protein coronas that degrade the particle’s ability to tag or
permeate a membrane.12, 140-141 Introduction of a charged molecular quencher to the system renders
the PL intensity of the QD sensitive to this potential, and suggests an application for these particles
in monitoring the yield of reactions, such as post-translational acetylation of a protein, that result
in a change in the charge or charge distribution of a protein adsorbed to a QD substrate.142-143
We previously achieved control over the electrostatic potential of a colloidal QD, and its PL
in the presence of a charged quencher, with charged, covalently bound ligands,120 and then more
precisely with these ligands plus noncovalently bound counterions.138 Our introduction here of a
mechanism to reversibly tune the PL intensity of a QD via the protonation equilibrium of its ligands
suggests additional functionality, specifically sensing of dynamic properties of an evolving
environment, such as local proton fluxes or vesicle formation and expulsion. The DHLAfunctionalized PbS QD system is especially translatable to in vitro biological applications because
of the emission of PbS QDs is tunable throughout biological windows I and II (650 nm-1350 nm;
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the QDs used here emit at ~1050 nm),144 and because the imidazolium group on DHLA has a
physiologically relevant pKa (~7.0) in water.145-146
4.3

Results and Discussion

Scheme 4.1. Schematic representation of protonation of the imidazole tail groups of the DHLAHis ligand shell of a PbS QD by Tol-SO3H, and the effect of this protonation on the
permeability of the ligand shell to AQ, the negatively charged electron acceptor. The positive
and negative charge centers are highlighted in red and blue, respectively.
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DHLA has a larger binding affinity for divalent metal cations and better stability under acidic
conditions (down to pH 3) than its mono-thiolate analogues.51, 118 We synthesized DHLA-His
molecules via a published peptide coupling reaction,147-148 using the procedure described in the
Supporting Information. We synthesized oleate-capped PbS QDs using an adapted literature
procedure67, see the Supporting Information, and prepared PbS QDs capped by a monolayer of
DHLA-His by adding ~400 equivalents of DHLA-His ligands per QD to a 2-mL sample of 400
µM oleate-capped PbS QDs dispersed in degassed hexanes, and shaking the mixture gently until
the QDs flocculated. We diluted the reaction mixture with 4 mL degassed methanol, and then
centrifuged it at 7000 rpm for 5 min to precipitate the QDs. We washed the pellet with 6 mL ethyl
acetate twice by centrifuging the suspension at 7000 rpm for 5 min and decanting the clear
supernatant. The cleaned QDs were redispersed in 4 mL degassed ethylene glycol (for optical
characterization) or methanol-d4 (for NMR measurements), and any insoluble QD aggregates were
separated by centrifuging this solution at 7000 rpm for 10 min. We collected the optically clear
supernatant and use it as the stock solution for subsequent experiments. No bound oleate was
detected on the surfaces of these QDs, see the Supporting Information, Figure 4.7.
Figure 4.1A shows the aromatic regions of 1H NMR spectra of a series of 0.132 mM solutions
(in methanol-d4) of DHLA-His-capped PbS QDs mixed with increasing molar equivalents (0-200
per QD) of p-toluenesulfonic acid (Tol-SO3H, pKa ≈ -3 in water149). With no acid added (black
trace at the bottom), we observe i) two sharp singlets located at ~7.7 ppm (for Ha) and ~ 6.9 ppm
(for Hb), which correspond to the aromatic protons on freely diffusing DHLA-His molecules in
solution; and ii) two broad features located at ~7.6 ppm (Ha) and ~6.8 ppm (Hb), which correspond
to the same protons on DHLA-His molecules that are bound to the surface of QDs.18, 72 Assignment
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of these two (bound and free) populations of DHLA-His molecules has been confirmed by NMR
spin ‒ spin-mediated relaxation (T2) measurements, see the Supporting Information, Figure 4.5.
Each QD has an average of 76 ± 8 DHLA-His ligands bound to its surface, and the ratio between
freely diffusing and surface bound DHLA-His species is consistently 0.15 ± 0.02 (based on three
parallel experiments on separate samples, see the Supporting Information, Figures 4.6,4.8). As we
add increasing amounts of Tol-SO3H to the QD dispersion, the protonation of the imidazole leads
to a more pronounced electron-withdrawing effect on the aromatic ring, and results in a
progressively down-field shift in the signals of these two aromatic protons in both surface-bound
and freely diffusing DHLA-His species,91, 150 Figure 4.1A.
Figure 4.1B is a plot of the peak position of Ha (in ppm), as a function of Tol-SO3H added, for
both the bound (black) and free (red) populations of DHLA-His. The chemical shift of these peaks
is a weighted average of the chemical shifts of the fully protonated (𝛿𝑝 ) and fully deprotonated
(𝛿𝑑𝑝 ) DHLA-His species.85, 151 Assuming that i) DHLA-His is 100% deprotonated before we
introduce any Tol-SO3H to the system, such that 𝛿𝑑𝑝 = 7.63 ppm, and ii) DHLA-His is 100%
protonated as the chemical shift saturates (the protonation of imidazole groups is near completion
at this chemical equilibrium with an equilibrium constant of ~ 1010), such that 𝛿𝑝 = 8.71 ppm
(marked by the black dashed line in Figure 4.1B), the degree of protonation, 𝑝 (0 ≤ 𝑝 ≤ 1), for
the imidazole moieties within the QD ligand shell is given by eq 4.1. We use eq 4.1 to translate
𝑝=

𝛿𝑜𝑏𝑠 − 𝛿𝑑𝑝
× 100% = (0.926 × 𝛿𝑜𝑏𝑠 − 7.06) × 100%
𝛿𝑝 − 𝛿𝑑𝑝

(4.1)

the chemical shift of the aromatic proton signal to the percentage of protonated imidazolium
groups at the QD surface, Figure 4.1B, inset.
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In all experiments that follow, we limit the amount of Tol-SO3H to 75 eq. per QD because,
when we add more than 75 eq., DHLA-His ligands begin to desorb from the surface of QD
(presumably due to the protonation of dithiolate anchoring groups), see the Supporting
Information, Figure 4.8.
We then split a batch of 6.58 µM QDs into four samples in ethylene glycol, and added either
0, 25, 50, or 75 molar equivalents of Tol-SO3H to each sample to achieve a different concentration
of protons at the ligand/solvent interface (𝑝 = 0, 31%, 64% or 92%, respectively, see Figure 4.1B).
We split each of these four samples into seven samples, to which we added increasing molar
equivalents (0-50 per QD) of AQ, the negatively charged electron acceptor with respect to
photoexcited PbS QDs.120, 138 As we have shown previously35, 40, 42-44, the probability of electron
eT from the photoexcited QD to a negatively charged AQ reflects the number of AQs within a few
angstroms of the QD surface, in the form of either statically bound or transiently associated
adsorbates. The photoinduced eT process results in a charge-separated state that undergoes
nonradiative recombination; therefore, the degree to which the PL of QDs is quenched in the
presence of AQ is a sensitive measure of the permeability of the QD ligand shell to the molecular
probe, here, negatively charged AQ. We allowed all 28 samples to equilibrate in the dark (to avoid
any potential photochemistry120,

