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Abstract

Organic Ligands and Colloidal Nanocrystal Surface Thermodynamics

by

Jason J. Calvin

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor A. Paul Alivisatos, Chair

As materials approach the nanoscale, they begin to exhibit size dependent properties. In
particular, a larger fraction of atoms that make up the whole of the material are located on
the material’s surface. Colloidal nanocrystals are commonly synthesized where their surfaces
are terminated by organic molecules, often referred to as ligands. Calorimetric techniques
such as isothermal titration calorimetry have been applied to colloidal nanocrystals to study
reactions at their surfaces over the past several years, but modeling these reactions has proven
challenging. In this work, isothermal titration calorimetry was used to understand reaction
mechanisms that increase the luminescence in semiconductor nanocrystals, or quantum dots.
Furthermore, the collective effects of the aliphatic carbon chains that make up much of the
organic component of colloidal nanocrystals were examined and insights from simulations
using a local environment dependent model, the Ising model, will be discussed. With these
insights, the structure of the organic ligand shell surrounding the nanocrystal was further
probed using traditional X-ray diffraction techniques, which showed ordering of ligands in the
organic ligand shell, both as dried powders and in a liquid environment. Finally, dissolution
calorimetry experiments measuring negative surface energies of colloidal nanocrystals will
be discussed as well as their implications for understanding the thermodynamics of colloidal
nanocrystals.

Chapters 1 and 2 will lay the ground work for understanding the structure of colloidal
nanocrystals and the main techniques used to study reactions at nanocrystal’s surface.
Chapter 3 will discuss measurements of reactions at the nanocrystal surface that impact
their luminescence, while Chapter 4 will delve into parameters that influence the strength
of collective effects between organic ligands bound to nanocrystal surfaces. Chapter 5 will
focus on X-ray diffraction measurements of the structure of the organic ligand shell, while
Chapter 6 will be devoted to studying negative surface and interface energies of colloidal
nanocrystals. Chapter 7 will discuss the future of thermodynamic studies on the surfaces of
colloidal nanocrystals.
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To the readers

Often while writing I wondered the purpose of this text, especially as the advice I received
was to simply, “staple my papers together and call it a Ph.D.” If that were the case, I feel

this whole effort would have been a colossal waste of my time, although tempting.
However, I have often found supporting information in papers as well as theses and

dissertations to give the most useful insights, although I had once been told that, “putting
something in the supporting information only ensures that it will never be read.” It is my

hope that my more candid insights into my research than I could provide in published
articles (particularly in the appendices) as well as how I perceive them working together

will prove themselves useful to future students.
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Chapter 1

Colloidal Nanocrystals as Inorganic
and Organic Composites

Reproduced in part with permission from Calvin, J. C.; Brewer, A. S.; Alivisatos, A. P. “The
Role of Organic Ligand Shell Structures in Colloidal Nanocrystal Synthesis” Nat. Synth.
2022, 1, 127–137. Copyright 2022 Springer Nature Limited.1

1.1 An Introduction to Colloidal Semiconductor

Nanocrystals, or Quantum Dots

Generally, intrinsic material properties do not change with the size of the material. For
example, if one takes a copper rod and divides it in two, extrinsic properties, such as mass
or volume, change, but the density, an intrinsic value, does not change. Considering the size
of the atoms that constitute the material, changing the volume from a cubic centimeter to
half a cubic centimeter matters very little to the the chemical environment that determines
the structure and properties of the material. This generality remains true until materials
reach the nanoscale, where length scales may range from 10’s to 100’s of atoms. At the
nanoscale, two important phenomena occur. First, quantum confinement effects begin to
manifest.2,3 Second, a significant number of atoms that make up the material are in different
chemical environments, specifically, as size decreases, the number of atoms of the surface of
the material increases relative to the atoms that make up the interior.

The effect of having a large constituency of atoms on the surface has many practical
applications. Probably the most obvious is in terms of heterogenous catalysis, where chemical
catalysis happens at the surface of a material. Having a large amount of solid catalyst does
not help if only a tiny fraction of the material can perform catalysis at the surface. By
reducing the catalyst to micron or nanoscale sizes means that the fraction of atoms on the
surface has significantly increased, and the same amount of material can perform much more
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Figure 1.1: Illustration of band gap changing with quantum dot size. As nanocrystals
become smaller their band gaps become larger, resulting in blue shifts to their absorption
and luminescence spectra.

catalysis.4,5 If the catalyst is expensive, like platinum group metals, maximizing catalysis
with less material is always the goal.

The other most well known effect of going to the nanoscale involves semiconductor
nanocrystals. Normal semiconductors have a band gap, or the absence of electron levels,
between their highest filled electron levels and their lowest unfilled electron levels. To excite
electrons from those highest filled electron levels, or the valence band, to the lowest unfilled
electron levels, or the conduction band, semiconductors can absorb a photon of light with an
energy that is equal to or greater than the energy gap between the conduction and valence
band.6 This band gap is exploited in most applications of semiconductors, and it is critical
in understanding device applications such as solar cells and diodes.7–9

The band gap is another intrinsic property of a semiconductor, and it can be manipulated
by changing aspects of the material like the amount of impurities in the semiconductor
(known as doping).6 However, it can also be changed when the size of the semiconductor
crystal becomes small enough, where smaller nanocrystals have larger band gaps, meaning
the energy of a photon needed to excite electrons in the crystal becomes higher and shifted
to “bluer” wavelengths (see Figure 1.1).2,3 In a direct band gap semiconductor, where the
material can more easily emit photons after they have been absorbed, the wavelength of light
emitted changes with the size of the material and can be tuned to cover the entire visible
color spectrum. In the regime where the band gap changes with the size of the crystal, we
refer to these semiconductor nanocrystals as quantum dots.2,3

There are many ways to synthesize nanocrystals, but one of the cheapest ways that
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results in high quality, well-defined, and size controlled nanocrystals is through a colloidal
synthesis, where the surfaces of the nanocrystal are terminated by capping groups, such as
long, aliphatic chains of carbons that help control the size and prevent fusion of nanocrystals
during growth.2 The resulting materials are generally synthesized and are stable in organic
solvents, which allows for convenient solution processing. The organic groups on the surface
of the nanocrystal are often referred to as the organic ligand shell, and this structure and
its influence on material properties are the primary focus of this work.

Nanocrystals present an interesting and often unexplored aspect of statistical thermody-
namics. In rigorous statistical mechanics and thermodynamic derivations, very large numbers
of particles are often assumed.10 However, in nanocrystals, these assumptions begin to break
down. For example, in colloidal nanocrystals, there may only be hundreds of organic lig-
ands on the surface of a nanocrystal, and if there is a phase transition in the organic ligand
shell, ideas of first order or second order phase transitions, including the sharpness of the
transition, likely no longer apply. Thus, in studying the thermodynamics of small systems,11

nanocrystals provide a platform to also study more theoretical aspects of thermodynamics.
This work helps provide the experimental foundation for theoretical understanding of the
limits of statistical thermodynamics.

1.2 The Organic Ligand Shell

Fundamentally, most colloidal nanocrystals are composites consisting of an inorganic
core and an organic ligand shell. This organic ligand shell enables colloidal stability in sol-
vents,12,13 prevents inorganic cores from fusing,14,15 passivates undercoordinated atoms that
lead to exciton traps in quantum dots,16–18 acts as soft matter in artificial solids assem-
bly,14,19–21 and provides a platform for modification of inorganic cores (see Figure 1.2).17,22

Beyond contributing to colloidal nanocrystals properties, they are essential in synthesis.
Organic ligands mediate growth by binding to growing nanocrystal surfaces as a surfac-

tant. The group that binds to the nanocrystal surface is referred to as the head group, while
the rest of capping ligand is referred to as the tail group.21,23,24 Typically, in hydrophobic
environments, when growth is terminated by exhaustion of precursors or reaction quenching,
these ligands form an organic shell around each nanocrystal, with head groups facing into the
nanocrystal and organic tail groups facing outward. The nature of the ligands dictates the
inorganic nanocrystal surface structure,12,24,25 and ligands have been designed to promote
surfaces that minimize surface defects in quantum dots.17,26,27 A variety of head groups have
been used to terminate colloidal nanocrystal surfaces, such as carboxylates, amines, phos-
phonates, thiols, and halides, and often a mixture of capping groups is used.17,18,22,28–32 The
amount, type, and impurities of ligands used in nanocrystal synthesis has implications for
nanocrystal size, shape, crystal structure, and stability as well as their optical and electronic
properties.33,34

Head groups play a critical role in controlling colloidal nanocrystal growth, and different
nanocrystal shapes can be formed by manipulating head group binding. Using combina-
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Figure 1.2: Cartoon of the organic ligand shell of colloidal nanocrystals and how it affects
size, morphology, colloidal stability, and self-assembly of nanoparticles.

tions of carboxylate and thiol capping ligands in lead sulfide nanocrystal syntheses result
in cubes or octahedrons, or shapes in between.35 This is attributed to the variable surface
energy of different nanocrystal facets, which can be manipulated by using different capping
ligands.20,25,29,32,36 As a result, shape control has mostly been the result of mixed ligand syn-
theses. In addition, it has been reported that growth temperature and ligand concentration
can also lead to faceting by controlling the kinetics of head groups adsorbing and desorbing
to nanocrystal surfaces during growth.36–38

While significant research has been done on the influence of organic ligand head groups
in this regard,21 less attention has been devoted to tail groups and organic ligand shell
structure.39–41 The ligand shell structure has a remarkable influence on their properties. For
example, colloidal quantum dot photoluminescence can be impacted by order or disorder in
the ligand shell.42–46 The steric bulkiness of aliphatic chains can make it difficult for ligands
to adequately passivate inorganic surfaces, leading to undercoordinated atoms and potential
electronic defects.17,26 The impact of ligand ordering has also been observed in the catalytic
response of hybrid palladium nanoparticles and in the electron transfer of cadmium sulfide
nanorods.4,47

Both the head group and the tail group of the capping ligands can be varied to achieve
distinct goals. Head groups are more strongly coupled with the nanocrystal and are often
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chosen based on the desired growth temperature, and as they are in direct contact with the
inorganic nanocrystal surface atoms, they are also chosen for their influence on electronic
properties. In contrast, tail groups utilize many weak interactions and entropic effects to
offer tremendous power in controlling the colloidal stability and assembly. This contrast
between strong and weak interactions is characteristic of work on the nanoscale in general.
Strong head group interactions offer design control on the most local scale, while many weak
tail group interactions allow for design control on a larger scale. These different inter-ligand
interactions and collective effects of the organic ligand shell have surprising implications
and impacts on colloidal nanocrystal properties and will likely prove meaningful to further
advancing the field to create more tailored and specific nanocrystals with a wide range of
properties.

1.3 An Ideal Platform for Studying Surface

Chemistry Thermodynamics

As previously mentioned, once materials reach the nanoscale, a significant proportion of
their atoms reside on the surface of the material. This, coupled with the solution nature
of colloidal nanocrystals, makes it much easier to probe the fundamental surface chemistry
more traditional solution based chemistry methods.18,28,48–52 For example, the organic lig-
ands and reactions of their surfaces can be studied using techniques such as NMR in organic
solvents,28,48–50 traditional techniques such as luminescence and absorption are easy to mea-
sure,18,51,52 and crucially, calorimetric measurements of surface thermodynamic properties
become convenient to do.30,31,53,54

Unlike spectroscopic measurements, calorimetric measurements need significantly more
material to work with, as heats smaller than microjoules become difficult to measure. While
calorimetric measurements have been called “spectroscopy without selection rules,”55 the
other major downside to these measurements is that unlike spectroscopy, where one can look
in different regimes of the electromagnetic spectrum and hopefully features do not overlap,
in calorimetry, heat is heat, wherever it comes from. Thus, designing control reactions and
ensuring only the reaction of interest is being observed calls for significant creativity. Al-
though challenges in calorimetry of surfaces exist, nanoparticles are likely the ideal platform
to overcome them.
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Chapter 2

Studying Reactions at Colloidal
Nanocrystal Surfaces

2.1 Isothermal Titration Calorimetry

While there are many different classes of calorimeters, the two most common are the
adiabatic calorimeter and the isothermal calorimeter. In an adiabatic calorimeter, no heat is
allowed to flow in or out of the system, so as heat is generated or absorbed in the reaction,
the temperature of the reaction mixture will change. If the heat capacity of the system is
known, then the heat of the reaction can be determined from the temperature change and
the heat capacity.56,57 However, for studying the heat of reactions, this type of calorimeter is
less than ideal. In the most rigorous definition, the enthalpy of the reaction (the thermody-
namic quantity being calculated in these reactions) is the heat of the reaction at a constant
temperature and pressure. In an adiabatic calorimeter, technically the temperature is not

Figure 2.1: Schematic of an isothermal titration calorimeter (A) and example raw (B) and
integrated heat flow data (C).
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constant (although typical temperature changes are not large as reaction heats are small and
the heat capacity is large). A more rigorous technique is to use an isothermal calorimeter.
In an isothermal calorimeter, the temperature is kept constant during the reaction because
heat flow is allowed, typically using some type of heater, and so instead of the temperature
being monitored during the reaction, the heat flow into the sample cell to maintain a con-
stant temperature is measured.58,59 Once the reaction has finished and the system returns to
equilibrium, the heat flow (typically measured in Watts) can be integrated over time to cal-
culate the total heat of the reaction, and this is rigorously defined as the enthalpy, assuming
the reaction occurs at constant pressure. In general, the differential heat flow is recorded,
where both a reference cell and a sample cell are present, but the reaction only occurs in the
sample cell, and the differential heat flow is the difference in heat flow between the sample
cell and and reference cell.

Isothermal titration calorimetry measures the heat of small reactions that occur as one
solution is titrated into another (Figure 2.1). Similar to acid-base titrations, in general, a
reaction occurs between the analyte and titrant, and as more and more titrant is added to
the solution, eventually the analyte is consumed, and there ceases to be a reaction between
the species. As the reaction happens, heat is either generated in an exothermic reaction or
absorbed in a endothermic reaction, and when no reaction is happening, there is no heat
change. As many reactions are in equilibrium, by adding small amounts of the titrant to
the solution, a plot of the heat of the reaction against the amount of titrant added can be
constructed, and from this data, information about the thermodynamics and equilibrium can
be deduced. Isothermal titration calorimetry is not a new technique, and it has been partic-
ularly instrumental in the field of biology for quite some time to study the thermodynamics
of enzyme or protein binding.60–63

A key piece of information to keep in mind is that the enthalpy of the reaction is actually
not the fundamental driving force of a reaction. A reaction can occur with a positive or
negative enthalpy, but rather the change in the Gibbs free energy determines if a reaction
occurs, where the change in Gibbs free energy must be negative (an exercise is left to the
reader to show that a negative change in the Gibbs free energy of the system corresponds to
an increase in the entropy of the universe, or the entropy of the system plus the surroundings).
While this may be seen as a down side for calorimetry as generally enthalpies of reactions
are measured, this is actually a strength, especially when applied to isothermal titration
calorimetry. From the heat titration curve the equilibrium constant of the reaction can
be calculated as well as the enthalpy of the reaction, and with this knowledge both the
enthalpy, entropy, and Gibbs free energy of the reaction can be calculated, thus revealing
the most important thermodynamic properties.30,31 This contrasts with something like a
Langmuir isotherm, where the equilibrium constant and the Gibbs free energy of reaction
can be calculated, but the interplay between enthalpy and entropy cannot.64–66

While this seems like a simple enough system, there are some technical aspects to isother-
mal titration calorimetry that complicate understanding the thermodynamics of the reaction.
As one solution is titrated into another, there are a few thermal effects that must be ac-
counted for. First, there is a heat of friction generated by moving a liquid through the
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syringe. While this may seem like a negligible source of heat, it generates (in this author’s
experience) on average approximately 20 µJ of heat, which is detectable by commercial
isothermal titration calorimeters. This can be measured by injecting neat solvent into it-
self. This also raises an important point. For these sensitive calorimeters, the solvent of the
titrant and the analyte must be the same. If they are not, the enthalpy of mixing of solvents
will be the only detectable signal, and will generally be larger than the dynamic range of
the instrument, which is on the order of 5000 µJ. Technically, there is a dynamic heat flow
limit of the instrument, perhaps around 150 µW. However, considering that the instrument
must return to baseline between injections, and this will take longer with a larger total heat
measurement, it is this author’s experience that around 2000 µJ should be targeted for the
first injection. Almost invariably, the user will need to adjust concentrations, by trial and
error, of the analyte and titrant as well as the titrant injection volume (typically between 10
and 2.5 µL) before an ideal titration curve can be constructed.

Second, there are heat of dilution effects for both the analyte and the titrant. This
effect is typically most significant in the titrant, as it is generally more concentrated than
the analyte, but these effects should be considered. In general, titrating the titrant into a
solution that contains no analyte (i.e. a neat solution) determines the heat of dilution of
the titrant as well as the frictional heat of the injection, and so subtracting this effect from
the measured signal is an absolute necessity, especially with concentrated solutions of titrant
and when dealing with small heats of reaction. Additionally, by injecting neat solvent into
the analyte, the heat of dilution of the analyte can be determined, although with colloidal
nanocrystals there is an additional complication to be discussed below.

When discussing technical details of isothermal titration calorimetry, the idea of an ef-
fective volume is important to note. Suppose the sample cell and the reference cell each hold
0.5 mL of solution, and thus the heat capacity of the two solutions are the same, then in
an ideal situation the same amount of heat is required to keep both solutions at 25 °C. As
a side note, for these instruments, the jacket of the cells is actually kept slightly lower than
the desired temperature so that heat must always be input to the system and the heaters do
not turn on and off trying to maintain the temperature, rather a constant supply of heat is
required. However, if 10 µL of titrant is added to the sample cell, the new volume will be 0.51
mL, and the heat capacity of the solution will change. This then introduces a new baseline
thermal input, and drawing a baseline to integrate the signal will be challenging. To account
for this, the sample and the reference cell are filled such that the total volume overflows both
cells into a reservoir that is not coupled to the heating system but rather is insulated. Thus,
when additional volume is added, the volume where the heat of the reaction occurs does
not change, and the heat capacity change of the system should be negligible. However, this
means that with subsequent injections the moles of analyte being titrated not only changes
in terms of concentration, but also in actual moles of analyte being measured in the cell.
Commercial software accounts for this inconvenience, but if additional data processing is
needed, this aspect cannot be neglected.

In addition to the concentration of the analyte and titrant, as well as the volume of
titrant injected, other variables can be modified for experiments. This includes temperature
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control (although 25 °C is probably the desired temperature for reporting standard state
thermodynamic values), stirring speed, and time between injections. Typically, 250 RPM
stirring speed is adequate, and faster stirring may introduce more baseline noise. However,
stirring is needed to ensure that the reaction returns to equilibrium in a reasonable time
(and increases the heat flow signal). It was found by this author that 40 minutes between
injections was manageable, and with a 250 µL syringe (where only 230 µL was injected,
detailed below) this resulted in 23 injections of 10 µL, and took about 18 hours, considering
equilibration time and final baseline measurements. As these commercial calorimeters are
generally designed to work with high surface tension aqueous solutions, they expect that the
user will not be able to get all of the air out of the syringe, and so an air bubble must be
included in the syringe. Generally, only 230 µL of solution is injected to avoid injecting any
of the air bubble.

Other difficulties in doing isothermal titration calorimetery measurements have to do
with preparing the syringe. The syringe is first filled with solution, including the air bubble,
to greater than 250 µL. Then, the syringe is screwed into the buret handle. This pushes out
some excess solution and ensures a consistent starting volume for every injection. The excess
solution must be carefully wiped off of the tip of the syringe. If the very tip of the syringe
is wiped, capillary action can draw solution out of the syringe, which messes up the volume
inside the syringe. To obtain reliable results, this must be carefully avoided. Finally, when
performing the experiment, it is this author’s experience, which has also been reported by
others, that the first injection typically does not track with the other injections. Generally,
the first injection will have a lower signal than subsequent injections. This is attributed to
two potential causes. First, if any solution has come out of the tip of the syringe, the injection
volume will be lower than the subsequent injections. Second, while ideally there would be
no mixing between the tip of the syringe and the analyte solution, during the equilibration
period (which can take some time), there may be some diffusion of the the titrant into the
analyte. Care should be taken to minimize the time between injections because if too much
time is allowed there may be leaching from the syringe tip in the cells.

Before discussing the technical details with nanocrystal reactions, the final note on general
isothermal titration calorimetry measurements involves the baseline of the reaction and the
shape of the heat injections. This should be carefully observed by the user, and there are
a few things to note. First, as mentioned above, the first data point is usually not reliable,
and should not be used in analysis. However, it has been observed in many reactions that
the first few titration points do not follow the trend of the rest of the reactions. If this is
the case, it generally means that there are multiple reactions happening, and for the case
of nanocrystal reactions this has been observed and attributed to ligands filling empty sites
before undergoing a ligand exchange, and this will be discussed in Chapter 4. Second, the
baseline should be relatively flat. If the baseline becomes excessively noisy or drifts in one
direction, this typically is indicative of nanocrystal aggregation, and this means that these
data points should not be trusted. Finally, if the differential heat flow does not come back to
the original baseline before the next injection, the time between injections should be longer.

For the measurements of nanocrystals, there are a few main technical aspects that must
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Figure 2.2: Example of 1H NMR data showing bound and unbound ligands. (A) An
example of the vinyl protons of oleate with little unbound ligand. (B) An example of the
vinyl protons of oleate with significant unbound ligand. Spectra taken in tetrahydrofuran-d8
.

be discussed. First, it is generally agreed upon that the nanocrystals should be the analyte,
and some ligand or reaction species the titrant. Second, depending on the solvent used, the
ligands may be dynamically bound to the surface (Chapter 3). If this is the case, dilution
measurements are convoluted with the enthalpy of dilution of the nanocrystals as well as
the enthalpy of shifting the equilibrium of the ligands off of the surface of the nanocrystal.
These effects are very hard to correct, but in general they should be small, and in these
studies they were negected. Third, and most importantly, commercial software models for
isothermal titration curves should probably be avoided. There are two main reasons for this.
First, many commercial models do not allow for the number of sites of an analyte to be
very large, like the number of ligands on the surface of a nanocrystal. This can be worked
around by fitting custom models, but doing so requires knowledge of the effective volume as
discussed above, or instead of treating nanocrystals as the analyte one could treat the ligands
as the analyte, only having one site rather than many. However, the biggest pitfall with this
(or traditional fitting methods) is that these models assume that there is no relationship
between neighboring sites. As will be seen in the subsequent chapters, this is a critical
error that most thermodynamic analyses of isothermal titration calorimetry measurements
neglect, and because of this, 1H NMR and an Ising model are critical for understanding
reactions at nanocrystal surfaces.
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2.2 1H Nuclear Magnetic Resonance

While isothermal titration calorimetry measurements have become more common place
for studying reactions at the surfaces of nanocrystals over the past several years, more
traditionally these reactions have been studied by NMR measurements. As the nanocrystals
are colloidal, they can be suspended in solvents, which allows solution NMR measurements to
be performed quite easily. The reason that NMR is an ideal technique for studying reactions
at nanocrystal surfaces is because ligands that are bound to the surface of the nanocrystal
appear different in the spectra than ligands that are free in solution (Figure 2.2).18,28,48,49,67

There are two causes for this phenomena. First, ligands that are free in solution are in a
different chemical environment than ligands that are bound to the surface of the nanocrystal,
so the chemical shift is slightly different. Second, the tumbling speed of the ligands that are
free are much faster than those that are bound to the nanocrystal, the variety of chemical
environments for ligands bound to the nanocrystal are more broad, and the relaxation time
is faster on the nanocrystal, which all corresponds to a more broad peak in the NMR spectra
for ligands that are bound to the surface of the nanocrystal. Because of these factors, an
NMR spectra can be used to figure out the fraction of ligands bound to the surface and
ligands that are free in solution (Figure 2.2).

Traditionally, NMR measurements are not considered to be quantitative when a spectra
is collected. Often the peaks are integrated to get relative areas of protons in different
chemical environments, but with molecules, it is well known that rounding to the nearest
whole number is generally correct, and significant deviations from whole numbers can occur.
However, this can be mitigated for quantitative NMR purposes. The reason that these
deviations occur is differing relaxation times of protons in different chemical environments,
and if the system does not reach equilibrium and another pulse is performed, the signal
will change. However, if sufficient time between NMR pulses is allowed, then all the spins,
regardless of chemical environment, should be at thermal equilibrium, and the signal should
be uniform across the protons. Thus, while measurements can take significantly longer, this
is valuable to get quantitative measurements. Generally a minimum of 20 seconds between
pulses is sufficient.

With an internal standard such as mesitylene of a known concentration, the concentra-
tion of the ligands in the sample and relative fractions of ligands bound and unbound can
be determined by analysis of the NMR spectra. If the concentration of the nanocrystals
is known, the number of ligands per nanocrystal can be determined, and if the size of the
nanocrystal is known, ligand coverages can also be computed. If a ligand exchange is per-
formed and the ligands have different NMR signals, then as the ligand exchange occurs, or
as more exchange ligand is titrated into the sample, the fractional coverage of the ligands
can be determined. This type of analysis is the traditional way of studying ligand exchanges
on nanocrystals, and it can be quite informative. It is a nice way of looking at the data,
because the extent of the ligand exchange is determined by the change in the Gibbs free
energy, and as mentioned above, in the very simplest models, a Langmuir isotherm can be
used to determine these thermodynamic parameters and equilibrium constants. However, it
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is commonly observed that these models do not adequately fit the data (similarly for the
isothermal titration calorimetry measurements) and thus two-site models are used. How-
ever, based on the measurements that will be described in Chapters 3 and 4, it is likely that
inter-ligand interactions are more likely to be the cause of these discrepancies rather than
different sites on nanocrystals, at least to a first-order approximation.

2.3 Ising Model Simulations

To account for these inter-ligand interactions, an Ising model is the simplest approxima-
tion. Ising models were originally used to study thermodynamics and phase transitions in
magnetic materials, as the spins in the atoms that must align to create a permanent magnet
not only are influenced by some external magnetic field (where alignment with the field is in
a lower energy state) but also their alignment with their neighboring spins. Being aligned
with neighboring spins also lowers the energy.10 However, having random orientations of
spins is more favorable entropically, and thus this becomes an interesting thermodynamic
problem. It turns out that there is no phase transition in one-dimensional chains of spins,
determined by Ising, although there is one and the solution can be solved in two-dimensions
and was done so by Onsager.10 While solving the model in two-dimensions is possible, it is
much easier to use a Monte-Carlo simulation of a two dimensional Ising model, and all of
the Ising models presented herein were done with simulations.

The beauty of the Ising model is in its simplicity as well as its use in many other fields
than just magnets.12,42,68–70 Rather, if there are local influences on the thermodynamics of a
system, an Ising model can likely be used to model the system. In the case of inter-ligand
interactions on the surface of nanocrystals, a spin up state can be considered a native ligand,
while a spin down state can be considered an exchange ligand. The external magnetic field
can be translated to representing the the binding energy of the head groups, and the influence
of neighboring spins can be translated to represent the van der Waals interactions between
organic ligands (see Chapter 3). Further, we can have a representation of ligands that are
free in solution and ligands that are bound to the nanocrystal, and we can randomly select
ligands from both populations and attempt to swap them. The probability of swapping
ligands is given as

P = e−∆G/kBT

and if ∆G is negative the swap will occur, while if it is positive then there is some probability
that diminishes as ∆G becomes larger or if kBT becomes smaller. Determining the values for
∆G is the main goal of the Ising model simulations, which can depend on several factors that
will be described in Chapters 3 and 4. The other nice feature of these models is that both
the isothermal titration calorimetry data and the 1H NMR data can be modeled together,
further constraining the realistic thermodynamic values. More details on the Ising model
simulations are given in Appendices D and E as well as the code used to run the simulations.
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With these techniques in mind, Chapters 3 and 4 will delve into the thermodynamics of
ligand exchanges on the surface of colloidal quantum dots.
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Chapter 3

Improving Optical Properties via
Ligands and Surface Equilibrium

Reproduced in part with permission from Calvin, J. C.; Swabeck J. K.; Sedlak, A. B.; Kim,
Y.; Jang, E.; Alivisatos, A. P. “Thermodynamic Investigation of Increased Luminescence in
Indium Phosphide Quantum Dots by Treatment with Metal Halide Salts” J. Am. Chem.
Soc. 2020, 142 (44), 18897–18906. Copyright 2020 American Chemical Society.71

This chapter will have two main parts; part one will discuss the thermodynamics and in
increase in luminescence of indium phosphide quantum dots by treatment with metal halide
salts while part two will discuss the thermodynamics and luminescence impacts of a dynamic
ligand shell on cadmium sulfide quantum dots.

3.1 Improving Indium Phosphide Quantum Dot

Luminescence

Indium phosphide based quantum dots are the material most favored for new quan-
tum dot displays, as cadmium containing quantum dots are currently being phased out
due to cadmium’s toxicity and carcinogenic effects.72–74 Advances in quantum dot chemistry
of type III-V semiconductors have typically lagged behind their type II-VI counterparts,
with II-VI quantum dots—such as in cadmium selenide/cadmium sulfide core/shell quan-
tum dots—achieving a greater than 99% quantum yield.3,75–77 Even without an inorganic
shell, type II-VI quantum dots tend to have higher quantum yields and narrower emission
linewidths than type III-V quantum dots. Therefore, improving the optoelectronic proper-
ties of indium phosphide based quantum dots is critical to incentivizing the transition to less
toxic quantum dot materials.78

Improvements to the optoelectronic properties of indium phosphide quantum dots using
typical approaches such as organic ligand capping or a hydrofluoric acid etching have various
limitations. Organic capping ligands used during synthesis have been shown to positively
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affect the quantum yields of indium phosphide quantum dots, but not to levels viable for
commercial display applications.79–81 A post-synthetic treatment using a hydrofluoric acid
etch has also proven to successfully increase quantum yields.22,82,83 The most widespread and
effective method for creating indium phosphide based quantum dot luminophores of sufficient
efficiency for consumer displays—with luminescence quantum yield as high as 95%77,84–86—is
to grow an inorganic shell, such as zinc sulfide, around the core quantum dot. However, the
quality of the core in core shell quantum dots, as well as the nature of the surface of the
core before growth of the inorganic shell, likely influences the quality of the final product.
This further creates the need to understand how post-synthetic treatments optimize the
properties of the core material and provide ideal platforms for shell growth.

One post-synthetic surface treatment that has seen some success is the addition of metal
halide salts to quantum dots.17,22,87–89 A proposed mechanism87,88 for the reaction with the
metal halides is similar to the mechanism for a post-synthetic treatment of quantum dots
using reactive silyl chloride derivatives, wherein the silyl chloride bond is cleaved, the silyl
group binds with a displaced carboxylate, and the surface is subsequently chlorinated.67,90–92

Support for this hypothesis, in which some of the original organic ligand is replaced by
chlorides, has been shown through CHN elemental analysis, FTIR, and 1H NMR, all of
which indicate the loss of organic ligands.87,92,93

Alternatively, experimental work has provided evidence that the metal halide salts are
attached as a unit, via a Z-type ligand binding motif, to the surface of both type II-VI
and type III-V quantum dots.17,22,89,92 The origin of the increased luminescence under this
reaction mechanism has been supported by recent theoretical calculations on type II-VI
quantum dots attributing the origin of the hole trap sites to undercoordinated chalcogenides
on the surface of the quantum dot. Small metal halide salts should fill these vacancies on the
surface, passivating the hole traps.94 Under this mechanism, where the carboxylate group di-
rectly coordinates to the cation and the metal halide salts bind only to the undercoordinated
anions, little to no loss of organic ligands would be expected. An additional complication in
understanding the proposed mechanism is the effect of the polarity of the solvent in which
the treatment is given. More polar solvents, such as acetone, can dissociate the metal from
the halide resulting in direct halogenation and loss of organic ligand,92,93,95 whereas less polar
solvents, such as toluene, deliver the halide salt to the quantum dot surface as a single unit
with the assistance of a soluble coordinating amine.17,89

In light of the importance in understanding the mechanism by which trap passivation
occurs and the need for optimizing indium phosphide as a core material, we chose to study
the treatment of quantum dots with metal halide salts. We elected to investigate the reaction
of zinc chloride, zinc bromide, and indium chloride with indium phosphide quantum dots
capped with a single ligand, myristate, in tetrahydrofuran, a solvent with enough polarity to
solubilize both the quantum dots and the inorganic ligands, but not so polar as to dissociate
the metal halide complex. These reaction conditions were chosen to simplify confounding
reactions that could have occurred with mixed ligands or solvents and to give the clearest
insight to the reaction mechanism. We used quantitative 1H NMR and isothermal titration
calorimetry to study the thermodynamics of ligands binding to the surface of the quantum
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dots.30,54,96,97

3.2 Treatment of Indium Phosphide Quantum Dots

with Metal Halide Salts

Optical measurements of the reaction of indium phosphide quantum dots and the metal
halide salts are shown in Figure 3.1. The absorption spectrum (Fig. 3.1A) is almost identi-
cal before and after the reactions with only a slight redshift in the spectrum. This is likely
caused by electrons in the conduction band minimum being more delocalized, reducing the
band gap, as shown by theoretical calculations previously and observed when treating indium
phosphide quantum dots with hydrofluoric acid.22 A significant improvement in the lumi-
nescence quantum yield is observed after treatment, particularly with zinc chloride. This
improvement is also manifest in luminescence lifetimes becoming more mono-exponential
with treatment (Fig. 3.1B). Additionally, quantum yield titration measurements show an
increase in luminescence over the extent of the reaction with zinc chloride (Fig. 3.1C).

1H NMR was performed before and after ligand treatment.42 Myristate is the capping
ligand for these indium phosphide quantum dots—coordinating to excess indium atoms on
the surface98—and the easiest peak to observe in 1H NMR is the methyl group around 0.90
ppm (Fig. 3.2A). The broad peak corresponds to ligands bound to the nanocrystal, while
the narrower triplet represents ligands that are free in solution.18,42,49,67 Quantitative NMR
measurements were made by fitting and integrating peaks to yield the fractions of the bound
and unbound organic group. For the untreated sample, 189 ± 49 indium myristate ligand-
s/nanocrystal were observed through 1H NMR, resulting in a ligand coverage of 4.1 ± 1.1
indium myristates/nm2, as determined by sizing and concentration calculations derived from
UV-vis absorption data (see Appendix C.2 for a discussion on errors with this concentration
and size calculator).99 After treatment with the metal halide salts the fraction of bound
ligand decreased significantly (Fig. 3.2B). Upon allowing a solution of indium phosphide
quantum dots that had been treated with zinc chloride to stand for a day, the solution be-
came cloudy and a white precipitate appeared. The precipitate was isolated and shown to
be indium myristate through 1H NMR, FTIR, and elemental analysis when compared with
synthesized indium myristate (Appendix A.10).

The precipitate observed with the reaction with the metal halides was formed to a lesser
extent when zinc bromide is used and was not observed when the quantum dots were treated
with indium chloride, although the 1H NMR measurements indicate that the concentration
of free ligand in solution should be greater after treatment with indium chloride. The indium
myristate that was synthesized to help confirm identification of the precipitate was soluble
in tetrahydrofuran to a greater extent than was present in the quantum dot reactions. A
potential explanation for this phenomenon is the ability for metal carboxylates to form
“polymers” of metal centers bridged by carboxylate ligands.100 Zinc halides may promote
this reaction, increasing molecular weight and decreasing solubility, although this is just
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Figure 3.1: Optical measurements of InP quantum dots before and after metal halide
treatment. (A) Normalized absorption measurements on as synthesized and treated indium
phosphide quantum dots (solid lines) and relative luminescence measurements corrected
for concentration (dashed lines). (B) Normalized luminescence lifetime measurements on
as synthesized and treated indium phosphide quantum dots. Inset depicts luminescence
between 0 and 100 nanoseconds. (C) Quantum yield measurements as a function of mole
ratio for indium phosphide quantum dots treated with zinc chloride. The standard errors
in the mole ratio and quantum yield are depicted by error bars. For all plots zinc chloride
treatments are colored blue, zinc bromide treatments are red, and indium chloride treatments
are purple.
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Figure 3.2: NMR measurements of InP quantum dots before and after metal halide treat-
ment. Note that this effect is much more pronounced after treatment with indium chloride
as opposed to the zinc halide salts. (A) Example 1H NMR spectrum of the methyl group of
myristate and the deconvolution of the bound and unbound peaks that make up the spec-
trum. The spectrum shown is for as-synthesized indium phosphide quantum dots. The raw
spectrum is colored black, total fit is purple, bound peak is blue, unbound peak is yellow,
and residual error is red. (B) Zinc chloride additions (blue), zinc bromide additions (red),
and indium chloride additions (purple). indium phosphide nanocrystals were diluted in THF
to a concentration of 0.032 mM and were titrated with metal halide salts dissolved in THF
at a concentration of 31 mM. The standard errors in mole ratio and fraction unbound are
depicted by error bars.

speculation.
Isothermal titration calorimetry measurements of the reaction with an identical set of

indium phosphide quantum dots in tetrahydrofuran yielded markedly different results, sug-
gesting several key differences in reaction mechanisms between the zinc halides and indium
chloride. First, although the greatest enhancements to the luminescence of the indium phos-
phide quantum dots resulted from treatments with zinc chloride, both the treatments with
zinc chloride and zinc bromide were endothermic whereas those with indium chloride were
exothermic (Figure 3.3). Second, the reaction with indium chloride is much more extensive
than with the zinc halides, and isothermal titration calorimetry reactions described above
end before the reaction with indium chloride has reached completion. To obtain the cleanest
thermodynamic reactions, dilute titrants are needed, and concentrations of quantum dots
and metal halide salts are optimized to provide adequate signal that does not oversaturate
the instrument. However, this leads to the indium chloride reaction not being finished after
the titrant in the syringe is consumed. Figure 3.4 depicts the reaction of indium chloride
with a different series of indium phosphide quantum dots capped with myristate at a con-
centration of 32 µM quantum dots and 93 mM indium chloride in tetrahydrofuran with 2.5
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Figure 3.3: Isothermal titration calorimetry data of titrations of InP quantum dots with
metal halide salts. Zinc chloride additions (blue), zinc bromide additions (red), and indium
chloride additions (purple). indium phosphide nanocrystals were diluted in THF to a con-
centration of 0.032 mM and were titrated with metal halide salts dissolved in THF at a
concentration of 31 mM. The standard error in the mole ratio increases from 10% to 20% as
titrations progress, and the standard error in enthalpy is 2% for all points and is depicted
by error bars.
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Figure 3.4: Extended indium chloride treatment to InP quantum dots.