152-153

), under N2, overnight before performing any optical

measurements. We then collected the PL spectra (850-1350 nm) of the samples in a 2 mm/10 mm
dual pathlength quartz cuvette, photoexcited along the 10-mm axis at 800 nm.
Figure 4.2A is a plot of “𝑃𝐿/𝑃𝐿0 ”, the integrated PL intensity for each QD ‒ AQ mixture
(“𝑃𝐿”) divided by the integrated PL intensity of the same sample with no added AQ (“𝑃𝐿0 ”), vs.
the eq. of AQ added to the QDs, for four series of QDs with different degrees of protonation (𝑝).
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Figure 4.1. A) Representative NMR spectra of a series of 0.132 mM methanol-d4 solutions of
DHLA-His-capped PbS QDs mixed with increasing (from black to red) molar equivalents (0200 per QD) of Tol-SO3H. ‒ R = ‒ C10H20NOS2. The small peak at ~7.3 ppm, marked by
asterisk (*), corresponds to an unknown impurity in QDs introduced during the ligand exchange
process. B) Chemical shift of Ha for DHLA-His ligands that are bound to the surface of the QD
(black) or freely diffusing in solution (red), plotted vs. the eq. of Tol-SO3H added per QD. The
errors bars are the standard deviation of three measurements on separately prepared QD
samples. The inset contains the same data for bound DHLA-His only, where the chemical shift
is converted to the degree of protonation using eq 4.1.
For each series of QDs, the yield of PL quenching ‒ that is, the yield of eT ‒ increases as we
increase the molar equivalents of AQ added, as expected (Figure 4.2A, inset).35-36, 120 The key

121
result is that, as 𝑝 increases from 0 to 92%, the yield of eT is progressively enhanced for a given
amount of AQ added. This change is not due to the shift in the reduction potential of AQ as a
function of proton concentration in the solution (the driving force for eT from the QD to AQ
changes negligibly27-28,
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), or to irreversible photooxidation of QDs, as evidenced by cyclic

voltammetry and continuous illumination experiments, see the Supporting Information, Figures
4.11,4.12. This enhancement is therefore caused exclusively by an increase in the average number
of AQs adsorbed, statically or transiently, to each QD, due to enhanced permeability of the
increasingly positively charged ligand shell to negatively charged AQ.
To support this conclusion, we performed a series of TA measurements on QD solutions and QD
‒ AQ mixtures ([AQ]/[QD] = 10:1) titrated with 0 (𝑝 = 0), 25 (𝑝 = 31%), or 75 (𝑝 = 92%) molar
equivalents of Tol-SO3H. The setup for our TA experiments is detailed in our previous work42, 44,
120

and the Supporting Information. We have shown previously for this PbS QD ‒ AQ system 120,

138

that eT and subsequent charge recombination (CR), evidenced by an acceleration of the

recovery of the ground state bleach of the QDs upon addition of AQ, occur on both picosecondto-single nanosecond (Figure 4.2B) and nanosecond-to-microsecond (Figure 4.2C) time scales.
In that work and here, we assign the dynamics on the faster timescale to eT and CR within statically
bound QD ‒ AQ complexes, and the dynamics on the slower timescale to the diffusion-controlled,
collision-gated eT process within transiently associated QD and AQ species. The kinetic traces in
Figures 4.2B,C show that addition of increasing amounts of Tol-SO3H in the presence of a fixed
amount of AQ progressively increases the rate of eT on both the time scales we monitor, while
addition of Tol-SO3H alone (no AQ) has negligible impact on the exciton dynamics of the QD (see
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the Supporting Information, Figures 4.13B,C). These results are consistent with the trend of
increasing PL quenching upon progressive protonation of the QD ligand shell.
We determined the time constants for eT within static QD-AQ complexes by globally fitting
the picosecond-to-nanosecond kinetic traces in Figure 4.2B with eq 4.2, where 𝐼𝑅𝐹 is the
∆𝐴 (𝑡) = 𝐼𝑅𝐹 ⊗ [−𝐴𝐶𝑆 𝑒 −𝜆 (𝑒𝑥𝑝(𝜆𝑒 − 𝑡/𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 ) − 1)
(4.2)
− 𝐴𝐶𝑅 (1 − 𝑒

−𝜆

)𝑒

− 𝑡/𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐

− 𝑒

−𝜆 −𝑡/𝜏1

𝑒

]

instrument response function of the laser, 𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 is the time constant for charge separation
between a photoexcited QD and a single absorbed AQ, 𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐 is the time constant for charge
recombination of the ion pair resulting from that charge separation, 𝐴𝐶𝑆 and 𝐴𝐶𝑅 account for the
relative contribution of electrons and holes, respectively, to the total amplitude of the bleach
signal,154-155 𝜆 is the Poisson-averaged number of statically adsorbed AQs per QD, and 𝜏1 is the
lifetime of excitons within QDs that have no statically adsorbed AQs. The details of, and
justification for, eq 4.2 can be found elsewhere.35-36, 40, 42, 156 In fitting the kinetic traces in Figure
4.2B, we fixed the values of 𝜏1 to those measured by the longer-time-scale TA experiment (see
Figure 4.2C and Table 4.1) because they cannot be measured accurately within the time window
of ~3 ns. In a procedure we developed previously,36-37 we also fixed the value of 𝜆 for each trace
to 𝜆 = −ln(𝐵/𝐵0 ), where 𝐵/𝐵0 is the fraction of QDs with zero adsorbed AQ molecules,
measured from the amplitude of the ground-state bleach at delay times of 1800 ‒ 3200 ps (well
after the charge recombination process within static QD ‒ AQ complexes),35 see the Supporting
Information, eqs 4.7-4.9.
To first approximation – that is, if we assume that the protonation state of the ligand shell only
influences the number of AQ molecules that adsorb to each QD surface, and not the electronic
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Figure 4.2. A) Fraction of emissive PbS QDs (6.58 μM) within mixtures with average
protonation 𝑝 = 0 (black), 𝑝 = 31% (red), or 𝑝 = 92% (blue) that remain emissive upon addition
of increasing molar equivalents (0-50 per QD) of AQ. Three measurements on separately
prepared samples were averaged to obtain each data point, and the error bars are the standard
deviation of these measurements. The inset shows representative PL spectra of DHLA-Hiscapped PbS QDs (𝑝 = 0) mixed with increasing eq. of AQ. B) Normalized kinetic traces
extracted (at the ground-state bleach, 878 nm) from the ps-to-ns TA spectrum of a 13.2 μM
sample of DHLA-His-capped PbS QDs, mixed with 10 eq. of AQ (black), 25 eq. of Tol-SO3H
and 10 eq. of AQ (red), or 75 eq. of Tol-SO3H and 10 eq. of AQ (blue) and photoexcited with
a 100-μW laser at 810 nm. The solid lines are global fits using eq 4.2, with fitting parameters
summarized in Table 4.1. C) Normalized kinetic traces extracted (at the ground-state bleach,
901 nm) from the ns-to-μs TA spectra of the same sample series in panel B, photoexcited with
a 2-mW laser at 810 nm. The solid lines are fits using eq 4.4 in the Supporting Information,
with fitting parameters summarized in Table 4.1.
Figure 4.2. A) Fraction of emissive PbS QDs (6.58 μM) within mixtures with average
protonation 𝑝 = 0 (black), 𝑝 = 31% (red), or 𝑝 = 92% (blue) that remain emissive upon addition
of increasing molar equivalents (0 ‒ 50 per QD) of AQ. Three measurements on separately
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coupling or driving force for eT between the QDs and these adsorbed acceptors – the value of 𝑝
influences 𝜆 , but not the intrinsic, single-donor, single-acceptor rate constants 𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 and
𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐 . We indeed find that 𝜆, calculated as described above, increases from 0.44 to 1.4 AQs
adsorbed per QD, as 𝑝 increases from 0 to 92%, Table 4.1. Fixing these values of 𝜆 and sharing
the values of 𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 and 𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐 in fits of all three traces in Figure 4.2B with eq 4.2, we find
𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 = 9 ps and 𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐 = 240 ps. These rates are faster, by up to a factor of five, than those
we measured for the same acceptor but larger QDs as donors (radius of 1.6 nm instead of 1.3
nm).120 The difference is reasonable since the driving force for eT in our current system is ~0.3 eV
larger than for the previous system.73
The protonation state of the ligand shell should also increase the average rate of diffusioncontrolled eT from the QD to AQ by increasing the diffusion constant of AQ within the ligand
Table 4.1. Charge Separation and Recombination Dynamics for PbS QD ‒ AQ Complexes
with Different Degrees of Protonation in Their Ligand Shells.
Samples