µL injections. Lastly, the reaction with indium chloride exhibited unusual behavior, initially
becoming more exothermic as the reaction progressed but later becoming less exothermic as
the reaction approached completion.

The most interesting feature from the thermodynamic measurements is the unusual calori-
metric titration curve of the reaction of indium phosphide quantum dots with indium chloride
(Figure 3.3). For simple reactions, such as a ligand adding to an empty surface site on a
nanocrystal, the measured enthalpy should progress monotonically, where the reaction is
most vigorous at the beginning of the reaction as the greatest number of empty sites are
available, and as the reaction progresses the measured enthalpy should approach a baseline.
However, this reaction becomes more exothermic as the reaction progresses before eventually
reaching completion (Figure 3.4). This unusual titration curve is critical in understanding the
reaction mechanism, and illustrates that isothermal titration calorimetry is a foundational
companion measurement along with 1H NMR in understanding the reaction chemistry at
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the surface of colloidal quantum dots. During the reactions of the myristate capped indium
phosphide quantum dots with zinc chloride, zinc bromide, and indium chloride, 1H NMR
data show that the fraction of bound myristates is decreasing (Figure 3.2), suggesting that
ligands are exchanging during the reaction. With the evidence from these two measurement
techniques, we hypothesize that this unusual titration curve with indium chloride can be
attributed to the additional energy needed to break inter-ligand interactions of the organic
ligands on the surface of the quantum dot during the ligand exchange when ligand coverage
is high, and this makes the reaction more endothermic; however, as ligands are removed from
the surface, the remaining ligands will have, on average, fewer inter-ligand interactions and
should be easier to remove from the surface, and this makes the reaction more exothermic.

The precipitation of indium myristate from the reaction also shows that myristate is be-
ing removed from the surface of the quantum dot in the form of indium myristate. Previously
Anderson et al. have shown that tetrahydrofuran assists in displacing metal carboxylates
from the surface of quantum dots,16 and we suggest that coordinating tetrahydrofuran not
only solubilizes the metal halide salts but also assists in removing indium myristate from the
surface, and we see a significant fraction of myristate that is unbound before the reaction
begins. Anderson et al. have also shown that amines are quite potent in displacing metal
carboxylates from the surface of quantum dots.16 Because amines are used to solubilize the
metal halide salts in the reaction performed by Kirkwood et al.,17 we postulate that our
proposed reaction mechanism of a ligand exchange may also be applicable in their system.
However, we do not dispute computational findings by Kirkwood et al.17 that undercoordi-
nated anions on the surface of colloidal quantum dots contribute to lowering of the quantum
yield, as has been seen experimentally elsewhere.16 Thus, our hypothesis of the reaction
mechanism is that indium myristate is in dynamic equilibrium with the surface of the quan-
tum dots, leaving undercoordinated phosphorus at the surface that the metal halides can
bind to as a unit in a Z-type ligand fashion (Figure 3.5).

In the system studied by Kirkwood et al.,17 reactions were performed at elevated tem-
peratures and used oleylamine to solubilize the metal halide salts in toluene, whereas in this
series of experiments treatments were performed at room temperature and tetrahydrofuran
was used to both solubilize the metal halide salts and suspend the quantum dots. Due to
this significant change in the system being studied, we performed extensive X-ray photo-
electron spectroscopy, which show the presence of zinc and halides after the addition of the
zinc halides, as well as the presence of chlorine after the addition of indium chloride (Figure
3.6), even after extensive washing to remove excess ligands. These measurements show that
both the metal and the halide are present on the surface after treatment. Similar findings
were found by Kirkwood et al. by using energy-dispersive X-ray measurements for elemental
analysis.17 Regarding the 1H NMR analysis, this analysis could not be used in the system
described by Kirkwood et al. as the tetradecylphosphonate methyl peak is obscured by the
oleylamine used to solubilize the metal halide salts.17
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Figure 3.5: Schemes of the reaction mechanisms with metal halides. Schemes of the
previously proposed reaction mechanism (A) and the newly proposed reaction mechanism
(B) for the reaction of metal halide salts with colloidal quantum dots. The previously
proposed reaction mechanism suggests a ligand addition, where metal halide salts passivated
undercoordinated anions, while the new mechanism proposes a ligand exchange between the
native indium myristates and the metal halides.
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Figure 3.6: X-ray photoelectron spectroscopy spectra of InP quantum dots before and after
metal halide treatment. (A) Zn 2p (B) Cl 2p (C) Br 3d (D) P 2d (E) In 3d (F) O 1s and (G)
C 1s spectra of as synthesized indium phosphide quantum dots (black), zinc chloride treated
quantum dots (blue), zinc bromide treated quantum dots (red), and indium chloride treated
quantum dots (purple). After treatment, the quantum dots were washed with acetone and
resuspended in hexanes twice to remove excess metal halide salts and free indium myristate.
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3.3 Ising Models to Test Hypothesis of Reaction

Mechanism

Tight ligand packing on the surface of the indium phosphide quantum dots leads to
relatively strong van der Waals interactions of the organic ligands, which can be observed
by thermodynamic measurements.30,101 These inter-ligand interactions lead to the initial
increase in the exothermic signal for indium chloride titrations. As more organic ligands are
removed from the surface, there are, on average, fewer van der Waals interactions that must
be broken during the ligand exchange, and thus there is an increase in the exothermic signal.
As the titration proceeds, the surface reaches an equilibrium balance between organic and
inorganic ligands, but due to the exothermic nature of the ligand exchange, the exchange
occurs to a greater extent than with the zinc halides.

Beyond the enthalpy contributions to the reaction from the exchange of head groups
attached to the quantum dot and the inter-ligand interactions, it is reasonable to expect that
there should be a significant entropic driving force in the ligand exchange. The myristate
capping ligand is a straight-chain carboxylate, and it has been shown previously that these
straight-chain ligands can order on the surface of the nanocrystal.42 By removing these
ligands from the surface, both the entropy of the now less constrained displaced organic
ligands and the ligands left behind at lower packing density should increase. Finally, there
are likely both enthalpic and entropic contributions to the exchange due to solvating effects
of both ligand species and coordination of tetrahydrofuran.

With all of these interactions occurring, simulations of the reaction are an invaluable aid
to see if the proposed reaction mechanism is plausible and understand the extent of each
of these contributions. The complex interplay between the binding energies of the ligands,
inter-ligand interactions, and entropy changes due to organic ligands being removed from
the surface during the reaction can all be investigated in a modified Ising model simulation,
and a similar model has previously been used to model the nanocrystal surfaces.42

Self-consistent parameters for a basic model can be derived from the 1H NMR data and
isothermal titration calorimetry data for these reactions (Figure 3.7), and values for each
parameter can be found in Table 1. There are several limitations of this Ising model, the
most significant being that only nearest neighbor interactions are accounted for. While van
der Waals interactions contributing to the enthalpy are likely to be short range, ordering of
ligands and the entropy associated may have long range effects. Additionally, there are no
empty sites on the lattice, although there are free indium myristates in solution, implying
empty sites. While the modified Ising model does not perfectly fit the experimental data,
and the exact values from the model should not be taken at face value, several interesting
insights can be gained from the fits.

First, the difference in head binding energies between indium myristate and the metal
halide salts (represented in Table 3.1 as ∆Hhead) are exothermic in every case. However, the
overall reaction with the zinc halides is endothermic as breaking inter-ligand interactions,
between the native organic ligands, contributes more to the overall enthalpy as compared to
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Figure 3.7: Simulated enthalpy and bound ligand fraction compared to experimental data.
(A) Enthalpy of reactions derived from isothermal titration calorimetry measurements of
ligand exchange. (B) 1H NMR data of ligand exchange. (C) Results of a modified Ising model
simulation of isothermal titration calorimetry reactions. (D) Fraction of unbound ligand as a
function of mole ratio from simulations. (E) Coverage map for zinc chloride simulation. (F)
Coverage map for zinc bromide simulation. (G) Coverage map for indium chloride. Green
squares represent organic indium myristates while blue squares represent inorganic metal
halides. The coverage maps are representative of the surface of the nanocrystal where each
individual square represents a binding site on the nanocrystal.
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∆Hhead ∆HtailAB ∆HtailBB T∆Shead T∆StailAB T∆StailBB
ZnCl2 -40.18 13.06 22.78 -25.86 8.90 7.39
ZnBr2 -40.56 13.49 22.81 -25.86 9.84 7.51
InCl3 -55.65 13.96 13.63 -31.98 7.61 2.06

Table 3.1: Parameters (in kJ/mol) for the Ising model of the metal halide reactions.
Each parameter is relative to the original lattice, which was populated with organic lig-
ands. ∆HtailAB represents the change in interaction energy from two organic ligands and an
organic ligand and an inorganic ligand, while ∆HtailBB represents the change in interaction
energy from two organic ligands to that between two inorganic ligands, and the same system
is used for T∆StailAB and T∆StailBB

the reaction with indium chloride. This exothermic head binding energy could be caused by
several factors, including changes in the coordination of myristates and tetrahydrofurans as
well as solvation energy or differences in electrostatic interactions. Unfortunately, isothermal
titration calorimetry and Ising model simulations can only yield composites of all of these
effects and teasing them out would require several much more in depth calorimetric and
computational simulations. However, it is interesting to note that the more tightly binding
ligand does not necessarily result in a higher quantum yield. One of the more striking
features of the reaction is the negative entropy of moving a ligand from the surface to
solution, although the inter-ligand entropy does follow as predicted. This is attributed
to the differences in solvation entropy between the ligands, as indium myristate is much
larger than the metal halide salts and would require a much larger solvation shell.39 Finally,
there are also differences between the parameters of the zinc halide species and the indium
halide species other than the binding energy. This is attributed to the additional chloride in
indium chloride, which appears to affect nearest neighbor interactions differently than the
zinc chloride.

One final consideration of the model is the arrangements of the ligands on the surface
of the quantum dots. As mentioned above, the inter-ligand interactions from the organic
ligands contribute significantly to the thermodynamics, and without these interactions the
isothermal titration calorimetry data cannot be modelled. By including these interactions,
the shape of the isothermal titration calorimetry measurements can be recreated. When
inter-ligand interactions are included, a further consequence is that the exchanged ligands
on the surface are not randomly distributed, but instead cluster together in patches as seen
in the simulated maps of the ligands in Figure 3.7E–G.42,102,103
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3.4 A Hypothesis Regarding the Improved

Luminescence

The combination of reaction calorimetry and NMR studies show that metal halide re-
actions with the surface of indium phosphide quantum dots cannot be described accurately
as a relatively simple passivation of undercoordinated anions. Any such explanation for the
increase in luminescence of the quantum dots by reduction of trap sites is also called into
question, although it is feasible to consider that the average number of undercoordinated
phosphorus sites may be decreasing due to these treatments. However, in comparing Figure
3.1C with Figure 3.2B, improvement in luminescence appears to track with the displacement
of myristates. If passivation of undercoordinated sites was the main cause of increased lumi-
nescence, we would expect a drastic improvement of luminescence at the start of the reaction
as undercoordinated sites are passivated, followed by a somewhat constant luminescence with
the subsequent ligand exchange.

Previously, treatments of the surface of indium phosphide quantum dots with indium car-
boxylates has not been shown to drastically improve quantum yield.26,27 In the framework
of passivation of undercoordinated sites, this observation has been attributed to the steric
hinderance of carboxylate ligands implying that the small size of the metal halides is able to
better overcome these steric effect to reach undercoordinated sites.17 While reduction in the
number of hole trap sites from undercoordinated anions is well understood to increase quan-
tum yield,16 the ligand exchange here appears to be a one-to-one exchange and not a simple
addition, supported by comparisons of the 1H NMR and isothermal titration calorimetry
data as well as the simulations, meaning this explanation for increased luminescence may
no longer be relevant. Work performed by Stein et al. and Hughes et al. suggest that a
ligand exchange, from indium carboxylates to zinc or cadmium carboxylates, passivates the
surface with divalent cations and increases the quantum yield by reducing electron trapping
from undercoordinated trivalent indiums, due to steric hinderance of the three carboxylates
needed for coordination.26,27 Additionally, they claim that binding fluoride anions to indium
has the same effect, as fluoride anions are small enough to bind to indium atoms on the
surface without significant steric hinderance.26

To investigate this explanation, indium phosphide quantum dots were treated with a
range of zinc and indium metal halides and the absorbance and luminescence were recorded
(Figure 3.8). For a given halide, zinc salts outperform their indium counterparts, and in
some cases the addition of a metal halide salt actually decreases luminescence. This obser-
vation further suggests that a simple site passivation model for the reaction is insufficient.
Additionally, a pronounced red shift of the luminescence peak and absorbance spectra can be
observed which increases with halide size. This phenomenon is also ascribed to the electrons
in the conduction band being more delocalized, as mentioned above, and increasing halide
size appears to increase this effect.22 Treatment with fluoride salts was not included as their
solubility in tetrahydrofuran was significantly less than the other salts, but addition of a
saturated solution of fluoride salts improved luminescence over the chloride salts although it
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Figure 3.8: Additional optical measurements of metal halide salt treated InP quantum
dots. Normalized absorption measurements on as-synthesized and treated indium phosphide
quantum dots (solid lines) and relative luminescence measurements corrected for concen-
tration (dashed lines). Note that as electronegativity of the halide decreases, luminescence
decreases. (A) Reaction with zinc halides. (B) Reaction with indium halides. Additionally,
note that optical measurements differ slightly from those in Figure 3.1A because of variations
between synthesized samples.

was at an unknown, lower concentration. Previously, this trend where chloride salts passi-
vate better than bromide salts has been attributed to the smaller size of the chloride cation,
allowing the metal halide to better passivate the undercoordinated anions.17

While these measurements do not rule out the electron trapping explanation proposed
by Hughes et al. regarding zinc and cadmium carboxylates, this trend suggests that a more
complicated explanation may be in order. The evidence presented above and in the literature
suggests that that the electronegativity of the coordinating ligand influences trap states,
and by replacing less electronegative coordinating ligands (such as carboxylates) with more
electronegative ligands (like chlorides), trapping of excitons is reduced. If less electronegative
ligands (like iodides) replace the carboxylates, the quantum yield decreases. We suggest that
this influences hole trap states as these electronegative anions withdraw negative charge from
the surface of the quantum dot. This would explain the increase in luminescence of both
type II-VI quantum dots and III-V quantum dots that has been observed, as it has recently
been suggested that only hole-trap sites influence quantum yield in type II-VI quantum
dots.17,89,94 By replacing the carboxylate ligands with more electronegative halides such as
chloride, more negative charge is removed from the surface and the luminescence improves.
The difference observed between zinc and indium halides is attributed to the lower charge
on the zinc, allowing the halides to more easily withdraw excess negative charge.

The higher energy shift of the phosphorous peak in the X-ray photoelectron spectroscopy
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data (Figure 3.6D) after the addition of indium chloride as compared to the zinc chloride also
supports the conclusion that the phosphorous atoms bind to the added metal. This would
suggest that indium chloride has a stronger electron withdrawing effect than zinc chloride
when considering a Z-type ligand scheme. However, while indium chloride appeared to have
the strongest withdrawing effect, more charge may be localized at the anions in zinc chloride
rather than the metal due to zinc being in a 2+ oxidation state compared to the 3+ oxidation
state of indium.

Our hypothesis also agrees with the findings by Stein et al. and Hughes et al. where
an exchange from indium carboxylates to divalent metal carboxylates with indium phos-
phide quantum dots improves photoluminescence,26,27 suggesting that the carboxylates are
able to more easily withdraw excess negative charge from divalent cations. This appears
to contradict studies conducted by Kirkwood et al. in which the greatest improvements
to luminescence occurred after treatments with indium chloride, although treatments of
cadmium telluride quantum dots with cadmium chloride did significantly improve lumines-
cence.17 However, the extent of passivation or potential ligand exchange in this study was not
rigorously characterized, obscuring more definite conclusions. We find that in our treatment
with metal halide salts indium chloride exchanges with the native ligands to a much greater
extent, which could be the cause of greater luminescence improvements with the treatments
of cadmium telluride quantum dots. Additionally, II-VI and III-V quantum dots should be
compared with care, as it is possible that there is an ideal amount of charge modulation on
the surface that may be different from material to material. This concept of modulating the
charge on the surface of nanoscale materials has found success in monolayer semiconductors
such as MoS2 by applying a voltage across the material to move the Fermi level.104 Parallels
between these effects and the electronic properties of ligands on the surface is under current
investigation; however, significantly more work should be done from an experimental and
theoretical standpoint before any firm conclusions could be reached.

Indeed, results by Hughes et al. suggest the ligand exchange to divalent carboxylates
improves quantum yield by reducing electron trapping, in contrast with our findings and
those of Kirkwood et al. that improvements correlate with reduced hole trapping.17,26 These
hypotheses should be studied further, perhaps by treatments of these metal halide salts
using trioctylphosphine or oleylamine as a carrier ligand or through computational methods.
Better understanding of these treatments and the origins of improvements in quantum yield
may benefit from an in-depth, quantitative study of such treatments with metal halide and
metal carboxylates with a variety of both II-VI and III-V quantum dots using techniques
outlined here such as 1H NMR and isothermal titration calorimetry. In the next sections,
thermodynamics of ligand adsorption and impacts on luminescence properties of cadmium
sulfide quantum dots will be discussed.
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3.5 Challenges Regarding Absolute Ligand

Adsorption Enthalpies

From the measurements on these indium phosphide quantum dots, it is evident that the
combination of isothermal titration calorimetry and 1H NMR can provide valuable insight
into the reaction mechanism. Unfortunately, in terms of a ligand exchange, the parameters
extracted from the Ising model only provide the relative binding energies of the head groups.
Knowledge of the absolute adsorption energy of these species, as well as their propensity
to desorb from the surface, is critical for maximizing the density of ligands on the surface
in order to fully passivate trap states to improve luminescence. It is well known that un-
dercoordinated chalcogenides are the main source of deep hole traps in type II-VI quantum
dots such as cadmium selenide and cadmium sulfide, and that Z-type ligands like metal
carboxylates or metal halides can passivate these traps.16,17,94 While the organic ligands are
often instrumental in the synthesis of quantum dots, they are sterically bulky and can limit
the complete passivation of a quantum dot’s surface. This is particularly problematic in
type III-V quantum dots such as indium phosphide, where aliphatic carboxylates cannot
effectively passivate higher charged terminating surfaces due to their steric bulkiness, which
results in electron traps.26,72 Understanding the surface chemistry of these metal carboxy-
lates (as well as the thermodynamics of their adsorption) not only can be used to better
describe these environments, but may also yield insights into the ligand exchange reaction
equilibrium between adsorbed surface ligands and ligands free in solution.16,18,49,98,101

Previous attempts have been made to calculate the adsorption energies of metal car-
boxylate complexes.64,65,105 However, large discrepancies still exist between studies as to the
exact energies and adsorption mechanism. 1H NMR spectroscopy can be used to monitor
the displacement of metal carboxylates from the quantum dot surface via by L-type ligands
that coordinate to the metal. Utilizing 1H NMR measurements, studies carried out by Dri-
jvers et al. and Singh et al. suggest that the surface of cadmium chalcogenide quantum
dots may have multiple adsorption sites for cadmium carboxylates.64,65 Similarly, Kessler et
al. modeled the displacement of lead oleate species from lead sulfide with one and two-site
models where the nanocrystal faceting changed as a function of size.66 However, a previous
study by Li et al. indicates that there is only one adsorption energy of carboxylates to
cadmium selenide surfaces.106 Since it has been challenging to directly measure the adsorp-
tion energy of the metal carboxylates to the surface, computational chemistry methods have
been employed. For example, Drijvers et al. used DFT to calculate the adsorption energy
of cadmium chloride to the surface of a faceted cadmium selenide quantum dot. They found
that the adsorption energy for cadmium chloride varied from -106.8 to -256.6 kJ/mol. This
was supported by their 1H NMR measurements, which indicated the existence of at least
two different adsorption sites on the surface of the quantum dots. However, from their 1H
NMR measurements and fitting of adsorption constants, they determined that this difference
in the free energy of the two sites should be in the range of 12–16 kJ/mol.64 Singh et al.
found that the adsorption energy for cadmium chloride to the surface of a cadmium sulfide
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quantum dot varied from -132.4 to -298.3 kJ/mol using similar calculations.65 In a separate
study, Tamukong et al. used DFT to calculate the adsorption of acetate, cadmium acetate,
and the ionic cadmium acetate+1 acetate-1 pair to the surface of cadmium selenide clusters,
and found that the range of adsorption energies for cadmium acetate or the ionic pair ranged
from -84.9 kJ/mol to -503 kJ/mol.105 From these calculations, the adsorption energies of the
ionic pair were found to be greater than those of the neutral cadmium acetate ligands. How-
ever, it has been shown that there exists a variety of carboxylate coordination structures on
the surface of quantum dots, suggesting that both types of structures are likely present.25,98

Additionally, it should be expected that for faceted particles, the adsorption energies of
metal carboxylates would be facet dependent.