PbS QDs
(𝑝 = 0) +
10 eq. AQ
PbS QDs
(𝑝 = 31%) +
10 eq. AQ
PbS QDs
(𝑝 = 92%) +
10 eq. AQ

from Fits of Picosecond-to-Nanosecond
TA Kinetics to eq 2 (Fig. 2B)
𝜏𝐶𝑆,𝑠𝑡𝑎𝑡𝑖𝑐 (ps)
𝜏𝐶𝑅,𝑠𝑡𝑎𝑡𝑖𝑐 (ps) Avg. No.
of AQ
(𝐴𝐶𝑆 ) a
(𝐴𝐶𝑅 ) a
/QD, 𝜆 b
0.44

9±1
(0.11 ± 0.01)

240 ± 12
(0.29 ± 0.01)

from Fits of Nanosecond-to-Microsecond TA Kinetics to eq
S2 (Fig. 2C) c
Avg.
𝜏1 (ns)
𝜏2 (ns)
𝜏3 (µs)
(µs) d
(𝐴1 )
(𝐴2 )
(𝐴3 )
12 ± 0.6
(-0.09 ± 0.02)

240 ± 88
(-0.15 ± 0.05)

1.1 ± 0.07
(-0.76 ± 0.05)

0.87

0.93

5.4 ± 0.2
(-0.44 ± 0.03)

110 ± 29
(-0.22 ± 0.03)

0.79 ± 0.09
(-0.34 ± 0.04)

0.30

1.4

4.2 ± 0.2
(-0.65 ± 0.05)

100 ± 42
(-0.22 ± 0.06)

0.70 ± 0.34
(-0.13 ± 0.06)

0.12

a

These fitting parameters are shared among all three kinetic traces. Error bars are fitting errors from the kinetic traces
extracted (at the ground-state bleach) from the picosecond-to-nanosecond TA spectrum of each sample, Figure 4.2B.
b
The value of 𝜆 is fixed for each kinetic trace to the value of −ln(𝐵/𝐵0 ) for that trace, as explained in the text.
c
Error bars are fitting errors from the kinetic traces extracted (at the ground-state bleach) from the nanosecond-tomicrosecond TA spectrum of each sample, Figure 4.2C.
d
Amplitude-weighted averages of 𝜏1 , 𝜏2 and 𝜏3 , see eq 4.6 of the Supporting Information.

shell. We observe this increase by fitting the nanosecond-to-microsecond kinetic traces that
describe diffusion-controlled eT dynamics, Figure 4.2C, with a sum of three exponential functions
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convoluted with the 𝐼𝑅𝐹, eq 4.4 in the Supporting Information, to obtain the time constants listed
in Table 4.1. The increasing rates of exciton decay on single-to-tens-of-ns (𝜏1 ), hundreds-of-ns
(𝜏2 ) and single-μs (τ3) time scales upon progressive protonation of the QD ligand shell suggest that
attractive forces between the ligand shell and AQ enhance the rate of eT through a continuum of
diffusion-controlled pathways.
Finally, we demonstrate acidity/basicity-controlled reversible cycling of the permeability of
the QD’s ligand shell. We prepared two 3-mL, 10.0 μM samples of DHLA-His-capped PbS QDs,
and pretreated one of the samples with 10 eq. of AQ, while the other sample served as the “blank”
control. We then alternately mixed 75 eq. of Tol-SO3H and 75 eq. of tetramethylammonium
hydroxide (NMe4OH) into each sample to cycle the ligand shell between protonated and
deprotonated states, and collected the steady-state PL spectra immediately after each addition,
Figure 4.3. The protonation/deprotonation process takes place instantaneously, see the Supporting
Information, Figure 4.14.
When no AQ is added, the PL intensity of the QD ensemble remains stable upon sequential
additions of acid/base (Figure 4.3, red trace), which suggests that 75 eq. of acid/base alone does
not impact the surface passivation of these QDs, consistent with the results from NMR, see Figures
4.1A and 4.8 in the Supporting Information. The PL intensity of the QDs however shows dramatic,
reversible oscillation, with an average ratio of PL( 𝑝 = 0)/PL(𝑝 = 92%) of 6.7 (a maximum
observed ratio of 28), which confirms that both AQ and surface-bound DHLA-His ligands did not
degrade during the cycling of acid-base titrations, and demonstrate that the QD ‒ AQ system is a
sensitive, robust optical probe of the proton concentration in solution. We suspect that the slight
enhancement in the PL intensity of these QDs, in both acidic and basic conditions, over the course
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of the cycling is due to the increasing ionic strength of the solution, which lowers the probability
that AQ will diffuse to the QD surface by stabilizing it in bulk solution, see the Supporting
Information, Figure 4.15.
4.4

Conclusion
In summary, we have utilized the protonation equilibrium of the ligands on a PbS QD to

reversibly modulate its PL and exciton lifetime. By increasing the positive charge density at the
outer boundary of a PbS QD from 0 to 70 charges per QD, we decreased the PL of the QD sample
by a factor of 6.7, and decreased the average exciton lifetime of the QDs by a factor of seven, by
increasing the permeability of the QD’s ligand shell to the charged molecular electron-acceptor,
AQ. These changes in electrostatic potential are reversible through sequential additions of acid
and base to the QD dispersion. Our analysis treats the enhanced permeability of the QD ligand
shell upon protonation exclusively as electrostatic effect, and neglects possible contributions from
changes in the morphology of the ligands upon their protonation. We believe our focus on
electrostatics is justified, however, because most analyses of these morphological changes predict
that the permeability of the monolayer should increase (due to formation of patches, ridges or thin
regions) as the degree of protonation decreases, due to competing electrostatic and van der Waals
interactions.157-158 This trend is the opposite of what we see.
This work also demonstrates the use of an interfacial redox process as a highly sensitive probe
for the local chemical and electrostatic environment of an emissive nanoparticle.37-39, 41-42, 44, 120, 138
Our results suggest applications in not only steady-state, but also dynamic proton sensing, with a
response time limited by diffusion of the quencher to the surface of the QD, a process that could
be sped up by tethering it to the QD surface with a flexible linker. We could also measure the pH
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Figure 4.3. Integrated PL intensity of a 3-mL, 10.0 μM solution of DHLA-His-capped PbS
QDs, (red), or QDs plus 10 eq. AQ (black), upon alternate additions of 75 eq. Tol-SO3H and
75 eq. NMe4OH, which we added in 10-μL aliquots. No acid or base was added at titration step
“0” (all the ligands are initially deprotonated upon ligand exchange), and all spectra were taken
within two minutes of adding acid or base into the sample. In the black trace, three
measurements on separately prepared samples were averaged to obtain each data point, and the
error bars are the standard deviation of these measurements.
of an aqueous system by first experimentally determining the pKa of the imidazolium group in the
bound DHLA-His molecules (via NMR, potentiometric, or spectrophotometric titration of the
sample with an acid or base of known pKa), and then using Henderson-Hasselbalch equation to
translate the degree of protonation within the ligand shell, 𝑝, into the concentration of freely
diffusing protons in solution. In this way, our system can be used as a pH sensor. Furthermore, we
could accomplish sensing of other ions by incorporating specific binding sites into the QD’s
ligands.
Further optimization of this system for in vitro applications will require functionalization of
the capping ligand with a more polar segment (e.g., appending an anionic group such as ‒
(CH2)nSO3- to the histamine) to solubilize the QDs in water, and transition from toxic, heavy metalbased PbS QDs to their more eco-friendly analogues, such as InP QDs.
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4.5

Supporting Information

4.5.1 Synthesis of Histamine-Derivatized Lipoic Acid (LA-His) and Histamine-Derivatized
Dihydrolipoic Acid (DHLA-His).
We synthesized histamine-derivatized lipoic acid (LA-His) using a well-established peptide
coupling reaction, see Scheme 4.2.147-148 We dissolved 4.5 g (21.8 mmol, 1 eq.) of lipoic acid, 4.0
g (21.8 mmol, 1 eq.) of histamine dihydrochloride, and 15 mL (87.0 mmol, 4 eq.) of N,Ndiisopropylethylamine (DIPEA) in 75 mL N,N-dimethylacetamide. We then initiated the coupling
reaction by adding 11.5 g (26.1 mmol, 1.2 eq.) of benzotriazole-1-yl-oxy-tris-(dimethylamino)phosphonium hexafluorophosphate (“BOP reagent”) to the solution, and allowed the reaction to
proceed under room temperature for at least 60 hours. The reaction mixture was then diluted with
200 mL deionized water and the product was extracted six times with ethyl acetate (100 mL per
extraction). The organic layer was dried over anhydrous sodium sulfate, and the filtrate was
concentrated under reduced pressure and chromatographed on a silica gel column using
CH2Cl2/CH3OH (9:1) as eluent. Yield: 2.2 g (34%); Rf = 0.5 (CH2Cl2/CH3OH (9:1)). 1H NMR
(Methanol-d4, 600 MHz): δ 7.80 (s, 1H), 6.93 (s, 1H), 3.55 (dq, J = 9.0 Hz, 6.3 Hz, 1H), 3.43 (t, J
= 7.1 Hz, 2H), 3.19-3.06 (m, 2H), 2.79 (t, J = 7.1 Hz, 2H), 2.45 (dq, J = 12.5 Hz, 6.4 Hz, 1H), 2.17
(t, J = 7.4 Hz, 2H), 1.87 (dq, J = 13.5 Hz, 6.8 Hz, 1H), 1.74-1.43 (m, 4H), 1.49-1.33 (m, 2H); MSESI: m/z = 300.16 ([M + H]+, predicted: 300.46), 322.15 ([M + Na]+, predicted: 322.45).
We prepared DHLA-His by reducing LA-His with NaBH4, a procedure well-described in the
literature.119, 159-160 In a typical synthesis, we first dissolved 2.2 g (7.5 mmol, 1 eq.) LA-His with
40 mL methanol in a 500-mL round-bottom flask, and cooled down the solution with an ice bath.
We added 1.13 g NaBH4 (30.0 mmol, 4 eq.) slowly to this solution under constant stirring. After
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30 min, we diluted the colorless reaction mixture with 200 mL deionized water, and extracted the
product six times with ethyl acetate (100 mL per extraction). The organic layer was dried over
anhydrous sodium sulfate, and the solvent was evaporated under reduced pressure to yield the
product as a clear, colorless oil. Yield: 2.0 g (90%). 1H NMR (Methanol-d4, 600 MHz): δ 7.58 (s,
1H), 6.84 (s, 1H), 3.41 (t, J = 7.2 Hz, 2H), 2.91-2.84 (m, 1H), 2.77 (t, J = 7.2 Hz, 2H), 2.72-2.60
(m, 2H), 2.17 (t, J = 7.4 Hz, 2H), 1.92-1.84 (m, 1H), 1.75-1.35 (m, 7H); MS-ESI: m/z = 302.06
([M + H]+, predicted: 302.47).