While evidence for multiple adsorption sites of carboxylates has been found, less work
has considered the effects of the carboxylate’s aliphatic chain. From the observations dis-
cussed previously, it is evident that interactions of ligands with the surface of a nanocrystal
are dependent on neighboring ligands. Therefore, as the local conditions experienced by a
ligand change with ligand coverage, associated thermodynamic constants can also change
in a complex manner. To further study the binding energy of metal carboxylates to the
surface of colloidal quantum dots, we elected to study the adsorption of cadmium oleate to
the surface of cadmium sulfide quantum dots via isothermal titration calorimetry and 1H
NMR. Tetrahydrofuran (a weak L-type ligand that can displace metal carboxylates) was
used as the solvent to create a dynamic ligand environment. Cadmium sulfide was selected
as the quantum dot of study because it is the main material used to shell cadmium selenide
quantum dots, which have reached some of the highest reported quantum yields.76

3.6 The Adsorption of Cadmium Oleate to Cadmium

Sulfide Quantum Dots

Zinc blende cadmium sulfide quantum dots capped exclusively with oleates were syn-
thesized using typical hot-injection methods. The crude quantum dots were then purified
through multiple washing cycles using tetrahydrofuran as the solvent and acetone as the
anti-solvent. The evolution of the optical properties during sequential washing steps is de-
picted in Figure 3.9A. TEM characterization (Appendix A.3) reveals monodisperse, spherical
quantum dots with an average diameter of 4.3 nm ± 0.4 nm. Washing the quantum dots
in tetrahydrofuran and acetone decreases the luminescence of both the band-edge emission
and the trap state emission, which has been attributed to the removal of cadmium oleate
from the surface of the quantum dots.16 Through sequential washing steps, cadmium oleate
ligands can thus be gently removed from the surface creating ligand-deficient quantum dots.
This hypothesis is further supported by the increased luminescence shown in Figure 3.9B,
where the addition of cadmium oleate to the ligand-deficient quantum dots greatly increased
the luminescence, indicating that the added cadmium oleate adsorbed to the surface of the
quantum dots. Additionally, the cadmium sulfide peak emission shifts from 435 nm to 440
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Figure 3.9: Absorption and luminescence of washed CdS quantum dots (A) Absorption
(solid lines) and luminescence (dashed lines) spectra of cadmium sulfide quantum dots during
washing cycles using tetrahydrofuran and acetone. As the washing cycle progresses, the
relative luminescence of the quantum dots decreases, both from the band-edge emission and
the trap state emission. This is attributed to cadmium oleates being removed from the surface
by tetrahydrofuran, leaving undercoordinated sulfurs and hole-trapping. (B) Absorption and
luminescence spectra of the thoroughly washed cadmium sulfide quantum dots before and
after treatment with excess cadmium oleate. The addition of cadmium oleate reverses the
drop in luminescence for both band-edge emission and trap state emission, supporting the
hypothesis that during the washing steps cadmium oleate is being displaced from the surface.
Note that the concentration of the nanocrystals in solution in panel (B) were taken from
solutions before and after the isothermal titration calorimetry measurements and are at lower
concentrations than the nanocrystals in solution in panel (A), which were taken during the
washing steps, thus the spectra are slightly different and the absorption spectra in (B) are
slightly noisier.
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Figure 3.10: Enthalpy of addition of cadmium oleate to washed CdS quantum dots. The
enthalpy of adsorption of cadmium oleate to the surface of the cadmium sulfide quantum
dots is quite small, attributed to breaking tetrahydrofuran dative bonds to cadmium oleate
during the process. Cadmium oleate was added past the saturation point to ensure that the
surfaces of the quantum dots have nearly full-coverage at the reaction endpoint. Note that
the titration reaction begins at a relatively high mole ratio due to the presence of cadmium
oleates, on the surfaces of quantum dots and free in solution, before any addition.

nm during the washing process. While the emission intensity recovers after the addition of
cadmium oleate, the peak position remains at 440 nm. This is attributed to size selection
during washing, where the smallest cadmium sulfide quantum dots, which have higher fre-
quency emissions, are lost to the supernatant. This loss of smaller particles is also supported
by the observation that the first exciton peak narrows after the first washing step.

To measure the adsorption energy of cadmium oleate to the surface of the cadmium
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Figure 3.11: Number of adsorbed ligands per CdS quantum dot as a function of mole ratio.

sulfide quantum dots, isothermal titration calorimetry and 1H NMR measurements were
performed. The thoroughly washed quantum dots were titrated with a solution of cadmium
oleate, and the resulting heats of reaction are recorded in Figure 3.10. Measurements were
replicated and averaged due to the low net signal, and the uncertainty is higher than many
other isothermal titration calorimetry measurements. The addition of cadmium oleate to the
quantum dots is exothermic, indicating that cadmium oleate is adsorbing to the quantum
dots. As more cadmium oleate is added, subsequent injections become less exothermic as
the surface of the quantum dots becomes saturated. This can be observed as a plateau at 0
kJ/mol that begins at a mole ratio of 260 cadmium oleates nanocrystal (Figure 3.10).

This is further supported by quantitative 1H NMR measurements, taken in tetrahydrofuran-
d8, of the oleate methyl group peak during the titration with cadmium oleate, depicted in
Figure 3.11. Paralleling the isothermal titration calorimetry measurements in Figure 2, the
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number of bound ligands measured by NMR plateaus at 210 ligands per nanocrystal. Based
on the integration of the methyl resonance in the 1H NMR data and utilizing known ex-
tinction coefficients to determine the concentration of quantum dots in solution, the average
cadmium oleate coverage of the ligand-deficient quantum dots was determined to be 196
± 20 ligands adsorbed per nanoparticle, corresponding to a ligand density of 3.26 ± 0.73
ligands/nm2. After the addition of cadmium oleate, the ligand coverage increased to 211 ±
21 ligands adsorbed per nanoparticle, corresponding of 3.51 ± 0.79 ligands/nm2. The lig-
and coverage of nanoparticles isolated in hexanes was found to be 3.43 ± 0.79 ligands/nm2.
These calculations are consistent with measurements by Singh et al.65 Although the ligand
coverage increased with the addition of cadmium oleate, the increase in ligand coverage is
small. Meanwhile, the errors in quantifying such a small increase in ligand coverage using
1H NMR are relatively large (Figure 3.11). In this sense, the isothermal titration calorime-
try measurements are superior to the 1H NMR measurements as they are more sensitive to
the addition of ligands to the surface of the nanoparticles. From the isothermal titration
calorimetry measurements in combination with the 1H NMR data, we estimate that the aver-
age binding enthalpy of cadmium oleate to the surface of the quantum dots is approximately
-3 kJ/mol.

The use of L-type ligands, such as tetrahydrofuran, has previously been shown to dis-
place metal carboxylates from the surface of a nanocrystal, although among L-type ligands,
tetrahydrofuran is a somewhat weak displacer.16,64 Using tetrahydrofuran as the solvent for
the nanocrystals transforms the static ligand shell into a dynamic one, where an equilibrium
between the ligands on the surface of the quantum dot and ligands free in solution is estab-
lished. This dynamic equilibrium can be utilized to disassociate ligands from the surface of
the quantum dot through multiple washing steps to create a ligand-deficient quantum dot.

By adding additional free ligand to the solution, an equilibrium can be re-established in
which more metal carboxylate ligands are adsorbed to the surface due to the high free ligand
concentrations, thus restoring the luminescence of the cadmium sulfide quantum dots (Figure
3.9B). The enthalpy of this reaction can be measured by isothermal titration calorimetry.
To our knowledge, this is the first direct measurement of the adsorption thermodynamics of
metal carboxylates to the surface of colloidal quantum dots, although several attempts have
been made to determine these types of values indirectly or through computations.64,65,105

3.7 An Ising Model to Estimate Absolute

Thermodynamic Parameters

Ideally, an equilibrium constant could be calculated from the 1H NMR measurements
to determine the Gibbs free energy of the reaction. By combining this with the isothermal
titration calorimetry results, the entropy of the reaction could also be calculated. However,
there are two main complications with this approach. First, the change in adsorbed ligands
over the course of this reaction is fairly small while the error in quantitative 1H NMR
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Figure 3.12: CdS Ising model simulated data compared to the experimental results. Ex-
perimental results are represented by blue circles and simulated results are represented by
red triangles. Error in experimental results is depicted by gray error bars. (A) isothermal
titration calorimetry experimental results of the titration reactions and simulated enthalpy
from the Ising model. (B) Total number of adsorbed ligands from 1H NMR and Ising model
simulations. (C) Simulated Gibbs free energy of the titration reaction.

is fairly large, making this method insufficient for accurate calculations of an equilibrium
constant. Second, the simplest isotherm model that can fit the data for adsorption of ligands
to the surface of a nanocrystal, the Langmuir isotherm,48,106,107 neglects interactions between
adsorbates. As discussed previously, inter-ligand interactions between the long aliphatic
chains have been shown to be non-negligible, particularly when dealing with such small
enthalpies of adsorption. While isotherms such as the Fowler-Guggenheim isotherm can
account for inter-ligand interactions,108 without a more complete isotherm across a range
of ligand concentrations, these methods fail as well. L-type ligands that bind to the metal
carboxylates more strongly, such as tetramethylethylenediamine (TMEDA),64 could strip
the ligands more efficiently. However, this introduces additional reactions on the surface of
the nanocrystal that would make studying the thermodynamics significantly more complex,
negating the advantages of using tetrahydrofuran as the solvent to simply enable a dynamic
ligand shell.

Rather than use an isotherm, we elected to again use a modified Ising model simula-
tion.12,42,68–70 Due to the limited data set, ensuring a unique fit for the Ising model pa-
rameters is challenging. However, assuming that inter-ligand interaction parameters and
entropy of ligand binding parameters are similar in magnitude to those found in the pre-
vious experiment with complete reaction datasets and using those as a starting point for
the optimization, the Ising model simulation optimization was able to find consistent fitting
parameters.

The results of the Ising model are depicted in Figure 3.12, while the parameters used for
the optimized fit are found in Table 3.2. While the simulated enthalpy, depicted in Figure
3.12A, is consistent with the experimental data within the experimental range, the behavior
appears more unique at mole ratios below the experimental range. The simulated behavior
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∆Hhead ∆Htail T∆Shead T∆Stail

4.98 -2.85 16.53 -1.88

Table 3.2: Parameters (in kJ/mol) for the Ising model of the cadmium oleate reaction.
The parameters are relative to the empty space, which had zero head interaction energy and
zero nearest-neighbor interaction energy.

of the reaction enthalpy in this lower range is, however, expected from a reaction involving
Van der Waals forces of inter-ligand interactions. As ligand coverage increases, the average
number of nearest neighbors increases, causing the reaction to become more exothermic
before becoming less exothermic. As the surface of the nanocrystal then becomes saturated,
fewer ligands are added to the surface, and the enthalpy returns to zero. These results
indicate that the enthalpic contribution of inter-ligand interactions plays an important role
in dictating the addition of cadmium oleate to cadmium sulfide quantum dots.

While inter-ligand interactions on the surface of a nanocrystal influence the thermody-
namics of reactions, they are much weaker than inter-ligand interactions observed in self-
assembled monolayers of alkanes, which reportedly have an estimated enthalpy between -0.8
and -1.7 kJ/mol for each CH2 unit.109,110 This can be attributed to three factors. First and
foremost, these enthalpies are relative to the solvated cadmium oleate ligand, not to the lig-
and in vacuum. Second, the bent chain nature of oleate contributes to significantly weaker
van der Waals forces between the chains. Finally, the curved nature of the ligand shell would
also spread the ligands out more than they would be on a flat surface, further decreasing
their inter-ligand interactions.

In addition to the enthalpy, entropy also plays a role in the addition of cadmium oleate
the surface of cadmium sulfide quantum dots. There is a significant gain in entropy when
ligands bind as the solvation shell around the ligand is disrupted. Beyond the Van der Waals
interactions between the ligands, there is also an entropy loss when the ligands adsorb to a
quantum dot surface that has dense ligand coverage. Internal rotations of the long aliphatic
chains become restricted by neighboring ligands, resulting in a loss of vibrational entropy.
From the Ising model simulations, the inter-ligand van der Waals interactions appear to be
stronger than the inter-ligand entropic effects. From these measurements, we find further
evidence that the entropy of ligands adsorbing and desorbing from the surface plays a critical
role in governing the thermodynamics of ligands on quantum dot surfaces.

From the Ising model simulations, there is approximately one empty site per nanocrystal,
on average, at the saturated ligand densities calculated (a difference which could not be
quantified by 1H NMR due to instrument limitations and error in the spectra analysis) and
increasing cadmium oleate concentrations in the feasible range does not appreciably increase
the average number of adsorbed ligands to 100% coverage (Figure 3.12B inset). Additionally,
from these Ising model simulations of the 1H NMR data (Figure 3.12B), it becomes clear
that reaching low ligand coverages is inaccessible by this method of gently stripping ligands
off with tetrahydrofuran as the solvent. Below a total ligand density of 200 cadmium oleates
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per cadmium sulfide quantum dot, the amount of free ligand that could be washed away
in subsequent washing steps is less than 3% of the total ligand density, as determined from
the Ising model. This explains why subsequent washing steps are less impactful on the
luminescence of the quantum dots.

Combining the enthalpic and entropic contributions determined from the Ising model
simulations, an overall Gibbs free energy for the adsorption of cadmium oleate to the quan-
tum dot surface can be determined. Because the enthalpy and entropy change over the
course of the titration, the Gibbs free energy also changes accordingly. The calculated Gibbs
free energy for adsorption of a ligand ranges from -15.43 kJ/mol to -11.55 kJ/mol depending
on the local adsorption environment. This corresponds to a variable equilibrium constant
ranging between 5.0·102 M-1 to 1.1·102 M-1, or a factor of about 5. Thus, it is difficult
to assign a general, fixed equilibrium constant for the ligand addition when it is explicitly
determined by ligand density, i.e., the binding of ligands to neighboring sites cannot be
considered independently due to interactions. When considering the Gibbs free energy of
the reaction, the titration curve looks more traditional with a negative Gibbs free energy of
adsorption, further indicating that this reaction is driven mainly by entropic considerations
(Figure 3.12C).

3.8 Computational Calculations of Thermodynamic

Parameters

From the Ising model, the adsorption enthalpy of cadmium oleate to the surface of cad-
mium sulfide quantum dots is calculated to be at most -6.42 kJ/mol, depending on nearest
neighbor interactions. At face value, one of the more surprising results is how weakly cad-
mium oleate adsorbs to the surface of the cadmium sulfide quantum dots. However, this is
easily explained if tetrahydrofuran is dissociating from the cadmium oleate complex as it is
added to the surface, resulting in a positive enthalpic contribution that would counteract the
negative contribution of cadmium oleate being added to the surface.111–113 Additionally, the
organic ligands likely reorient around the metal center when moving from the liquid phase
to the surface of the quantum dots, which may also contribute to the adsorption energy on
the surface of quantum dots.100

To assess whether the dissociation of tetrahydrofuran from cadmium oleate is a reasonable
explanation for the low adsorption enthalpy, coupled cluster single-double and perturbative
triple, or CCSD(T), computational chemistry calculations were employed. To estimate the
energy lost when breaking the cadmium oleate tetrahydrofuran complex, calculations were
performed on cadmium acetate molecules with zero, two, and four coordinating tetrahydro-
furan molecules (further referred to as Cd(OAc)2, Cd(OAc)2·2THF, and Cd(OAc)2·4THF,
respectively). It has previously been reported that two L-type ligands will readily form a
complex with the cadmium carboxylate.64 However, in the present system, tetrahydrofuran
acts as the solvent and is therefore present in significant excess, and it becomes less clear
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Reaction ∆H T∆S ∆G

Cd(OAc)2 + 2THF → Cd(OAc)2·2THF -194.6 -117(-55) -78(-140)

Cd(OAc)2 + 4THF → Cd(OAc)2·4THF -326 -258(-135) -68(-191)
Cd(OAc)2·2THF + 2THF → Cd(OAc)2·4THF -131.4 -141(-80) 10(-51)

2Cd(OAc)2 + 4THF → 2Cd(OAc)2·2THF -389 -234(-110) -155(-279)
2Cd(OAc)2 + 4THF → Cd(OAc)2·4THF + Cd(OAc)2 -326 -258(-135) -68(-191)

2Cd(OAc)2 + 8THF → 2Cd(OAc)2·4THF -652 -516(-270) -136(-382)

CdSNC + Cd(OA)2·4THF → CdSNC·Cd(OA)2 + 4THF -4.98 to -6.42 16.53 to 9.01 -11.55 to -15.43
CdSNC + Cd(OA)2 → CdSNC·Cd(OA)2 -321 to -332 -118 to -126 -203 t0 -206

Table 3.3: Thermodynamic quantities calculated for cadmium carboxylate reactions
through computational methods and isothermal titration calorimetry in kJ/mol at T =
298.15 K. Note that the coordination calculations for cadmium acetate and cadmium oleate
were assumed to be roughly equivalent. Values in paratheses are corrected from the gas
phase calculations. CdSNC refers to a cadmium sulfide nanocrystal.

what the complex in solution will be, so both Cd(OAc)2·2THF, and Cd(OAc)2·4THF were
evaluated. The values from the computations and combined computational and calorimetric
measurements are tabulated in Table 3.3, while the raw computational results can be found
in Appendix D.5.