Scheme 4.2. Synthetic scheme of LA-His and DHLA-His.
4.5.2 NMR Spectra of LA-His and DHLA-His.
Figure 4.4 contains full 1H NMR spectra of LA-His and DHLA-His molecules collected in
methanol-d4 solutions. The peaks are marked by different colors in accordance with the protons in
the molecular structures. The protons shown in grey cannot be observed in methanol-d4 due to
proton-deuterium exchange. The peaks marked by the asterisk (*) correspond to the impurities in
the products, N,N-dimethylacetamide solvent residue (the singlets at 2.1, 2.9 and 3.1 ppm), and
hexamethylphosphoramide, the side product from the BOP reagent (the doublet at 2.6 ppm), see
Scheme 4.2.
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Figure 4.4. 1H NMR spectra of LA-His and DHLA-His molecules, shown with protons colorcoded, collected in methanol-d4.
4.5.3 Synthesis and Purification of Oleate-Capped PbS QDs.
We synthesized oleate-capped PbS QDs with a radius of ~1.3 nm66 and a first excitonic peak
at 800 ‒ 860 nm using an adapted literature procedure.67 Briefly, we mixed 0.36 g PbO and 1.0
mL oleic acid with 19.0 mL 1-octadecene in a 50-mL three-neck round bottom flask at room
temperature. Heating the mixture up to 150 °C with constant stirring under N 2 flow for an hour
produced a clear and colorless solution. We cooled the mixture to 110 °C, and injected 0.17 mL
of hexamethyldisilathiane dissolved in 8 mL of degassed 1-octadecene. The solution turned from
orange to brown within 3 seconds. After 4 minutes, we remove the heating mantle and allow the
reaction mixture to cool down naturally to room temperature. The product was separated into four
50-mL centrifuge tubes for further purification.
We purified the QDs by first washing the reaction mixture with acetone (6:1 by volume), and
centrifuging it at 3500 rpm for 5 min. We then decanted the supernatant, dried the QD pellet,
redispersed the QDs in 5 mL hexanes, and precipitated the QDs two additional times, as described
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above, using 12.5 mL methanol and acetone, respectively, as the nonsolvents. The purified PbS
QDs were finally dispersed in 20 mL of hexanes to form the stock solution.
4.5.4 Assignment of Surface-Bound and Freely Diffusing DHLA-His Species via Spin ‒ SpinMediated Relaxation (T2) Measurements.
We recorded 1H NMR spectra of a 0.132 mM sample of DHLA-His-capped PbS QDs,
pretreated with 75 eq. of Tol-SO3H, on an Agilent DD2 600-MHz NMR spectrometer. We chose
a spin-echo pulse sequence for T2 relaxation measurement, set the relaxation delay between scans
to be 10 s, and arrayed the dephasing time, 𝑡, between 0.01 and 6.4 s. Figure 4.5 shows two kinetic
traces of T2 decay of the Ha proton signal (see Figure 4.1A in the main text). Each kinetic trace
fits to a single-exponential function, eq 4.3.
𝐼 = 𝐼0 × 𝑒 −𝑡/𝑇2

(4.3)

Figure 4.5. Kinetic traces of T2 decay of the Ha proton signal for the broad (black) and sharp
(red) features in the 1NMR spectrum (see Figure 4.1A) of 0.132 mM DHLA-His-capped PbS
QDs, mixed with 75 eq. of Tol-SO3H.
The T2 lifetime of the broad feature (black trace) is shorter than the sharp feature (red trace)
by a factor of 7 (1.2 s vs. 0.18 s). This more efficient transversal relaxation for the broad Ha signal
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is predominantly caused by the restricted rotational mobility of DHLA-His ligands that are bound
to the surface of QDs, and has been observed by both our group18 and others72. We therefore assign
the sharp and broad features in Figure 4.1A to freely diffusing and surface-bound ligands,
respectively.
4.5.5 Quantification of DHLA-His Ligands within the Ligand Shell of PbS QDs.
We prepared DHLA-His-capped PbS QDs using the procedures described in the main text, and
applied 1H NMR to quantify the number of bound DHLA-His ligands per QD. The NMR samples
were 0.132 mM solutions of QDs in methanol-d4, with 100 eq. of sodium formate as an internal
integration standard (singlet at 8.56 ppm, 1H). Experiments were performed on an Agilent DD2
600-MHz NMR spectrometer. We set the acquisition time to 27 s and the relaxation time to 90 s,
respectively, to allow for complete collection of the FID signal and sufficient relaxation of proton
nuclei between measurements, and performed 8 scans to get a spectrum with satisfactory S/N ratio.
The 6.5-7.1 ppm region of the resulting spectra, which contains the aromatic proton signal (Hb, see
Figures 4.1A and 4.4) of DHLA-His, is fit with a sum of two Lorentzian functions, and the broad
feature (see the red fitting lines, Figure S3) centered at ~6.8 ppm, which corresponds to those
protons of surface-bound DHLA-His ligands, is integrated against the sodium formate internal
standard. The fitting results of 1H NMR spectra acquired from three separately prepared samples
can be found in Figure 4.6. There are, on average, 76 ± 8 DHLA-His ligands bound to the surface
of each QD.
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Figure 4.6. 1H NMR spectra of DHLA-His-capped PbS QDs zoomed in at 6.5-7.1 ppm (Hb,
see Figure 4.1A). The fitting lines are the best fits using a sum of two Lorentzian functions.
The broad feature (the red fitting line) corresponds to the population of DHLA-His that are
bound to the surface of QDs.
4.5.6 Full NMR Spectrum of DHLA-His-Capped PbS QDs.
Figure 4.7 contains a full NMR spectrum collected from a methanol-d4 solution of 0.132 mM
DHLA-His-capped PbS QDs. The sharp peaks and broad features buried underneath correspond
to DHLA-His ligands that are freely diffusing or bound to the surface of QDs, respectively. The
absence of features at ~5.5 ppm44 indicates that all the native oleate ligands are displaced during
1
Figure
H NMR spectra of DHLA-His-capped PbS QDs zoomed in at 6.5 ‒ 7.1 ppm (Hb,
the
ligand4.6.
exchange.
see Figure 4.1A). The fitting lines are the best fits using a sum of two Lorentzian functions.
The broad feature (the red fitting line) corresponds to the population of DHLA-His that are
bound to the surface of QDs.

Figure 4.7. 1Full 1H NMR spectra of DHLA-His-capped PbS QDs. The peaks from solvent
Figure 4.6. H NMR spectra of DHLA-His-capped PbS QDs zoomed in at 6.5 ‒ 7.1 ppm (Hb,
residues are marked accordingly.
see Figure 4.1A). The fitting lines are the best fits using a sum of two Lorentzian functions.
The broad feature (the red fitting line) corresponds to the population of DHLA-His that are
bound to the surface of QDs.
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4.5.7 Desorption of DHLA-His Ligands from the Surface of QDs upon Mixing with ≥ 100 Eq.
of Tol-SO3H.
We calculate the ratio between freely diffusing and surface-bound DHLA-His ligands through
dividing the area of the sharp singlet (Ha, see Figure 4.1A in the main text) by the area of the
corresponding broad feature. Figure 4.8 contains a plot of this ratio as a function of the eq. of acid
we mix into the QDs. When 0-75 eq. acid was added, this ratio remains relatively constant (0.16
± 0.04); when more than 100 eq. of acid was added instead, however, this ratio starts to increase
dramatically, presumably due to the protonation and desorption of the surface-bound DHLA-His
molecules. We therefore limited the eq. of acid up to 75 eq. for all our photophysical
characterizations to make sure that QDs with different degrees of protonation at their ligand shells
have a comparable coverage of ligands on their surface.

Figure 4.8. Ratio between freely diffusing and surface-bound DHLA-His ligands as a function
of Tol-SO3H added.
4.5.8 Time-Dependent Study of the PL Intensity of the QDs upon Mixing with AQ.
We prepared a 3-mL, 10 μM ethylene glycol solution of DHLA-His-capped PbS QDs,
contained in a 1 cm × 1 cm air-tight quartz cuvette and pretreated with 10 eq. of AQ, and performed
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a time-dependent PL study using the same setup described above. We took 10 measurements
consecutively, and our result (see Figure 4.9) shows that the integrated PL intensity saturates
within two hours of adding AQ to the QD sample, which indicates that the adsorption of AQ on
the surface of QD has reached equilibrium.

Figure 4.9. Time-dependent PL study on DHLA-His-capped PbS QDs mixed with 10 eq. AQ
in ethylene glycol. The integrated PL intensity saturates in two hours after the addition of AQ.

Figure 4.10. Ground-state absorption spectra of DHLA-His-capped PbS QDs with increasing
degree of protonation in their ligand shells.
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4.5.9 Ground-State Absorption Spectra of DHLA-His-Capped PbS QDs with Increasing
Degree of Protonation in Their Ligand Shells.
Figure 4.10 contains superimposed ground-state absorption spectra of 13.2 μM ethylene glycol
solutions of DHLA-His-capped PbS QDs, pretreated with 0, 25, 50 or 75 eq. Tol-SO3H. The peak
position of these spectra stay constant, which suggests that these QDs do not degrade upon addition
of up to 75 eq. acid, in line with our observation from NMR, see Figure 4.8. The slight decrease
(<10%) in the absorbance, however, is likely caused by the surface reconstruction upon addition
of acid into the solution.
4.5.10 Continuous Illumination Experiments of DHLA-His-Capped QDs.
In order to prove that the enhanced PL quenching in Figure 4.2A upon addition of acid is not
a result of irreversible photooxidation of QDs by AQ in the presence of protons, we prepared a 3mL, 10.0 μM sample of DHLA-His-capped PbS QDs, pretreated with 75 eq. Tol-SO3H and 5 eq.
AQ, in a 1 cm × 1 cm air-tight quartz cuvette, and illuminated this sample with a 5-mW, 532-nm
laser pointer under constant stirring overnight. Figure 4.11 contains the ground-state absorption

Figure 4.11. Ground-state absorption A) and steady-state PL B) spectra of a 10.0 μM sample
of DHLA-His-capped PbS QDs, pretreated with 75 eq. Tol-SO3H and 5 eq. AQ, before (black)
and after (red) overnight illumination.
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and PL spectra of this sample before and after the illumination. The negligible change in both
spectra over time suggests that QDs remain stable throughout the illumination experiment, and
irreversible photooxidation is, therefore, not the cause of increased PL quenching.
4.5.11 CV.
In order to determine whether, in our case, the reduction potential of AQ changes as the acidity
of the solution increases, we performed CV experiments using a three-electrode cell with a 3-mm
radius glassy carbon electrode as the working electrode, silver wire as the pseudo reference
electrode, and platinum wire as the counter electrode. Measurements were taken with Princeton
applied research potentiostats using 1 mM degassed ethylene glycol solutions of AQ, with 0.25 M
NH4PF6 added as the supporting electrolyte and 2 mM ferrocene added as the internal standard.
The cyclic voltammogram in Figure 4.12 shows the reduction of AQ under a scanning rate of
0.1 V/s. The observed reduction potential of AQ is consistently ~-0.8 V vs. Fc/Fc+ redox couple,
as the concentration of Tol-SO3H increases from 0 to 0.49 mM (the maximum concentration of
acid we used in our PL studies). We suspect that Tol-SO3H cannot fully dissociate into freely
diffusing protons and Tol-SO3- anions in ethylene glycol, so its impact on the acidity of the solution
may not be as dramatic as the case in water, which explains the insensitivity of the reduction
potential of AQ to the concentration of acid added. Furthermore, we have approximately 70
imidazole groups per QD, and we add a maximum of 75 equivalents of acid per QD, so in the
presence of QDs, protons are mostly adsorbed at the outermost boundary of the QD ligand shell,
in the form of imidazolium, instead of freely diffusing in solution as they would be in water, and
the actual activity of protons is, therefore, much smaller than in water.
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We therefore conclude that the increasing yield of PL quenching that we observe in Figure
4.2A is not a result of the change in driving force for eT due to the presence of protons in solution,
and can be treated as an electrostatic effect.

Figure 4.12. Cyclic voltammograms of AQ in ethylene glycol solutions of increasing acidity.
4.5.12 TA.
Picosecond-to-Nanosecond TA Spectroscopy. We split the 2.5-mJ output of a commercial
amplified Ti-sapphire laser (Solstice, 1 kHz, 100 fs, Spectra Physics), and guided 95% to an optical
parametric amplifier (TOPAS-C, Light Conversion) used to produce the pump wavelength (810
nm) for sample excitation, and 5% to a commercial TA spectrometer (HELIOS, Ultrafast Systems)
for use as the probe for TA experiments with pump-probe delay times up to 3200 ps. Within the
spectrometer, a single filament broadband continuum of probe wavelengths from 900 to 1400 nm
Figure 4.12. Cyclic voltammograms of AQ in ethylene glycol solutions of increasing acidity.
was generated in a 1.2-cm thick sapphire plate and then passed through a long-wave pass filter to
isolate near-infrared wavelengths above 850 nm. The probe light was then split into sample and
reference beams. We combined the sample beam with the pump light at the sample, which was
contained in a 2-mm quartz cuvette. The transmitted probe signal was collected into an optical
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fiber and dispersed onto an array detector. Dividing the signal from the sample beam by the signal
from the reference beam allowed us to divide out any fluctuations in the probe beam intensity
during the experiment. The output differential absorption spectrum (A) was obtained through
active background subtraction of the ground-state spectrum by chopping the pump at 500 Hz. The
pump light was depolarized to prevent unintentional photoselection so that measurements reflect
only population dynamics, and we adjusted the power to 100 µW to avoid any multi-exciton
effects. The solution was stirred with a magnetic stir bar to minimize local heating.
Nanosecond-to-Microsecond TA Spectroscopy. We used a commercial spectrometer (EOS,
Ultrafast Systems) to collect TA spectra for pump-probe delay times from 0.5 ns-15 μs. The
excitation beam was generated by the same method and followed the same beam path as the
excitation used for the picosecond-to-nanosecond TA experiment described above. The proprietary
EOS light source generates a super-continuum (400-1700 nm) probe pulse by focusing a diode
laser into a photonic crystal fiber. The repetition rate of the probe pulse is 2 kHz, which is twice
the repetition rate of the pump pulse, and it is triggered in sync with the pump pulse. The pumpprobe delay is electronically generated and measured by an electronic timer-counter-analyzer
(Pendulum). After the probe pulse passes through an 850-nm long pass filter, it is split by a beamsplitter into sample and reference beams. The sample beam was sent onto the sample, which was
contained in a 2-mm quartz cuvette, and focused to a spot size of ~200 μm. The reference and
sample beams are then collected in optical fibers and dispersed onto array detectors. In order to
achieve reasonable signal to noise, the incident power of pump light was adjusted to 2 mW. The
solution was stirred with a magnetic stir bar to minimize local heating.