From these calculations, the coordination energy of Cd(OAc)2·2THF from cadmium ac-
etate and two tetrahydrofuran molecules was found to be -194.6 ± 8.4 kJ/mol (-97.3 kJ/mol
THF), while the coordination energy to Cd(OAc)2·4THF from cadmium acetate and four
tetrahydrofuran molecules was found to be -326 ± 10 kJ/mol (-82 kJ/mol THF). Forming the
additional two bonds when moving from Cd(OAc)2·2THF to Cd(OAc)2·4THF has a change
in energy of -131.4 ± 8.4 kJ/mol (-65.7 kJ/mol THF). Beyond coordination energy, the en-
tropy loss due to coordination and solvation should also be considered, as T∆Shead has the
largest contribution in the Ising model. The solvation contribution was also been found to be
significant in the previous Ising model-simulation. In the gas phase, the loss in entropy from
coordinating tetrahydrofuran molecules to cadmium acetate can be calculated by quantum
calculations, and results of these calculations can be found in Appendix D.5. The change in
the quantity defined as temperature multiplied by entropy (TS) for the coordination of two
tetrahydrofuran molecules to cadmium acetate at 298.15 K is -117 kJ/mol (-58 kJ/mol THF)
and -258 kJ/mol (-65 kJ/mol THF) for the coordination of four tetrahydrofuran molecules to
cadmium acetate. Coordinating the additional two tetrahydrofuran molecules when moving
from Cd(OAc)2·2THF to Cd(OAc)2·4THF has a change in TS of -141 kJ/mol. However,
these calculations significantly overestimate the entropy of molecules in the liquid state.113

Fortunately, estimations for losses in entropy due to coordination in the liquid state have
previously been determined,114 and we can estimate that the gas to liquid phase correction
for tetrahydrofuran is 31.01 kJ/mol in terms of TS (see Appendix D.5 for details and calcu-
lations). Thus, coordinating two tetrahydrofuran molecules to cadmium acetate in the liquid
state actually has a TS loss of only -55 kJ/mol (47% of the gas phase TS), and coordinating
four tetrahydrofuran molecules to cadmium acetate in the liquid state has a TS loss of only
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-135 kJ/mol (55% of the gas phase entropy). When compared with the calculated bond
energy of coordinating the THF molecules, this indicates that Cd(OAc)2·4THF would be
the most stable complex in an excess of tetrahydrofuran in the liquid phase. However, it
would be much more favorable to form two Cd(OAc)2·2THF complexes (∆G = -279 kJ/mol)
rather than one Cd(OAc)2·4THF complex (∆G=-191 kJ/mol) if tetrahydrofuran is the lim-
iting reagent, hence why other researchers have found a molar ratio of 2:1 for L-type ligands
to metal carboxylate complexes when titrating with L-type ligands.16,64 These results sug-
gest that the formation of Cd(OAc)2·4THF is favored in excess tetrahydrofuran. With these
computational results we can estimate the thermodynamics of binding of cadmium oleate to
the surface of cadmium sulfide quantum dots.

The adsorption energy of cadmium oleate to the surface of cadmium sulfide nanocrystals
in a nonpolar solvent can be corrected by combining the binding energy of tetrahydrofuran
with the adsorption energy found from the Ising model. When surface coverage is high, this
results in an adsorption enthalpy of -332 kJ/mol assuming that the coordination energies
of tetrahydrofuran calculated for cadmium acetate are similar to those for cadmium oleate.
Although direct thermochemical data is not available for cadmium oleate (which would allow
the calculation of the coordination entropy of cadmium oleate to the surface of a cadmium
sulfide quantum dot, as was performed for the coordination of tetrahydrofuran to cadmium
oleate), the coordination entropy of cadmium oleate to the surface of a cadmium sulfide
quantum dot can be calculated from the Ising model. The Ising model calculates that the
total TS change of coordinating cadmium oleate to the surface of the quantum dot in a
solution of tetrahydrofuran is 16.53 kJ/mol at 298.15 K. As mentioned above, the calculated
change in TS for the release of four tetrahydrofuran molecules from a cadmium acetate
complex is 135 kJ/mol. Thus, the calculated change in TS of coordination of cadmium
oleate to the surface of a cadmium sulfide quantum dot at 298.15 K is found to be -118
kJ/mol in a noncoordinating solvent.

From the Ising model simulations and correcting for the coordination of tetrahydrofuran,
the adsorption enthalpy of cadmium oleate to the surface of cadmium sulfide quantum dots
in a noncoordinating solvent is calculated to be between -321 and -332 kJ/mol depending
on surface coverage. A corrected Gibbs free energy of adsorption of cadmium oleate to the
surface of a cadmium sulfide quantum dot in a noncoordinating solvent can be calculated
to be in the range of -203 to -206 kJ/mol by using the change in TS calculated above (-
118 kJ/mol) and the dependence on surface coverage from the Ising model. The calculated
equilibrium constant in a noncoordinating solvent is calculated to be between 3.66·1035 M-1

and 1.23·1036 M-1. Such strong adsorption energies of the metal carboxylate could not be
measured without the assistance of the coordinating tetrahydrofuran to create the ligand
deficient quantum dots. From the perspective of cadmium sulfide quantum dots in a non-
coordinating solvent, such as hexanes or toluene, these ligands will not desorb from the
surface, and the ligand shell can be considered static. Alongside the hypotheses on the
role of multiple adsorption sites,64–66 this shift in the thermodynamics of coordination based
on ligand coverage further supports the hypothesis that coverage dependence can play a
significant role and may explain some conclusions that single-site binding models do not fit
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observed isotherms.

3.9 The Impact of a Dynamic Ligand Shell on

Luminescence

The use of tetrahydrofuran as the solvent for colloidal cadmium sulfide quantum dots
transforms the traditionally static ligand shell into a dynamic one, where ligands freely
desorb and adsorb to the surface. The surface coverage of quantum dots in this dynamic
equilibrium is determined by the concentration of ligands in solution. This system draws
parallels to colloidal lead halide perovskite nanocrystals, where ligands are generally much
more weakly adsorbed to the nanocrystal even in non-coordinating solvents such a hexanes
or toluene.18,29 Much like the type II-VI and III-V semiconducting nanocrystals, ligands can
help passivate surface traps and removing ligands is generally deleterious to the quantum
dot optical properties.18 Diluting a system in dynamic equilibrium between adsorbed and
free ligands has previously been observed in lead halide perovskite nanocrystals to decrease
quantum yields.18 After isolation, a small excess of added ligands has proven to be effective
at increasing the quantum yield, and significant work has been done to find ligands that
adsorb more tightly to their surface to prevent this effect.18,29

As has previously been observed, the removal of metal carboxylates from the surface
of cadmium sulfide quantum dots significantly decreases luminescence (Figure 3.9A) and
through the addition of metal carboxylates, luminescence can be restored.16 This behavior
has been attributed to undercoordinated chalcogenides on the quantum dot surface that
introduce hole traps.94 Over the course of removing ligands from the nanocrystals, the lumi-
nescence from the band-edge emission drops quite rapidly during the initial washing steps;
however, subsequent washing steps decrease the luminescence less. Emission from the trap
states also decreases during the first couple of washings but remains somewhat constant
in later washing steps. Trap state emission from cadmium sulfide quantum dots has been
attributed to electron traps on surface cadmiums,115 thus the removal of cadmium oleates
from the surface decreases both band-edge and trap state emission.

Diluting the cadmium sulfide dots in tetrahydrofuran draws cadmium oleate ligands from
the surface and should introduce hole traps17,94 that decrease their quantum yield compared
to the quantum dots in hexane (Figure 3.13). The addition of solid cadmium oleate to
the solution increases the concentration of free ligands thus driving the ligand equilibrium
towards more surface adsorbed ligands and increasing luminescence. However, even with
significant excess of cadmium oleate in solution, the quantum yields do not recover to those
of the quantum dots in hexane.

In providing a potential hypothesis for this phenomenon, several possible explanations
must be examined. First, it is possible that the lower quantum yield results from signifi-
cantly lower ligand coverage in THF compared to hexane. Anderson et al. showed that after
cadmium oleate ligands were stripped from the surfaces of quantum dots and isolated from
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Figure 3.13: Luminescence increase upon adding solid cadmium oleate using a sample of
dilute (0.56 µM) cadmium sulfide quantum dots washed in hexanes (black line) and ligand-
deficient quantum dots in tetrahydrofuran (red line). After being thoroughly washed in THF,
increasing amounts of cadmium oleate (blue, green, violet) are added back to the quantum
dots. As more cadmium oleate is added, the luminescence increases but does not reach that
of the quantum dots suspended in hexanes. Inset depicts the relative quantum yields of
the quantum dots suspended in tetrahydrofuran compared to those in hexane, as a function
of added cadmium oleate. The absolute quantum yield for cadmium sulfide quantum dots
washed in hexanes was determined to be 7% via the integrating sphere method.
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the stripping species, the addition of cadmium oleate at room temperature in toluene did
not fully recover the quantum yield. A full recovery of quantum yield was only accomplished
when solutions were heated.16 This was subsequently attributed to a kinetic barrier in the
surface reconstruction of the carboxylates.16 If the addition of excess cadmium oleate to the
cadmium sulfide quantum dots in tetrahydrofuran did not increase the surface coverage to
that before any ligand stripping was performed, this could easily explain the observations.
However, in this case, the surface coverage after the addition of cadmium oleate in tetrahy-
drofuran was found to be 3.51 ± 0.79 ligands/nm2, which is comparable (within error) to
the surface coverage of cadmium sulfide quantum dots isolated and washed in hexanes, was
found to be 3.43 ± 0.79 ligands/nm2. Note that the error in these absolute nanocrystal
coverages results mostly from uncertainty in nanocrystal size and concentration, but error
in comparing relative coverages is on the order of 5%. This recovery of a saturated ligand
coverage in even at room temperature is likely due to there being little kinetic barrier to the
rearrangement of the ligand shell in this dynamic ligand environment.

Second, it is possible that the use of tetrahydrofuran as the solvent may also play a role
beyond allowing the ligands to freely desorb and adsorb from the surface. Tetrahydrofuran
has a different dielectric constant and polarity, and it can act as an L-type ligand in metal
complexes.16 However, it is unlikely that these dielectric solvent affects could have such a
large impact on quantum yield.116 In general, L-type ligands such as amines have been found
to improve quantum yields in type II-VI semiconducting quantum dots.94

Thus, we hypothesize that it is the fluctuations in the dynamic shell that drives this lower
quantum yield, even when it appears that saturation coverage of cadmium oleate has been
reached. If the absence of metal carboxylates from the surface results in hole traps in type
II-VI quantum dots, then the dynamic shell implies that transiently there are hole-traps
on the surface. At a saturation of cadmium oleate, not only will there be a steady state
concentration of such traps in an ensemble of quantum dots, the number of traps on any
specific dot in solution will fluctuate over time. Further support for this hypothesis can be
provided by the Ising model simulations using the thermodynamic parameters for the static
and dynamic ligand shell (Table 3.3). Figure 3.14 shows histograms of the ligand coverages
derived from 10,000 simulations of the Ising model grid after the final step in the simulation,
where the initial conditions had 323 cadmium oleate ligands added per nanocrystal, and
each nanocrystal has 210 possible sites. In the case of the dynamic ligand shell, while the
most common ligand coverage is 210 (i.e., full coverage), there are noticeable fluctuations
in the number of bound ligands resulting in an average ligand coverage of 209. Specifically,
these fluctuations result in equilibrium ligand coverages that are less than 210 in more than
50% of the simulated nanocrystal surfaces. This implies that out of an ensemble of 10,000
nanocrystals at equilibrium, more than half of the nanocrystals would have empty sites at
any given moment. These fluctuations transiently introduce empty sites on the quantum
dot, lowering the quantum yield. In the case of the static ligand shell, ligands were tightly
bound to the surface and in the 10,000 simulations all grids had unity coverage, as expected
due to the much larger equilibrium constant calculated for the static ligand shell. Thus, we
propose that while the average ligand coverage similar to those found in a static ligand shell
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Figure 3.14: Histograms of the number of bound ligands of the Ising model simulations for
grids representing the cadmium sulfide quantum dot surface. Blue bars represent the pro-
portion of simulations that ended with a given number of bound ligands on the surface with
the dynamic ligand shell parameters while red bars represent the proportion of simulations
that ended with a given number of bound ligands on the surface with the static ligand shell
parameters.
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can be achieved in a dynamic ligand shell environment by driving ligands to the surface,
these fluctuations of bound ligands in the ligand shell can reduce the measured quantum
yield of the ensemble.

While this hypothesis may be satisfying for this specific case, the lead-halide perovskites
would appear to invalidate the conclusion that dynamic ligand shells naturally lead to lower
quantum yields, as there are multiple procedures which now report near unity quantum
yields in these materials.18,29,117,118 However, the nature of traps in lead-halide perovskites
and type II-VI quantum dots is quite different. While traps due to missing ligands in lead-
halide perovskites are quite shallow and can be thermally “de-trapped,” traps in type II-VI
quantum dots tend to be quite deep.18,94 Additionally, the fluorescence lifetimes of lead-
halide perovskites are approximately an order of magnitude faster than type II-VI quantum
dots,76,118,119 which may significantly affect the dynamics of radiative recombination with
regards to a dynamic ligand shell.

The final consideration of these effects is on core-shell nanocrystals, which are often
shelled with cadmium sulfide capped with carboxylate ligands. While the addition of the
shell effectively works to eliminate defects associated with surfaces and isolates the lumines-
cent core, defects at the surface of the shell material still influence their quantum yields, and
surface treatments have been shown to improve optical properties.120 In the pursuit of quan-
tum dots that reach quantum yields sufficient for such applications as luminescence solar
concentrators or more exotic uses, such as optical refrigeration and thermal energy storage
in optical cavities,76 optimization of every aspect of these quantum dots must be considered.
Although we have illustrated that desorption of metal carboxylates in a non-coordinating
solvent would be highly improbable, careful consideration of the environment surrounding
these “static” materials may be important for future endeavors.
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Chapter 4

Parameters Influencing Inter-Ligand
Interactions

Reproduced in part with permission from Calvin, J. C.; O’Brien, E. A.; Sedlak, A. B.; Balan,
A. D.; Alivisatos, A. P. “Thermodynamics of Composition Dependent Ligand Exchange on
the Surfaces of Colloidal Indium Phosphide Quantum Dots” ACS Nano 2021, 15 (1), 1407–
1420. Copyright 2021 American Chemical Society.121

4.1 Investigating the Impact of Ligand Length

The inter-ligand interactions on the surface of colloidal quantum dots are evidently im-
portant to describe reactions on their surfaces. The nature of the organic tail on the surface,
such as its length and geometry, should influence the magnitude of these inter-ligand inter-
actions. In addition to the identity of the organic ligand on the surface, the density of the
ligands on the surface should also impact those parameters due to the nature of the enthalpic
and entropic interactions.

We elected to study these effects using ligand exchange reactions at the surface of colloidal
indium phosphide nanocrystals. We used isothermal titration calorimetry and 1H NMR to
study the displacement of straight-chain ligands from the surface of the quantum dots using
bent chain oleic acid ligands. Ligand coverages were monitored using the signal from vinylic
and methyl protons on the oleate ligands in quantitative 1H NMR. Once again, results were
modeled with a modified Ising model. Additionally, we performed similar ligand exchange
reactions with phosphonic acids to illustrate the role these inter-ligand interactions play in
a reaction largely determined by binding of head groups.

Indium phosphide quantum dot samples were synthesized with one of four native cap-
ping ligands, stearate (C18H35O2), palmitate (C16H31O2), myristate (C14H27O2), and oleate
(C18H33O2). Figure 4.1 depicts the absorption and fluorescence spectra of all of the synthe-
sized indium phosphide quantum dot samples. The position of the first exciton peak and
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Figure 4.1: Optical measurements of InP quantum dots capped with carboxylic acids:
stearate (C18H35O2), palmitate (C16H31O2), myristate acid (C14H27O2), and oleic acid
(C18H33O2). Absorption spectra are depicted by solid lines and emission spectra are de-
picted by dashed lines. The wavelength of the first exciton peak and emission peaks for
all samples are similar, indicating similarly sized particles (3.5 ± 0.4 nm in diameter). All
spectra were boxcar averaged with a boxcar width of 5 nm.
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Figure 4.2: Isothermal titration calorimetry data of oleic acid titrations of indium phos-
phide quantum dots capped with stearate (C18H35O2), palmitate (C16H31O2), or myristate
(C14H27O2). Indium phosphide nanocrystals were measured at a concentration of 0.032 mM
in THF and were titrated with oleic acid at a concentration of 93 mM in THF. Vertical and
horizontal error bars represent the standard error in the enthalpy and mole ratio, respectively.

the wavelength of the band-edge fluorescence vary only by 20 nm among the samples, cor-
responding to an 0.8 nm change in calculated particle diameter based on the size calculator
by Reiss et al.99 (see Appendix C.2 for discussion on errors associated with this calculator).
This is important for comparing the exchange reaction of each carboxylate ligand, and the
synthetic conditions were adapted to achieve a uniform size and minimize size-dependent
differences in surface structure.

Isothermal titration calorimetry measurements for titrations of oleic acid into indium
phosphide nanocrystals capped with stearate (C18H35O2), palmitate (C16H31O2), and myris-
tate (C14H27O2) are shown in Figure 4.2. All of these titration reactions are endothermic,
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although the total enthalpy of each exchange is relatively small. Longer alkyl chains in the
native ligand shell appear to be correlated with more endothermic reactions, but the ex-
change behavior of the stearate capped nanoparticles is non-monotonic, in contrast to the
other reactions. Additionally, the reaction with myristate capped particles appears to reach
completion before the reactions with the stearate and palmitate capped particles. Taken
together, these factors suggest that notable differences exist between the nanocrystal ligand
exchanges.

Additional titrations, monitored with quantitative 1H NMR, were performed alongside
the isothermal titration calorimetry titrations to directly track surface ligands during the
reaction. The methyl protons of the native and exchange ligands were used to calculate the
total number of organic ligands on the quantum dots, while the vinylic protons of the oleate
ligand were used to determine the number of oleate ligands on the quantum dots.49,50 The
separation between the bound and free NMR peaks for both the vinylic and methyl protons
are depicted in Figure 4.3A and Figure 4.3C, respectively.

From these measurements the fractional coverage of bound oleates and the total number
of bound ligands were calculated and are depicted, respectively, in Figure 4.3B and 4.3D. In
monitoring the reaction progress, as oleates bind to the surface, a trend can be observed that
the rate of displacement decreases as the native ligand length increases (Figure 4.3B). While
the total ligand surface coverage remained within measurement error of the native sample for
palmitate and myristate ligand systems, the total number of bound ligands clearly increases
at the beginning of the reaction for the stearate capped quantum dots (Figure 4.3D). At
saturation, the number of ligands per nanocrystal for the natively straight-chain capped
nanocrystals are 410 ± 20 for native myristate capped particles, 450 ± 30 for native palmitate
capped particles, and 410 ± 40 for native stearate capped particles. These correspond to
ligand coverages of 12 ± 2 ligands/nm2 for palmitate capped particles, 11 ± 2 ligands/nm2

for myristate capped particles, and 11 ± 2 ligands/nm2 for stearate capped particles at
saturation, while as-synthesized stearate capped particles have a ligand coverage of only 8
± 1 ligands/nm2.

Understanding the ligand exchange for carboxylates mechanistically has been done pre-
viously, using 1H NMR studies of the exchange between partially deuterated and fully pro-
tonated oleic acid on cadmium selenide quantum dots.12,122 These measurements show that
after the ligand exchange the native ligand has gained a proton from the exchange ligand,
indicating that the ligands bind and exchange as carboxylates, and exchanging long-chain
carboxylates should have a negligible effect on the head binding enthalpy component of the
exchange thermodynamics.