140
We performed TA experiments, as described above, on a set of separately prepared ethylene
glycol solutions of 13.2 µM PbS QDs. The compositions of these samples are described in section
4.3. All samples were allowed to equilibrate in the dark overnight before we took TA
measurements. Figure 4.13A contains a representative spectrum (extracted at 2 ps) of our TA
measurements. The kinetic traces are extracted at the ground-state bleach for all TA spectra. While
the kinetic traces for ps-to-ns TA were fit using eq 4.1, the kinetic traces for ns-to-μs TA were
simply fit with a sum of three exponentials convoluted with 𝐼𝑅𝐹, see eq 4.4, since the rate
3

∆𝐴 (𝑡) = 𝐼𝑅𝐹 ⊗ ∑ 𝐴𝑛 𝑒

(4.4)

−(𝑡−𝑡0 )
𝜏𝑛

𝑛=1

constant for diffusion-controlled eT does not depend directly on the number of AQs that
simultaneously interact with each QD.
We also performed the same experiments on the same samples with no AQ added, which we
used as the “blank” controls. Figures 4.13B,C contain the kinetic traces (extracted at the groundstate bleach) of the control samples for both ps-to-ns and ns-to-μs TA. Our results show that the
addition of Tol-SO3H has negligible impact on the exciton dynamics of QDs: only up to 8%
recovery, presumably due to surface-mediated charge trapping processes, shows up in the kinetics
of ps-to-ns TA of QD ‒ Tol-SO3H mixtures, and completes within 5 ps, while the kinetic traces
extracted from the ns-to-μs TA of QDs with different degrees of protonation satisfactorily overlay
with each other. Here we simply fit the ns-to-μs kinetic traces with a sum of two exponentials
convoluted with the 𝐼𝑅𝐹, eq 4.5 (see the respective fitting parameters in Table 4.2).
∆𝐴 (𝑡) = 𝐼𝑅𝐹 ⊗ [𝐴1 𝑒

−(𝑡−𝑡0 )
𝜏1

+ 𝐴2 𝑒

−(𝑡−𝑡0 )
𝜏2

]

(4.5)

141

Figure 4.13. A) Representative TA spectrum (extracted at a time delay of 2 ps) of a 13.2 μM
ethylene glycol solution of DHLA-His-capped PbS QDs. The negative feature, indicated by the
arrow, is the ground-state bleach. B) The kinetic traces extracted (at the ground-state bleach,
871 nm) from the ps-to-ns TA spectra of QDs with different degrees of protonation at their
ligand shells. C) The kinetic traces extracted (at the ground-state bleach, 901 nm) from the nsto-μs TA spectra of the same sample series. The fitting parameters are tabulated in Table 4.2.
Table 4.2. Fitting Parameters for the Kinetic Traces Extracted from Nano-to-Microsecond
TA Spectra of PbS QDs with Different Degrees of Protonation in Their Ligand Shells.
Samples
Nanosecond-to-Microsecond TA Kinetics
τ2 (µs)
τ3 (µs)
(A1)a
(A2)a
0.16 ± 0.04
1.4 ± 0.04
PbS QDs (𝑝 = 0)
(-0.11 ± 0.02)
(-0.89 ± 0.02)
0.17 ± 0.05
1.5 ± 0.03
PbS QDs (𝑝 = 31%)
(-0.11 ± 0.02)
(-0.89 ± 0.02)
0.19 ± 0.06
1.5 ± 0.06
PbS QDs (𝑝 = 92%)
(-0.15 ± 0.03)
(-0.85 ± 0.03)
a

Error bars are fitting errors from the kinetic traces extracted (at 901 nm) from the nanosecond-to-microsecond TA
spectrum of each sample, Figure 4.13C.

4.5.13 Calculations of the Amplitude-Weighted Average of Excited-State Lifetimes.
We applied eq 4.6 to calculate the amplitude-weighted average of excited-state lifetime of
∑3𝑖= 1 𝐴𝑖 𝜏𝑖
𝜏̅ = 3
∑𝑖 = 1 𝐴𝑖

(4.6)

the QD exciton using the time constants we measured by nanosecond-to-microsecond TA, see
Table 4.1.
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4.5.14 Calculation of the Average Number of Statically Adsorbed AQs per QD, 𝜆.
As we and others have demonstrated in the previous work,36, 120, 154 within a homogeneous
QD ‒ AQ mixture, the probability of finding a QD within the ensemble with 𝑛 adsorbed AQ
molecules, 𝑝(𝑛), is well-described by a Poisson distribution, eq 4.7. Given that the charge
𝑝(𝑛) =

𝜆𝑛
× 𝑒 −𝜆
𝑛!

(4.7)

separation (CS) and charge recombination (CR) processes within statically bound QD ‒ AQ
complexes complete in hundreds of ps (see Table 4.1), and assuming that each static QD ‒ AQ
pair will necessarily participate in eT upon photoexcitation (the rate of static eT typically
outcompetes the rate of radiative recombination by a factor of at least 4000120), the fraction of
photoexcited QDs that have no adsorbed AQ, i.e., the fraction of these QDs that do not participate
in static eT, should be equal to the fraction of the ground-state beach signal left at the end of the
picosecond-to-nanosecond TA, eq 4.7. We normalize the kinetic trace extracted at the ground𝑝(𝑛 = 0) = 𝑒 −𝜆 = 𝐵/𝐵0

(4.8)

state bleach (878 nm) to its minimum, 𝐵0, and average the bleach signal between the time delay
of 1800-3200 ps (well after CR) to obtain the value of 𝐵/𝐵0 . The average number of statically
adsorbed AQs per QD, λ, could therefore be calculated using eq S7. We chose to fix the value of
𝜆 = −ln(𝐵/𝐵0 )

(4.9)

𝜆 in our global fits of the picosecond-to-nanosecond TA kinetics (see Figure 4.2B and Table 4.1)
in order to constrain the fits and minimize the co-dependence between the parameters.
4.5.15 Time-Dependent Study of the Acid/Base Cycling Experiment.
Figure 4.14 contains a plot of the integrated PL intensity of the QD sample (3-mL, 10.0 μM
in ethylene glycol with 10 eq. AQ added, see Figure 4.3) as a function of time after addition of
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acid/base. The PL intensity remains relatively constant over an hour for both cases, which suggests
that the protonation/deprotonation of the QD ligand shell and the resulting change in its
permeability to AQ takes place instantaneously.