While the experimentally measured enthalpy of replacing a ligand with a straight alkane
tail with a bent chain alkene ligand is small, nevertheless the three ligand exchanges have
a non-negligible difference in heat that we attribute to the effects of ligand tail length,
consistent with results found by Elimelech et al.30 On the native quantum dot surface the
straight-chain carboxylates likely pack together maximizing van der Waals interactions. The
difference in heat originates from changing the packing on the nanocrystal surface when
the oleate, which packs less efficiently, is substituted for the native ligands. Longer ligand
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Figure 4.3: 1H NMR of coverage of oleate ligands and native ligands when of oleic acid was
titrated into solutions of indium phosphide quantum dots capped with stearate (C18H35O2),
palmitate (C16H31O2), and myristate (C14H27O2). (A) Example 1H NMR spectrum of the
vinylic protons of oleate used to distinguish bound oleates from free oleic acids. (B) Frac-
tional coverage of bound oleate on indium phosphide quantum dots determined by the total
maximum bound ligands observed. The ligand exchange occurs to a lesser extent with
stearate capped quantum dots than with palmitate and myristate capped quantum dots.
(C) Example 1H NMR spectrum of the methyl protons on oleate and straight-chain car-
boxylates. Spectrum is fitted to separate the bound and free ligand peaks, following the
same separation as the vinylic protons. (D) Total number of organic ligands on the quantum
dots over the course of the ligand exchange. The total number of bound ligands remains
steady throughout the reactions, with one exception: the native stearate particles see an
increase in surface coverage during the first few oleic acid injections.
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Figure 4.4: Binding enthalpy per exchange from isothermal titration calorimetry and 1H
NMR for the reactions of myristate (C14H27O2) and palmitate (C16H31O2) capped indium
phosphide nanocrystals with oleic acid. As the reaction progresses, the enthalpy decreases.
This is attributed to the changing composition of the ligand shell and fewer strong van der
Waals interactions between straight-chains that must be broken as the reaction progresses.

tails have greater van der Waals interactions and thus require more energy to disrupt their
packing and add an oleate to the surface. This is in accordance with the differences observed
between carboxylates, where exchanges with longer chain carboxylates are generally more
endothermic due to the greater number of inter-ligand interactions being broken.

For the palmitate and myristate capped indium phosphide nanocrystals, each subsequent
titration is less endothermic than the previous one. This occurs not only because there are
fewer exchangeable sites as the reaction progresses, but primarily because as more oleates
are added to the surface, there are on average fewer strong van der Waals interactions that
need to be broken to remove a straight-chain alkane. This explains why the exchange from
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Figure 4.5: Langmuir modeling of 1H NMR and isothermal titration calorimetry data of
the reaction of oleic aicd with myristate (C14H27O2) capped indium phosphide nanocrystals.
(A) A Langmuir isotherm fit of the 1H NMR data. (B) A Langmuir isotherm fit of the
isothermal titration calorimetry data. (C) Resulting simulated 1H NMR data from the
Langmuir isotherm fit of the isothermal titration calorimetry data.

myristate to oleate appears to have completed from the isothermal titration calorimetry data,
while 1H NMR data shows that the reaction is still progressing. Thus, by combining the
isothermal titration calorimetry data and 1H NMR data, we can see that the binding energy
of a given ligand changes substantially over the course of the reaction (Figure 4.4). The
isothermal titration calorimetry data fails to capture the full extent of reaction because once
enough of the native inter-ligand interactions are broken, there is no longer a measurable
thermodynamic signal from the exchange. This contrasts with the work done by Elimelech
et al., which suggests that describing the thermodynamics of the exchange can be achieved
using a single exchange energy model.30 Rather, the binding energy is composition-dependent
and changes with the average interaction of nearest neighbors. This illustrates the critical
importance of combining both isothermal titration calorimetry and 1H NMR data, as single
binding energies or equilibrium constants can be fit to either dataset, but when combined
they fail to be self-consistent, requiring a more nuanced approach discussed below.

As a further illustration of the inadequacy of typical models used to calculate thermo-
dynamic values for ligand exchanges on colloidal quantum dots, the 1H NMR data from the
reaction of oleic acid with myristate capped indium phosphide quantum dots was naively
fit to a Langmuir isotherm type Ising model (with no inter-ligand interactions). The value
of ∆G was found to be 0.315 kJ/mol, while when the isothermal titration calorimetry data
was fit with the same model (where both ∆H and T∆S can be extracted when used on
isothermal titration calorimetry data, see Chapter 2), ∆H was found to be 0.711 kJ/mol,
while T∆S was found to be 3.36 kJ/mol, resulting in a ∆G of -2.65 kJ/mol. Fits for both
of these models can be found in Figure 4.5. While a good fit can be found for the 1H NMR
data and a somewhat adequate fit can be found for the isothermal titration calorimetry data,
the differences in the determined ∆G values are quite stark. As a counter-argument, one
could suggest that a two-site model could fit the isothermal titration calorimetry data, and
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it almost certainly would, but regardless, it is unlikely that it would agree with the 1H NMR
data, and based on the previous results and the nature of the ligand length dependence on
the isothermal titration calorimetry data, it seems that a model that includes inter-ligand
interactions is required.

The first few points of the stearate exchange present a deviation from the otherwise
monotonic trend in the isothermal titration calorimetry data as the reaction initially becomes
more endothermic before gradually becoming less endothermic, in addition to showing a
higher enthalpy of exchange than both the myristate and palmitate. This discrepancy is
easily explained by the 1H NMR data, which shows that the total number of bound ligands
increases during the first few points of the exchange, indicating that as-synthesized stearate
capped nanoparticles are ligand deficient. We attribute this to synthesis and processing
conditions, including a dilute first washing step necessary to remove excess stearate precursor
(Appendix A.9). A large excess of coordinating tetrahydrofuran molecules may lower the
energy needed to remove a ligand and promote ligand stripping.16 This observation has
significant implications, because empty sites can result in distinct thermodynamic signatures.
When ligands bind to empty sites, the new bonds and inter-ligand interactions release heat
without the need to displace another ligand, reducing the enthalpy of exchange (making the
exchange appear less endothermic) and resulting in the deviation observed. Thus, variations
in synthesis and processing, which may result in ligand coverage differences in otherwise
identical materials, could have notable effects on ligand exchange equilibria. Furthermore,
the signatures from the empty ligand sites highlight the need to use both isothermal titration
calorimetry to track the enthalpy and 1H NMR to track the ligand shell composition in order
to accurately describe ligand reactions at the surface of colloidal quantum dots.

All three of the tested carboxylate ligand exchanges are endothermic and therefore en-
tropy must be the major driving force of the reactions. Based on our previous analyses of
exchange reaction dynamics (Chapter 3), this entropy change likely originates from disrupt-
ing the packing order of straight-chain ligands on the nanocrystal with the oleate ligands.
Such behavior has been observed previously in mixed straight and bent-chain ligand shells,
where a greater proportion of bent ligands on the nanocrystal surface lead to a lower phase
transition temperature for ligand shell liquification. Bent ligands are thought to disrupt
ligand packing and favor the liquification, or “melting”, of the organic ligand shell.42 Assum-
ing a somewhat constant disruption entropy between the ligands, the exchange that is least
endothermic will be more strongly driven to exchange, evidence of which is illustrated in
Figure 4.3B. The exchange of oleate onto myristate capped particles has the smallest signal
in the isothermal titration calorimetry measurements as it has the weakest intermolecular
interactions, but the extent of the reaction is greater than with the palmitate or stearate
capped particles because it is easier to exchange for that same reason. In general, native
ligands with shorter alkyl chains will produce lower signal in isothermal titration calorime-
try measurements, but should also demonstrate greater extent of exchange under otherwise
identical reaction conditions.
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Figure 4.6: Ising model data from carboxylic acid exchanges on InP quantum dots. Data
includes the enthalpy, oleate fractional coverage, and total ligand coverage compared with
experimental results of the titration between oleic acid and the stearate (C18H35O2), palmi-
tate (C16H31O2), and myristate (C14H27O2) capped indium phosphide quantum dots. The
Ising model for the stearate capped particles is slightly different than the model used for the
palmitate and myristate capped particles, enabling accurate simulation of a ligand deficient
surface. (A) Isothermal titration calorimetry experimental results of the titration reactions.
(B) Oleate fractional coverage derived from 1H NMR results. (C) Total ligand coverage
derived from 1H NMR results. (D) Simulated enthalpies of reaction from the Ising model.
(E) Simulated oleate fractional coverage from the Ising model. (F) Simulated total ligand
coverage during the reaction from the Ising model. While coverage gradually increases for
stearate simulations, the total number of bound ligands for palmitate and myristate were
constant, resulting in overlapping datapoints.

4.2 An Ising Model to Investigate the Effect of

Ligand Length

A modified Ising model was used to simulate experimental data for the carboxylic acid
exchanges in order to gain further insight into the experimental results, test our hypothesis,
and suggest possible relative interaction energies between ligands that would be dependent
on the length of the aliphatic tails. Plots of the simulated data alongside the experimental
data for the carboxylic acid exchange can be found in Figure 4.6 and the parameters used
to simulate the data are presented in Table 4.1; ligand shell composition maps can be found
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∆Hhead ∆HtailAA ∆HtailAB ∆HtailBB T∆Shead T∆StailAA T∆StailAB T∆StailBB

C18H35O2 -2.33 -6.30 -4.59 -3.02 -0.12 -3.82 -3.54 -2.58

C16H31O2 -2.33 -3.42 -3.12 -3.02 -0.12 -2.90 -2.64 -2.58
C14H27O2 -2.33 -3.35 -3.02 -3.02 -0.12 -2.66 -2.73 -2.58

Table 4.1: Parameters for the Ising model of the carboxylic acid exchanges depicted in
Figure 4.6 in units of kJ/mol. The head binding enthalpy and entropy for the stearate
(C18H35O2) capped particles are relative to an empty space, which had zero head inter-
action energy and zero nearest-neighbor interaction energy. The models for the palmitate
(C16H31O2) and myristate (C14H27O2) capped particles had no empty spaces and were thus
referenced to the parameters obtained for stearate. In these simulations, A represents the
initial ligand shell species, while B represents the exchanging species (oleate in all cases).

in the Figure 4.7. Several assumptions were made for these models. Each grid point in the
simulation was either occupied by a native ligand, an exchange ligand, or an empty space (in
the case of the stearate capped particles where empty sites were added). Additionally, only
the four nearest ligand neighbor interactions were included when calculating the energies,
although there may be longer range effects, particularly when considering entropy. Lastly, all
ligands are set to have the same head binding enthalpy and head binding entropy. The nature
of this modified Ising model inherently accounts for the entropy of mixing on the surface
due to the random selection of free ligands. However, the inter-ligand entropy interactions
are explicitly folded into the model with tail in the Gibbs free energy calculation. For
this exchange, the entropy of the ligand shell will begin to increase as the ligand exchange
reaction initially progresses and more oleates are incorporated into the structure of the ligand
shell, due to the ordered straight chains becoming disrupted. This is most significant at the
beginning of the exchange and is evident in our thermodynamic data. As indicated from the
1H NMR data, these reactions are not strongly driven, and completing the exchange would
likely take a large excess of oleic acid. For these measurements, oleic acid was only added in
a ratio of 1.5–2 times of the original concentration of bound ligands on the quantum dots.

As nearest-neighbor interactions appear to determine the thermodynamics of the ligand
exchange, it is expected that the exchange ligands may not be randomly distributed on the
surface of the quantum dot. Ligand shell composition maps were constructed from these Ising
models showing the locations of native and exchange ligands during the exchange (Figure
4.7). Simulated ligand shells were found to exhibit relatively homogeneous mixing of native
and exchange ligands, which has been shown previously in mixed ligand shell Ising model
simulations and experiments.42 This indicates that although inter-ligand interactions and
large steric differences can result in ligand clustering and island formation,102,123 the packing
enthalpy differences between carboxylates are insufficient to cause significant segregation.

The simulated Ising model was able to reproduce thermodynamic measurements when
straight-chain ligands were modeled with stronger interaction energies than the bent-chain
ligands. Additionally, the longer straight chain ligands were found to have the stronger
interaction energies arising from their ability to pack together better than cis-unsaturated
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Figure 4.7: Composition maps of carboxylic acid exchange Ising models at varying mole
ratios of exchange (represented by N) with different initial capping ligands. Mole ratio
refers to the moles of oleic acid to moles of indium phosphide quantum dots, to mirror the
experimental measurements, but as only one quantum dot is being simulated at a time, this
mole ratio is just the number of oleic acid species introduced to the system. Green squares
represent straight-chain carboxylates, blue squares represent bent-chain oleates, and black
squares represent an empty site. The coverage maps are representative of the surface of the
nanocrystal where each individual square represents a binding site on the nanocrystal.
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fatty acids, and the longer the straight chain ligands are, the stronger their inter-ligand
interactions are. Similarly, the model suggests that oleate chains also have stronger interac-
tions with straight-chains than with each other. This is attributed to the rotational freedom
that the straight chains have about fully saturated carbon-carbon bonds that allows them to
somewhat conform to the more sterically hindered oleates.42,124,125 The chain length depen-
dence of the nearest neighbor interaction enthalpy and entropy appears to be more significant
as the carboxylate chain length increases, i.e. the difference in nearest neighbor interactions
between myristate and palmitate is less than that between palmitate and stearate. This
may be related to the observation that in self-assembled monolayers a threshold chain length
exists below that which the structure of the monolayer changes, becoming less ordered. In
a less ordered ligand shell, inter-ligand interactions would be less significant and as a result,
so would the observed chain length dependence.126,127 Another interesting observation is to
compare the inter-ligand interactions on indium phosphide with those on cadmium sulfide
quantum dots (Chapter 3). Cadmium oleate was the ligand that was being added to the
surface (i.e. there are two oleate ligands), and from the Ising model we can calculate that
the inter-ligand van der Waals interactions per oleate is approximately -1.43 kJ/mol and
the restriction of internal rotations is approximately -0.94 kJ/mol at room temperature. For
indium phosphide, oleate has a much greater value calculated with these Ising models (-3.02
kJ/mol and -2.58 kJ/mol, respectively), and this is likely because the ligand density on in-
dium phosphide nanocrystals is typically around 9 oleates/nm2 (see Table 4.2 below) while
the density on cadmium sulfide nanocrystals is closer to 7 oleates/nm2, often ascribed to the
greater number of carboxylates needed to passivate an indium rich surface as opposed to
a cadmium rich surface.72 This difference in ligand density tracks with the greater van der
Waals interactions and restrictions of internal rotations found in these models.

While the Ising model faithfully replicated experimental data and expected enthalpy
values, it is not without limitations. As expected, the binding enthalpy of the ligand to the
surface is negative (favorable interaction that lowers the enthalpy), and interaction enthalpies
between two straight chain ligands, between a straight chain ligand and an oleate ligand,
and between two oleates ligands are negative. Additionally, interactions between straight
chains are stronger than interactions between oleates. The quantitative interaction values,
however, are all calculated relative to hypothetical empty sites, and the constraints of the
Ising model may limit their accuracy. To begin with, the Ising model only accounts for nearest
neighbor interactions and it is probable that there could be differences in the next nearest
neighbor interactions depending on the species. Such differences would not be expected
to be significant based on enthalpic interactions between the ligands that extend beyond
the nearest neighbor, but rather due to entropic ones. For instance, an empty site on a
nanocrystal does not leave a vacuum and bound neighboring ligands can occupy this empty
space, meaning that formal next nearest neighbors may share smaller, but still significant
interactions. As a result, the values in the Ising model are likely not the true interaction
energies between two ligands. Additionally, the loss in ligand binding entropy when a ligand
goes from solution to the surface of the nanocrystal is much less than would have been
anticipated, since we expect the loss of both translational and rotational entropy for the
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ligand. However, this reaction is being performed in solvating tetrahydrofuran molecules
which likely form a solvation shell around individual ligands and decrease the entropy of
the solution, creating more order in the free ligand environment. Entropy is increased when
this solvation shell is relieved by addition of the ligand to the surface, balancing out loss
of entropy from translational and rotational restrictions due to ligand binding. This may
account for the much smaller entropy change than would be initially anticipated.

To further investigate the proposed implications of conformational ligand entropy on the
surface of the indium phosphide quantum dots, computational calculations were performed.
Free indium myristate was compared to indium myristate that was constrained by neigh-
boring indium myristate complexes, simulating the surface of a quantum dot (see Appendix
D.2 for images of the structures taken from Gaussian 16). Indium myristate was chosen for
these calculations because the quantum dot surfaces are populated by indium carboxylate
ligands and indium carboxylate exists in solution before addition of carboxylic acid exchange
reagents, and the shortest ligand chain was selected for computational efficiency. From these
calculations, the change in entropy of an indium myristate moving from the surface of a
quantum dot to being free in the gas phase was calculated to be +620 J mol-1 K-1, with
246 J mol-1 K-1 directly being gained from vibrational entropy. While the total entropy is
overestimated because the ligand is not going into the gas phase, the calculated change in
vibrational entropy is mostly unaffected because it represents a measurement of the free-
dom of internal rotations in the aliphatic ligand chains. At room temperature, this gain
in vibrational entropy corresponds to a 73 kJ/mol change in TS at 298.15 K. Splitting this
between the free ligands, from the calculations each aliphatic chain gains 24 kJ/mol in TS
from internal rotations by being liberated from the surface, which is much larger than the
at most 4 kJ/mol entropy gain calculated from the Ising model simulations. As mentioned
above, the ligand is not moving into the gas phase and might experience constraints from
the solvation shell, causing an overestimation in this parameter. These calculations suggest
that our modified Ising model may underestimate nearest-neighbor parameters. The sim-
ulation of ligand exchange using current assumptions provides a clear picture of estimated
surface reaction thermodynamics, but additional work may be needed to create a robust,
quantitative, and generalizable model of surface exchange.

An important additional consideration in the Ising model that there is a free ligand pop-
ulation in solution before any of the exchange ligand has been added. Although the particles
underwent extensive cleaning to remove excess ligand before the experiment, there is an equi-
librium established between the ligands on the surface and in solution. This is unsurprising,
as tetrahydrofuran is known to coordinate to and displace metal carboxylates, leaving behind
undercoordinated anions on the surface.16 The oleic acid ligands should be able to exchange
with the indium straight-chain carboxylates in solution, generating additional “native” lig-
ands that can exchange back with the surface. Because of this, additional native ligands
were placed in the free pool of ligands for the simulation to match the measured ratio of
bound and free ligands.

The presence of an initial ligand equilibrium introduces complications in the Ising model
beyond altering the size and composition of the free ligand pool. It implies that the surface of
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the quantum dots, even the myristate and palmitate capped quantum dots, have empty sites
and the ligand coverage of carboxylates could theoretically be higher. However, previous
work implies that these sites are undercoordinated phosphorus anions and are consequently
unfavorable binding sites for anionic carboxylates or carboxylic acids. The metal-carboxylate
binding equilibrium is assumed to be stable in the face of added carboxylic acid, but for the
purposes of fitting 1H NMR data, an indium carboxylate complex is functionally identical to
three carboxylic acid molecules in the free ligand pool. To prevent these metal carboxylates
from binding as if they were acidic ligands in the Ising model simulations, the system was
constrained so that there must always a minimum number of free ligands present. Free
exchange of acidic ligands with those in the metal-ligand complex is allowed, since there is
no constraint on the identity of the non-bonding ligands, and the free ligand concentration
is more accurately represented. For example, when modeling the stearate capped particles,
there are hypothetically two populations of empty sites on the quantum dot initially, one
resulting from ligand-stripping during sample processing and one formed by the bound/free
equilibrium of indium carboxylate in the sample under experimental conditions. The first
population can be filled by carboxylates, carboxylic acids, or metal carboxylates depending
on the specifics of ligand stripping and the coordination environment of the exposed surface,
while the second is defined as being in direct equilibrium with free metal carboxylates. Sites
from the stripped population are given a representation in the model, while the empty sites
corresponding to the number of free metal carboxylates in the native sample are not included.

Because palmitate and myristate reactions involve only direct 1:1 ligand exchange, the
Ising model fit does not require explicit determination of ∆Hhead and T∆Shead for the car-
boxylate ligands. All of the fatty acids used in the carboxylate exchanges will exhibit the
same head group binding thermodynamics, so these values do not influence the simulation
and only relative tail group interactions must be considered. However, we have included
these terms for all reactions in Table 4.1 for ease of comparison with the more complicated
modeling of stearate capped quantum dots. In native stearate exchanges, the measured
binding of free ligands to empty surface sites provides the data necessary to model binding
and inter-ligand interactions for carboxylate head groups, although we acknowledge the pos-
sibility that ligand binding on a ligand-stripped surface could differ from native carboxylate
binding. The carboxylate binding values derived there are used as a reference for the values
in the other models.

4.3 Phosphonic Acid Ligand Exchanges

In order to expand our characterization of quantum dot surface reactions and develop a
generalizable understanding of the subtle details of colloidal nanoparticle ligand exchange,
we elected to study an additional binding system. Phosphonic acids were chosen as the
exchange ligand because it is well known that these ligands bind tightly to the surface,49,128

and recent work has indicated that they are good candidates for application-driven ligand
engineering.129 Indium phosphide quantum dots with a native oleate ligand shell were cho-
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Figure 4.8: Isothermal titration calorimetry data of octadecylphosphonic acid
(C18H39O3P), dodecylphosphonic acid (C12H27O3P), and hexylphosphonic acid (C6H15O3P)
titrations of indium phosphide quantum dots capped with oleic acid. As titrating acid
chain length increases, the reaction generally becomes more exothermic. Indium phosphide
nanocrystals were measured at a concentration of 0.008 mM in THF and were titrated with
phosphonic acid at a concentration of 32 mM in THF. Standard error in mole ratio and
enthalpy is depicted by error bars.
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Figure 4.9: NMR plots of ligand coverages during reactions of with octadecylphosphonic
acid (C18H39O3P) with oleic acid capped indium phosphide quantum dots. (A) Number
of bound oleate molecules as a function of mole ratio during the titration reaction with
octadecylphosphonic acid. The black line representing a 1:1 displacement of oleates with
octadecylphosphonic acid and that the oleate coverage falls below this line, indicating super-
displacement of oleates. Error bars and error bands depicted in gray. (B) Total number
of organic ligands on the quantum dots during the reaction with octadecylphosphonic acid.
The total ligand coverage begins decreasing after partial ligand exchange, consistent with a
super-displacement mechanism. Full surface coverage is then regained in the latter half of
the exchange. (C) Calculated number of bound phosphonate ligands from the total number
of ligands and the number of bound oleate ligands. The black line represents the coverage
of phosphonates if every phosphonic acid added to the solution binds to the quantum dots.
Error bands depicted in gray.

sen as the initial sample for these experiments for efficient 1H NMR tracking, and straight
chain phosphonic acid ligands of different lengths were added to the surface. The isother-
mal titration calorimetry measurements of this reaction are given in Figure 4.8 and show a
strongly exothermic reaction for all three ligands tested. Previous studies have concluded
that phosphonic acid exchanges, unlike those that titrate with carboxylic acids, are driven
by the favorable binding energies of phosphonate groups with the surface of the quantum
dots.49,130 The general form of this reaction is much more like the reactions that are tradition-
ally characterized using calorimetry than the carboxylate ligand exchanges. Changes to the
enthalpy of reaction remain small throughout much of the titration, with ligands undergoing
significant site exchange with each injection until the addition of phosphonic acid ceases to
induce a measurable reaction and signal drops off rapidly. Similar to the exchanges with
carboxylates, longer phosphonic acid ligand chains correlate to more exothermic reactions.
Unlike the previous exchanges, however, after first displaying a gradual increase in reac-
tion enthalpy (becoming slightly more endothermic), the reaction becomes more exothermic
before rapidly reaching completion.

1H NMR measurements were taken as octadecylphosphonic acid was titrated into a so-
lution of nanocrystals capped with oleate, depicted in Figure 4.9. In Figure 4.9A, the oleate
vinyl NMR peak was observed and the fractional coverage was calculated. Unlike the ex-
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changes with carboxylates, where oleates were being added to the surface, in these reactions
oleates are being removed and replaced by phosphonates. The most striking features of these
measurements is that oleates are displaced to a greater degree than that associated with 1:1
exchange from the surface of the quantum dots, a phenomenon which has previously been
observed in indium phosphide clusters.130 If every phosphonic acid added to the system re-
placed a single oleate on the surface of the quantum dot, the oleate coverage would decrease
following the black line on Figure 4.9A. However, the oleate coverage trends significantly be-
low that line for most of the reaction, suggesting that more oleates are being displaced than
phosphonic acids are being added. The total surface coverage calculated from the bound
methyl peak and pictured in Figure 4.9B further confirms this observation, with the number
of bound ligands decreasing substantially, after initially holding steady, and remaining lower
than the native surface coverage for much of the reaction. We see that the ligand coverage
increases again after most oleate has been displaced, eventually reaching native density for
an overall 1:1 exchange. The ligand coverage before the exchange is 11 ± 2 ligands/nm2,
and reaches a minimum ligand coverage of 7 ± 1 ligands/nm2 before increasing to a ligand
coverage of 12 ± 2 ligands/nm2. A slight increase in the ligand coverage after exchange with
phosphonic acid is not surprising as phosphonic acids bind more tightly than carboxylates,
evidenced from the exothermic titrations shown in Figure 4.8. Figure 4.9C shows the in-
crease in phosphonate binding over the course of the reaction, derived from the measured
total and oleate ligand coverages. Up to the point of saturation, within experimental er-
ror, each phosphonate that is added to the solution binds to the quantum dot, indicating
a strongly driven exchange through all phases of the reaction, including super-quantitative
oleate displacement. The saturation of the reaction occurs at a 1:1 mole ratio of phosphonic
acids to native capping carboxylates. The mole ratios at which we observe decreasing total
ligand coverage also correspond to decreased exothermicity in isothermal titration calorime-
try measurements, however, so there may be notable binding enthalpy differences between
singly and doubly bound phosphonate ligands.

4.4 Potential Reaction Mechanism for Phosphonic

Acid Exchanges

Analysis of the isothermal titration calorimetry and 1H NMR data for phosphonic acid
ligand exchange shows that although all the reactions are strongly exothermic, the heat
released in ligand exchange increases further as ligand length increases (Figure 4.8). As
previously hypothesized, this is likely due to more favorable inter-ligand van der Waals
interactions on longer ligand tails, leading to this more exothermic response. From the
modeling of the carboxylic acid exchange measurements, the observed magnitude for this
difference in enthalpy is reasonable for aliphatic inter-ligand interactions. The chain length
dependence of the reaction enthalpy appears to increase as the phosphonic acid chain length
increases, similar to the trend observed with the carboxylic acid exchange. There is also an
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initial decrease in exothermicity of the reaction present for all phosphonic acid exchanges.
Unlike observations of the reaction of oleic acid with stearate capped quantum dots, surface
coverage measurements do not indicate significant binding to empty surface sites (Figure
4.9B), so this change in reaction enthalpy is likely to have another cause.

The observation that oleate ligands are displaced in greater numbers than octadecylphos-
phonate are bound, and that this exchange ratio evolves as the reaction progresses (Figure
4.9A), introduces added complexity to the potential thermodynamic analysis of phosphonate
ligand exchange, and illustrates why 1H NMR titrations must be used in tandem with isother-
mal titration calorimetry to accurately interpret isotherms. The ligand exchange of oleate
capped cadmium selenide quantum dots with octadecylphosphonic acid has been studied
previously, and it has been shown that after reaction with an excess of octadecylphosphonic
acid every oleate ligand was replaced with one octadecylphosphonate ligand.31,49,128 How-
ever, this is only an examination of the exchange at its end point and the results may not
capture the full complexity of the exchange mechanism. This is also in contrast to recent
work by Ritchhart and Cossairt which showed that during the phosphonic ligand exchange
with indium phosphide magic-sized clusters, each phosphonic acid replaces approximately
two carboxylates before the magic-size cluster decomposes.130 In the process of reaching a full
exchange the availability of two acidic protons on phosphonic acids leads to the displacement
of an additional carboxylate from the surface. Secondary deprotonation of phosphonate is
therefore a likely driver of excess oleate displacement in our indium phosphide quantum dot
system. While the pKa of the second acidic proton is greater than that of carboxylic acids,
the local environment or the head binding enthalpy may encourage a second displacement,
leading to lower ligand coverage. The gain in entropy from the displacement of an extra
ligand may also encourage this exchange. This contrasts with the work by Gee et al. on cad-
mium selenide quantum dots in which they describe the data with a two-site model, where
singly deprotonated phosphonates bind to the surface of the quantum dot in an X-type lig-
and binding coordination while protonated phosphonic acids bind to a different site on the
quantum dot in an L-type binding coordination.31 We suggest that there is not appreciable
L-type binding of phosphonic acid ligands in our system, as the total ligand surface coverage
does not significantly increase after the reaction has reached saturation (Figure 4.9B).

The total ligand coverage monitored with the methyl NMR peak provides further insight
into the exchange and displacement mechanism. Initially the quantum dot ligand coverage
remains relatively constant, indicating an approximate 1:1 displacement of oleate for each
phosphonate bound (Figure 4.9B). Then the ligand coverage decreases, as would be expected
with a super-displacement mechanism, before increasing again as the reaction nears com-
pletion. This increase in ligand coverage at the end of the reaction suggests that additional
phosphonic acids add to the surface by donating one of their protons to a phosphonate on
the surface that has lost two protons. Phosphonate ligand binding is consistent with this
hypothesis, with steady binding throughout the reaction, even after oleate displacement is
complete. At the end of the reaction, each oleate has been replaced by approximately one
phosphonic acid, suggesting that when excess phosphonic acid is available, it is more fa-
vorable for the ligand coverage to be higher. This observation may reconcile the results
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from Ritchhart and Cossairt with those of Gomes et al. and Knauf et al. regarding the
nature of exchanges between carboxylates and phosphonic acids on the surfaces of quantum
dots. While many similarities exist between type II-VI and type III-V semiconducting quan-
tum dots, we acknowledge that these exchange mechanisms may differ between systems and
further studies are required to reach a definitive conclusion.31,49,128,130,131

Super-displacement of carboxylate ligands, along with the greater binding energy of phos-
phonate to the surface of indium phosphide, may explain why phosphonates can completely
displace carboxylates so easily. Additionally, as more phosphonate groups are added to the
surface, the number of adjacent carboxylates that can be displaced decreases, promoting a
return to full surface coverage. If it is more enthalpically favorable to only displace one car-
boxylate per bound phosphonate, this rearrangement could be the cause of the decrease in
reaction exothermicity at the beginning of the reaction and the increased reaction exother-
micity as it approaches completion. Alternatively, from experience modeling the carboxylate
ligand exchange, this increase in the exothermicity of the reaction could also be attributed
to more favorable inter-ligand interactions as the composition of the ligand shell changes to
higher coverage of straight-chain carboxylates. It is possible that both effects influence the
reaction, and ideally a self-consistent Ising model simulation could be used to describe their
relative magnitudes and contributions. The findings reported by Gee et al.31 are consistent
with this hypothesis as they also note variation in X-type exchange enthalpy for phosphonic
acid binding, although they do not fully explore the phenomenon. However, reproduction of
phosphonic acid exchanges with our current model is significantly more difficult than car-
boxylic acid exchange modeling. In addition to being computationally cumbersome, with
up to four possible states for each lattice site and their associated interactions, the presence
of transient super-displacement calls into question the assumptions of the Ising model for
this system. We have already found evidence that entropy contributions to exchange may
be larger than the model can account for, and such effects may be a significant driving force
for the super-displacement of oleate. Future work for describing the exact thermodynamics
of complicated reactions at the surface of colloidal nanocrystals will likely require a more
robust or self-contained model to provide quantitative information about the reaction.

We have included this phosphonic acid exchange to illustrate how the principles of inter-
ligand interactions likely play a role in reactions at the surface of nanocrystals, but it also
shows how complicated these systems can become. While calorimetric measurements are
powerful, they require well-supported assumptions for accurate interpretation. If there are
too many steps in the reaction or factors that cannot be accounted for, the utility of the
thermodynamics in describing reaction mechanisms is reduced. This further illustrates that
careful 1H NMR measurements to accompany isothermal titration calorimetry measurements
yield valuable insights that may not have been gained from isothermal titration calorime-
try measurements alone, and vice versa. Ligand exchange analysis that uses one of these
techniques independently cannot account for composition dependence in either exchange
stoichiometry or inter-ligand interactions, leading to oversimplifications of reaction ther-
modynamics. Our multi-faceted technique reveals when underlying assumptions for fitting
simplistic models are invalid, like assuming that ligand exchange enthalpies are not composi-
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tion dependent for the carboxylic acid exchange or a 1:1 exchange between carboxylates and
phosphonates. In some controlled systems, like the phosphonic acid exchange presented, it is
possible to draw preliminary conclusions about surface exchange without further modeling,
but more complicated reactions are likely common. For example, ligand exchange in mixed
ligand shell systems, such as the oleic acid exchanges with amine and phosphonate capped
cadmium telluride quantum dots studied by Hassinen et al., may be far too complex for an
analysis similar to the one described here.131

From both the carboxylic acid and phosphonic acid ligand exchange reactions, it becomes
apparent that clearly defining the thermodynamics of nanocrystal surfaces, often done by
fitting 1H NMR data to calculate equilibrium constants, can be difficult, particularly for
reactions in which inter-ligand interactions become more influential or in strongly driven
reactions. Since calculation of the equilibrium constant is often the end goal of many of
these studies, we show that as the makeup of the ligand shell changes, the favorability of a
particular ligand binding may shift, leading to an equilibrium constant that is dependent on
shell composition. Furthermore, more quantitative analysis for estimations of the thermody-
namic parameters is significantly assisted by using a simulated Ising model, and can provide
support for suggested reaction mechanisms. When reactions become too complicated for ex-
act analysis by a simulated Ising model, the coupling of isothermal titration calorimetry and
1H NMR titrations still provides useful information for the suggestion of possible reaction
mechanisms, as is the case for the ligand exchange with phosphonic acids.

4.5 The Role of Nanocrystal Size on Inter-Ligand

Interactions

Recent isothermal titration calorimetry work by Elimelech et al. has also demonstrated
the effect that nanocrystal curvature can have on the thermodynamics of ligand exchange
reactions.30 Through an analysis with a modified “single set of independent binding sites”
model, greater nanocrystal curvature was found to correlate with increased exothermicity
and greater spontaneity of the exchange reaction.30 This finding is attributed to greater
surface reactivity and the increased angle of separation between the aliphatic chains on
higher curvature quantum dots, leading to a less hindered geometry for a ligand exchange.

Assuming the angle of separation between the aliphatic chains of ligands does modu-
late with nanocrystal curvature, as has been observed by 1H NMR measurements on gold
nanoparticles,28 several other factors may influence reaction thermodynamics. In addition
to creating hindered geometries, a decreased angle of separation between aliphatic chains
would increase inter-ligand van der Waals interactions and decrease the entropy of surface
coordinated aliphatic chains, due to the restrictions of internal rotations. In some cases,
the restricted internal rotations of surface ligands could even result in an ordered organic
coordinating ligand shell. We hypothesize that the angle of surface ligand separation, and
thus curvature, may influence the thermodynamics of ligand exchange reactions beyond the
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Figure 4.10: Isothermal titration calorimetry measurements of zinc chloride reacting with
a size series of InP quantum dots capped with (A) myristate ligands (C14H27O2) and (B)
stearate ligands (C18H35O2). Note that two samples capped with indium myristate are very
close in size (to 0.1 nm in diameter).

previously attributed considerations.
As illustrated, a modified Ising model can be used to describe these ligand exchange

reactions by simulating a nanocrystal surface that is exchanged with ligands until thermo-
dynamic equilibrium is reached. Using an Ising model framework would prove ideal for
testing the effects of curvature because it accounts for inter-ligand interactions and composi-
tion dependent surfaces. To investigate this, the previously studied ligand exchange reaction
between indium carboxylate ligands and zinc chloride on the surface of indium phosphide
quantum dots was of used (Chapter 3).
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4.6 Measurements Varying Nanocrystal Size

Zinc chloride was titrated into two size series of indium phosphide quantum dots capped
with myristate and stearate ligands, respectively, and monitored by isothermal titration
calorimetry (Figure 4.10). The estimated sizes and concentrations of the quantum dots
were determined from their absorption measurements.132 Note that the calculator used from
Ministro132 is different than the one previously by Reiss et al.;99 this choice is discussed
extensively in Appendix C.2. In general, as nanocrystal size increases, the titrations become
more endothermic. As discussed previously, the net endothermicity is ascribed to a greater
endothermic contribution from the breaking of surface ligand van der Waals interactions
between the aliphatic chains as indium tri-myristate is displaced by zinc chloride. Reac-
tions with stearate (C18H35O2) capped indium phosphide quantum dots are generally more
endothermic than those capped with myristate (C14H27O2). This finding is consistent with
the previously discussed work, which found that coordinating ligands with longer aliphatic
chains require more energy to displace as a result of stronger van der Waals interactions.

Quantitative 1H NMR measurements were taken to determine the number of bound in-
dium carboxylate ligands per quantum dot as a function of titrated mole ratio, moles zinc
chloride to moles indium phosphide quantum dots, (Figure 4.11). As the titration progresses,
the number of free indium tri-carboxylate ligands increases to a somewhat constant value,
mirroring the reaction end point reached in isothermal titration calorimetry measurements.
The calculated ligand coverages of indium carboxylates for the samples is included in Table
4.2. One interesting observation to note is the somewhat high variability of ligand coverage
per quantum dot. The quantum dots did not always exhibit an increase in the number of
ligands per quantum dot as the nanocrystal size, and surface area, increased. Similarly sized
quantum dots with stearate and myristate ligand shells varied in the extent of ligand coverage
as well. This variability illustrates an important feature of quantum dot syntheses; synthetic
products may be inconsistent. Even when perceivably identical synthetic procedures are fol-
lowed, nanocrystal properties, such as the degree of ligand coverage and luminescence, cannot
be assumed. This variability was preserved to illustrate the robust nature of the modified
Ising model in extracting thermodynamic parameters, and that thorough characterization of
each nanocrystal sample is necessary for in-depth analyses. Additionally, based on the 1H
NMR measurements of bound and free fractions of ligands, the amount of free ligand before
the titrations varied as well, particularly for the larger stearate capped nanoparticles, but
these features were also encorporated in the analysis below.