Figure 4.14. Time-dependent PL intensity of DHLA-His-capped PbS QDs upon addition of
acid/base.
4.5.16 The Role of Electrolyte in Enhancing the PL of QDs.
To test our hypothesis that the enhanced PL of QDs over the cycling experiment in Figure 4.3
is caused by the increasing ionic strength of the solution, we tracked the integrated PL intensity of
two 3-mL, 10.0 µM PbS QD samples (𝑝 = 0 and 𝑝 = 92%, respectively, with 10 eq. AQ added),
mixed with increasing molar equivalents (0-300 per QD) of tetramethylammonium chloride
(NMe4Cl) salt, which we added 75 eq. at a time, see Figure 4.15. All the PL spectra are normalized
to the PL of the same sample with no AQ added. The plot clearly shows that, for both fully
Figure 4.14.
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Figure 4.15. Normalized PL Intensity of 10.0 µM PbS QD solutions mixed with increasing
molar equivalents of NMe4Cl.
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Chapter 5: Conclusions
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5.1

Dissertation Summary
This thesis describes a set of strategies in controlling the redox activity between a QD and a

charged solution-phase molecular quencher specifically via modulating the electrostatic
interactions at the interface between the QD ligand shell and a polar solvent medium.
Chapter 2 demonstrates a comprehensive study that combines optical spectroscopy and NMR
measurements and elucidates the mechanism of adsorption between a water-soluble QD and a
molecular probe as a function of the interfacial charge density at the outermost boundary of the
QD ligand shell. Fits of the optical data using an equation derived from Poisson distribution and
Langmuir isotherm yield the change in Gibbs free energy of this adsorption reaction. This free
energy change contains i) a component independent from the presence of charges within the QD
ligand shell that describes the intrinsic binding affinity between a hypothetically neutral QD core
and the quencher molecule, and ii) a term that increases linearly with this charge density due to
the penalty from the electrostatic repulsion between the QD ligand shell and the quencher
molecule, which can be further justified by an electrostatic double layer model.
Chapter 3 explores the role of tetraalkylammonium counterions in pairing with the MHA
ligand shell of a PbS QD and screening the electrostatic potential at the slipping plane between the
colloid and the bulk aqueous solution. The counterions with increasing steric bulk show a more
pronounced electrostatic screening effect and result in an increasing yield of PL quenching of the
QD sample when treated with a fixed amount of the redox probe. Time-resolved optical
spectroscopy identifies that, while the dynamics of cT within statically associated QD ‒ redox
probe complexes are relatively independent from the bulkiness of the counterions, the rate/yield
of diffusion-controlled cT shows a three-fold increase when the alkyl chains of the counterion
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increase in length from ‒ CH3 to ‒ (CH2)3CH3. Free energy scaling analysis and molecular
dynamics simulation support the hypothesis that the ion-pairing between the QD ligand shell and
the counterion is driven by a combination of electrostatic and van der Waals components. With
the van der Waals attraction competing over the entropic (i.e., size exclusion) effect in this specific
case, the bulkier counterions are more prone to condense on the QD ligand shell and consequently
lower the diffusion barrier for the redox probe to permeate the ligand layer and reach the inorganic
core of QDs.
Chapter 4 focuses on how to reversibly control the permeability of the QD ligand shell toward
charged redox probes by simply adding/subtracting protons to/from the ligands. A histaminederivatized dihydrolipoic acid molecule can be readily synthesized via a peptide coupling reaction
and applied as ligands for PbS QDs. 1H NMR tracks the average protonation state of the imidazole
tail groups of the QD ligand shell from 0 to ~100%. Upon protonating an increasing fraction of
the ligand shell (i.e., adding positive charges), the QDs display an increasingly favorable attraction
toward the anionic redox species, which results in a higher yield of eT on both ultrafast and
diffusion-controlled time scales. Sequential addition of acid and base to the QD/redox probe
dispersion is able to cycle the QD ligand shell between different protonation states and effectively
modulate the fluorescence intensity of the QD ensemble by a factor of at least 7.
5.2

Future Directions and Outlook
The findings demonstrated in this thesis can potentially be translated into many energy- and

biology-relevant applications, such as colloidal photocatalysis and biosensing.
Photocatalysis: The information gleaned from the fundamental studies outlined in this thesis
offer several design strategies toward building better-performing colloidal photocatalysts.19
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Photocatalytic reactions typically involve complex chemical environments, and nonspecific
binding of molecules to QDs (and even nanoparticles in general) is a well-recognized problem140
(particularly in terms of their biological applications), and can potentially inhibit the activity of
QD-based photocatalysts. It is sometimes necessary to use electrostatics to localize co-catalysts161165

or substrates14, 22, 166 on the QD surface, or facilitate their diffusion toward the surface of QDs167,

and thereby allow specific QD ‒ molecule interactions to outcompete nonspecific binding of
catalyst poisons or spectator species. This concept has been preliminarily demonstrated by a few
successful QD-sensitized photocatalytic reactions,161-162, 164, 168 where enzymes bearing opposite
charges against the QD ligand shell are used as co-catalysts to maximize the electrostatic attraction
and, therefore, the electronic coupling, between the donor and the acceptor. A well-performing
photocatalytic system also requires an informed choice of innocent counterions, as it has been
demonstrated that specific counterions can render the nanoparticle catalyst inactive.169
The design of “proton-localizing” ligands, which is detailed in Chapter 4, can also provide
valuable information toward utilizing QDs as partners for proton-coupled eT reactions.170-171 It is
well-documented in the electrocatalysis literature that acid–base residues proximal to catalytically
active sites in their second coordination sphere can increase the catalytic activity by mediating
rapid H+ transfer to or from the metal (i.e., functioning as “proton relays”).172-175 Incorporating this
concept into colloidally stable semiconductor nanocrystals can potentially help us apply what we
already know in organometallic chemistry to the design principles of QD-based photocatalysts for
H2 evolution and, potentially, many other proton-coupled chemical transformations.
Biosensing: While many of cellular and microbiological processes occur on relatively fast time
scales (nanoseconds to microseconds), the traditional optical biological sensors that are used to
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study these processes operate at much slower conditions (milliseconds to seconds) as they rely on
the slow diffusion of analytes or particles to initiate the sensing mechanism. This mismatch
between the timescales of biological processes and current biosensors means that much of our
understanding of biology is in quasi-steady-state conditions, whereas biology is fundamentally a
very dynamic nonequilibrium system.
Slight changes in the extracellular and intracellular environment (pH, ionic strength, enzyme
activities, etc.) can be directly correlated with biological processes and diseases. For example, the
presence of cancer cells within a body often results in a decrease in the local extracellular pH. 105
The sensitivity of exciton dynamics and optical properties of QDs toward their local chemical
environment (mostly due to the presence of redox-active species), which is extensively
demonstrated throughout this thesis, can potentially help us build sensors with rapid response
times. Ideally, these sensors should be capable of directly measuring cellular processes while they
occur.
One of the modular systems toward this type of applications is a QD-based pH sensing platform
that functions via a cT mechanism. The key to building such a platform is that the redox moiety
that participates in cT must be permanently charged (such as Rhodamine B or viologen
derivatives115) and covalently anchored to the surface of a QD in order to bypass the diffusion
process while having enough degrees of freedom to adsorb/desorb to/from the surface of a QD as
the protonation state of its pH-responsive ligand shell changes (see Chapter 4).
A better understanding and control of interactions between QDs and their solution-phase
chemical environment based on studies like those described in this dissertation aim to speed the
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translation of QDs from physically and chemically interesting fundamental systems to functional
materials.
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