4.7 A More Complex Ising Model with a Phase

Transition

While isothermal titration calorimetry measurements show that the reaction becomes
more endothermic as both the size of the nanocrystal and length of the ligand increase, a
deeper analysis of these effects can be achieved by simulating the experimental isothermal
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Figure 4.11: 1H NMR measurements of zinc chloride reacting with a size series of InP quan-
tum dots capped with (A) myristate ligands (C14H27O2) and (B) stearate ligands (C18H35O2).
Note that two samples capped with indium myristate are very close in size (to 0.1 nm in
diameter).

MA 2.7 MA 2.9 MA 3.1 MA 3.1* SA 2.9 SA 3.0 SA 3.1 SA 3.4

Ligand Coverage 2.7 ± 0.7 5.1 ± 1.0 3.1 ± 0.8 3.0 ± 0.7 2.7 ± 0.7 3.7 ± 0.9 2.5 ± 0.6 1.9 ± 0.5

Table 4.2: Ligand coverages for InP quantum dot size series, where a ligand refers to a in-
dium tri-carboxylate unit, and is given in units of ligands/nm2. MA refers to samples capped
with myristate (C14H27O2) and SA refers to samples capped with stearate (C18H35O2).

*Note
that two samples capped with indium myristate are very close in size (to 0.1 nm in diameter).
The second one listed is slightly larger based on the size calculator.
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∆Hhead ∆HtailAB ∆HtailBB ∆HPT T∆Shead T∆StailAB T∆StailBB T∆SPT

MA 2.7 -40.46 12.22 22.76 0 -25.83 8.87 6.72 0
MA 2.9 -40.46 11.50 22.76 0 -25.83 9.27 6.72 0
MA 3.1 -40.46 13.86 22.76 0 -25.83 10.29 6.72 0
MA 3.1* -40.46 14.16 22.76 0 -25.83 10.63 6.72 0
SA 2.9 -40.46 12.32 27.96 5.03 -30.67 10.93 5.13 3.12
SA 3.0 -40.46 11.28 27.96 5.03 -30.67 9.62 5.13 3.12
SA 3.1 -40.46 13.41 27.96 5.03 -30.67 11.82 5.13 3.12
SA 3.4 -40.46 17.01 27.96 5.03 -30.67 14.80 5.13 3.12

Table 4.3: Ising model parameters for InP quantum dot size series, given in units of kJ/mol.
MA refers to samples capped with myristate (C14H27O2) and SA refers to samples capped
with stearate (C18H35O2).

*Note that two samples capped with indium myristate are very
close in size (to 0.1 nm in diameter). The second one listed is slightly larger based on the
size calculator.

titration calorimetry and 1H NMR measurements with a modified Ising model. In an effort
to accelerate the optimization process, parameters determined from Chapter 3 were set as
the initial parameters for the model. Additionally, parameters that should remain consis-
tent between samples, such as the head binding enthalpy (∆Hhead), were constrained in the
optimization process. Through fitting this modified Ising model to experimental results,
thermodynamic constants were extracted (Table 4.3) and experimental data was simulated
(Figure 4.12). While fitting the previously employed Ising model to isothermal titration
calorimetry and 1H NMR data for the myristate capped indium phosphide quantum dots
proved quite effective, accurate fits for the stearate capped samples were elusive. To allevi-
ate these issues, additional phase transition terms (∆HPT and T∆SPT) were added to the
original Ising model.

A separate study that employed an Ising model to study organic-shell phase transitions
observed supporting evidence for this structural difference in 18-carbon ligands. Through
modeling cadmium selenide/cadmium sulfide core/shell quantum dots surfaces, a phase tran-
sition was found to occur in ligand shells, around room temperature, composed of purely
straight chain 18-carbon, octadecylphosphonate, ligands.42 Similar phase transitions have
also been suggested for octadecanethiolate (C18H37S) ligand shells on silver nanocrystal as-
semblies through differential scanning calorimetry measurements.133

To account for greater ordering in stearate ligand shells an additional phase transition
term was introduced to the modeling process. Starting with the previously employed mod-
ified Ising model, an additional enthalpic penalty—as well as an entropic gain—was added
when an indium stearate surrounded by other indium stearates was replaced by zinc chloride,
to reflect an exchange in which the crystalline phase is disrupted. In subsequent exchanges
where indium stearate is not surrounded by all similar neighbors, these additional terms are
not accounted for because that ligand is not considered to be in the more crystalline phase.
Of course, like all of the other modified Ising models used to model the ligand exchange
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Figure 4.12: Example Ising model simulations of InP size models for 3.1 nm diameter in-
dium phosphide quantum dots. Clockwise from top left, experimental calorimetry data; sim-
ulated calorimetry data (orange); simulated 1H NMR data (orange); experimental 1H NMR
data. (A) myristate (C14H27O2) capped nanocrystals (blue) and (B) stearate (C18H35O2)
capped nanocrystals (red).

on quantum dot surfaces,42 the model is certainly not a perfect physical representation of a
phase change nor of the inter-ligand interactions as only nearest neighbor interactions are
considered. Indeed, predicted and experimental values for the experimental data can be plot-
ted to show general goodness of fits for these models (Figure 4.13). Falling on the diagonal
point indicates a perfect fit while deviations for this indicate a less good fit, and while most
experimental data was fit well, the 3.4 nm stearate capped indium phosphide quantum dot
sample fits more poorly than others. Certainly good fits can be obtained for all samples, but
the restrictions on some parameters made the fits less than ideal. However, these restrictions
were implemented to isolate the effect of nanocrystal size on the inter-ligand interactions,
discussed below.

As the size of the nanocrystal increases, the inter-ligand interactions increase, such that
the van der Waals interactions are stronger, and the rotational restriction is greater. To illus-
trate this, the Ising model parameters are plotted against the calculated spherical curvatures
of the indium phosphide quantum dots (Figure 4.14A and 4.14B). The curvature of a spheri-
cal particle can be represented as the inverse of its radius, such that a flat surface would have
a curvature of zero, and a point would have an infinite curvature. While assumption that
the particles are spherical is certainly an approximation, transmission electron microscope
imaging of these samples indicates this is a reasonable approximation (Appendix A.2). As-
suming that surface ligands are isotropically distributed on the nanocrystal surfaces and that
surface ligand densities are similar across samples, curvature should correlate linearly with
surface ligand interactions. As nanocrystal surface curvature decreases, the angle between
the coordinated ligand tails should also decrease (Figure 4.14C), resulting in an increase
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Figure 4.13: Predicted and experimental values generated from the modified Ising models
for (A) isothermal titration calorimetry of myristate (C14H27O2) capped indium phosphide,
(B) isothermal titration calorimetry of stearate (C18H35O2) capped indium phosphide, (C)
1H NMR of myristate (C14H27O2) capped indium phosphide, and (D) 1H NMR of stearate
(C18H35O2) capped indium phosphide. The diameters determined from absorption measure-
ments are included in the legends of the plots. Note that two samples capped with indium
myristate are very close in size (to 0.1 nm in diameter). The second one listed is slightly
larger based on the size calculator.
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Figure 4.14: Thermodynamic Ising model fit parameters plotted against nanocrystal cur-
vature, which is defined as the inverse radius of the particles. (A) Change in inter-ligand
van der Waals interactions (∆HtailAB) for myristate (C14H27O2) and stearate (C18H35O2)
capped indium phosphide quantum dots. Note the inclusion of the data from Chapter 3,
although it was reanalyzed using the sizing and concentration calculator from Ministro132

(see Appendix C.2). (B) Change in inter-ligand confinement interactions (T∆StailAB) for
myristate (C14H27O2) and stearate (C18H35O2) capped indium phosphide quantum dots. (C)
Schematic illustrating that as the size of the nanocrystal increases (from R < 2R < 4R) the
angle (θ) between isotropically distributed ligands, with a fixed ligand density, decreases
(θ1 > θ2 > θ3) causing an increase in inter-ligand interactions.
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of surface inter-ligand interactions. This increased ordering of ligands on low curvature
nanocrystal surfaces has also been reported previously, most notably through careful NMR
measurements on gold nanoparticles.28 Thus, curvature can be utilized as a variable to more
faithfully explain the change in inter-ligand interactions as a function of quantum dot size.
Note the inclusion of the data from Chapter 3, although it was reanalyzed using the sizing
and concentration calculator from Ministro132 (see Appendix C.2).

From our results on a limited range of sizes of quantum dots, the relationship between
inter-ligand interaction parameters and curvature appears linear. A least-squares fit of the
parameters indicates that the ∆HtailAB term becomes less endothermic with a slope of -22
± 11 kJ·mol-1·nm and -45 ± 20 kJ·mol-1·nm for myristate and stearate capped quantum dots
respectively, and this is interpreted to mean that particles with higher curvature have weaker
inter-ligand van der Waals interactions. The T∆StailAB term becomes less constraining
with a slope of -17 ± 3 kJ·mol-1·nm and -38 ± 19 kJ·mol-1·nm for myristate and stearate
capped quantum dots respectively, and this is interpreted to mean that particles with higher
curvature also have fewer restrictions of internal rotations of the ligands on the surface.
Assuming a linear trend with curvature, the ∆HtailAB term for this reaction on a flat surface
would be 28 ± 8 kJ·mol-1 and 43 ± 13 kJ·mol-1 for myristate and stearate capped quantum
dots respectively, while T∆StailAB term for this reaction on a flat surface would be 22 ± 2
kJ·mol-1 and 36 ± 12 kJ·mol-1 for myristate and stearate capped quantum dots respectively,
although these extrapolations may certainly be incorrect.

While direct comparisons with similar work by Elimelech et al.30 are difficult to make,
broader comparisons can be made to better understand the nature of theses surface lig-
and interactions. Previously, Elimelech et al. reported isothermal titration calorimetry
measurements of inter-ligand interactions on cadmium selenide quantum dots reacting with
alkylthiols.30 Due to the different chemical system and mixture of bent- and straight-chains
ligands utilized in the exchange reaction, these results may not translate directly to our
chemical system of study. However, qualitatively their observations on the effect of ligand
length appear to agree with our own results. Their findings indicate that the ligand exchange
reaction from bent-chain oleates (18 carbons) to straight-chain alkylthiolates becomes more
exothermic as the alkythiolate ligand chains become longer, similar to our own results com-
paring myristate and stearate exchanges. Elimelech et al. also observed that the ligand
exchange reaction becomes less exothermic as the quantum dot size increases.30 This find-
ing is attributed to low surface curvature causing coordinating oleate ligands to pack more
closely creating less favorable geometries for alkylthiolates to penetrate the ligand shell. This
conclusion is supported by work by Ravi et al., which proposes that there is an increase in
reactive facets on gold nanoparticles as size decreases resulting in a more exothermic reac-
tion.134 However, comparisons of that work to colloidal quantum dots in organic solvents
may be limited due to the highly variable particle sizes, short capping alkyl chains, and
aqueous reaction environment.

While this geometric argument appears to contradict our own work, this discrepancy
could be a result of the different analysis techniques employed. For the shortest alkylth-
iols, a dip in the isothermal titration calorimetry plot from Elimelech et al. is observed
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and attributed in the modeling process to the possible existence of two coordination sites
on the nanocrystal surface.30 However, this feature looks highly reminiscent of the titration
of indium chloride into indium phosphide quantum dots, which we previously determined
to be caused by breaking stronger inter-ligand interactions. Additionally, the reaction stoi-
chiometry model parameter n—which is the ratio between the actual exchanged ligands and
the available surface sites from the fit—decreased as nanocrystal size increased. Our own
composition dependent modeling of bent and straight chain ligand inter-ligand interactions
predict that the enthalpy of exchange parameter should be independent of the extent of the
reaction.

Elimelech et al. used a “single set of independent binding sites” model for the analy-
sis of isothermal titration calorimetry data;30 however, this analysis does not account for
composition dependent surfaces. While both isothermal titration calorimetry and 1H NMR
measurements were performed only the isothermal titration calorimetry data was used to
fit their model. However, using only isothermal titration calorimetry data30,31 or 1H NMR
data64,65,106 to model nanocrystal surface reactions does not account for the composition
changes of the ligand shell, and thus changes in the adsorption energy due to the inter-
ligand interactions. Fitting data to a single site isothermal titration calorimetry model or an
adsorption isotherm may yield incorrect results, particularly when small changes in enthalpy
are observed. This once again illustrates the power of using a composition dependent model
such as the Ising model that combines enthalpic data from isothermal titration calorimetry
with the coverage data from 1H NMR to give a more complete picture of the reaction on the
surface of colloidal quantum dots.
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Chapter 5

Direct Diffraction Measurements of
Organic Ligand Shell Structure

Reproduced in part with permission from Calvin, J. C.; Kaufman, T. M.; Sedlak, A. B.;
Crook, M. F.; Alivisatos, A. P. “Observation of Ordered Organic Capping Ligands on Semi-
conducting Quantum Dots via Powder X-ray Diffraction” Nat. Commun. 2021, 12, 2663
under a Creative Commons license CC BY 4.0.135

5.1 Structure of Ligands on Colloidal Nanocrystals

One of the interesting results from the isothermal titration calorimetry measurements is
the idea of the entropy penalty of dense ligand coverage on colloidal nanocrystals due to
a restriction of internal rotations of the aliphatic chains, and the degree of ligand ordering
on colloidal inorganic nanocrystal surfaces has long been a topic of interest.42,136–140 There
are reports of the degree of ordering led by theoretical works137,138 and extending to indi-
rect probes, such as infrared spectroscopy,42,141 small angle X-ray scattering of interparticle
spacing,133,141 and calorimetric measurements that infer entropy.42,133,141 Such ordering is
interesting fundamentally (these are well-defined finite size order-disorder transitions) and
practically (influencing properties including optical, chemical, electrical, and structural).
Oddly, there have been no reports of ordering between ligands detected using the most di-
rect probes, wide angle powder X-ray diffraction and grazing incidence wide angle X-ray
scattering (GIWAXS).

Conventionally, the contribution of ordering of aliphatic ligands to powder X-ray diffrac-
tion has been considered negligible, perhaps because the scattering factors of the organic
nuclei are smaller than the inorganic nuclei.142 However, there are good reasons to believe
that ordering of ligands on nanomaterial surfaces may meaningfully contribute to powder
X-ray diffraction. Previous published work provides thermodynamic and optical evidence of
aliphatic chains ordering on quantum dot surfaces.42 Work published from small angle X-ray
scattering (SAXS) and small angle neutron scattering (SANS) techniques on lead sulfide
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Reason Material Reference
Organic material CdSe, InP, PbSe, ZnS 7,154,155,161–165

Forbidden reflection CdSe 37,46,153

Substrate CdSe, HgSe 8,150

Inorganic impurity InP, ZnCuInS, ZnS 148,149,151,152,166

No reason given Ag2S, CdS, CdSe, CdTe, PbSe, InAs, InP, ZnS 167–179

Table 5.1: List of references where ligand peak is observed in powder X-ray diffraction
along with the explanation given (if any) and the material system.

quantum dots in solution suggests possible ordering of ligands on the surface,140 although
this was not explicitly inferred. Additionally, ordered ligands have been reported to be ob-
served by electron microscopy techniques.136 Ordering of ligands has also been suggested
to describe observations in melting superlattices.133,143 The possibility that ligand ordering
could be observed via quantum dot X-ray diffraction is promising considering that ordering
of aliphatic chains in self-assembled monolayers has been observed in X-ray diffraction on
gold surfaces.144

5.2 Assignment of the Peculiar Powder X-ray

Diffraction Peak

A variety of speculations have been proposed to explain a peak around q = 1.4 Å-1,
or 20° 2θ for Cu K-α (λ = 1.5418 Å) radiation, often observed in routine powder X-ray
diffraction characterizations of colloidal quantum dots, where q is the scattering length vec-
tor (Figure 5.1). Surface-sensitive GIWAXS measurements of superlattices of lead sulfide
and cadmium selenide quantum dots show a similar peak.145–147 Explanations include unique
alloys at the quantum dot surfaces,148,149 amorphous glass slides,8,150 oxide formation,151,152

forbidden reflections,46,153 and unreacted organic precursors such as indium myristate and
lead oleate.154,155 Most reports opt to ignore this peak entirely, either with a lack of expla-
nation or failing to include it in the reported spectrum.77,145–147,156 When aliphatic capping
ligands are not used in the synthesis, this peak invariably is not present.157–160 A more com-
prehensive list of articles that depict this peak alongside the given explanation is given in
Table 5.1.

Of proposed explanations, signal from unreacted organic precursors is most compelling
because the powder X-ray diffraction pattern of indium myristate, for example, has a very
similar peak at q = 1.4 Å-1.154 If the excess organic precursors are not effectively removed
from the sample, this peak will be very prominent in the spectra154,155 and after the quan-
tum dots are purified, this peak will decrease.155 Comparing the spectra of drop cast and
recrystallized indium myristate around q = 1.4 Å-1, where q is the scattering length vector
(Figure 5.2), to that observed in the powder X-ray diffraction pattern of the indium phos-
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Figure 5.1: Powder X-ray diffraction spectra of InP quantum dots deposited on a sili-
con wafer. Reference data for zinc-blende indium phosphide depicted as red lines (ICSD
1600543). Cu K-α (λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction
spectra.
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Figure 5.2: Powder X-ray diffraction spectra of synthesized indium myristate. (A) Drop
cast from solution. (B) Recrystallized from acetone. Cu K-α (λ = 1.5418 Å) is the X-ray
source for the powder X-ray diffraction spectra.

phide quantum dots (Figure 5.1), it is apparent why many would assume that this precursor
is the source of the previously unassigned peak. Interestingly, the sharp peak at larger q
values present in the recrystallized indium myristate is not present in the drop cast indium
myristate, indicating greater ordering and decreased spacing between ligands in the former,
which would be somewhat expected in a sample that was recrystallized rather than drop cast.
Additionally, attributing this peak to aliphatic chains is consistent with the peak observed
in self-assembled monolayers of aliphatic chains.144

However, the 1H NMR spectrum (Figure 5.3) of the solutions used to drop cast the
quantum dots for measurements depicted in Figure 5.1 indicates that excess organic precursor
cannot cause this diffraction feature as it is not present. The spectrum shows the vinyl peak
of the bound capping ligands, and only a broad peak appears. These measurements indicate
that there is no unbound precursor after significant washing steps (Appendix A.9) and all
of the organic ligands are bound to the surface of the nanocrystal, yet this peak remains.
Thus, our hypothesis was that this peak originates from ligands bound to the surface of the
nanocrystal, and by manipulating the organic ligand shell of the nanocrystal, this peak could
be modulated.

5.3 Evidence Supporting the Ligand Peak Hypothesis

To help quantify the presence of the ligand peak, Gaussian peaks were used as a crude ap-
proximation to deconvolute the powder X-ray diffraction, although powder X-ray diffraction
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Figure 5.3: 1H NMR of InP quantum dots, taken in toluene-d8. The region of the spectrum
shown are where the vinyl protons of oleate should appear, around 5.5 ppm.

peaks do not strictly have Gaussian or Lorentzian line shapes.180 In addition to expected
diffraction peaks, the peak attributed to the bound ligands is observed at approximately
q = 1.4 Å-1.

As a proof of concept, powder X-ray diffraction simulations were performed on an indium
terminated charge balanced atomic structure of a tetrahedral indium phosphide quantum dot
(Figure 5.5A), see Appendix D.3 for details of the simulations. The quantum dot was capped
with ordered myristate ligands at ligand densities that have been observed for indium phos-
phide quantum dots (see Chapter 3 and 4). While the synthesized indium phosphide quantum
dots are likely not perfectly faceted and the coordination of the capping carboxylates to the
surface indium atoms is not precisely defined due to variability in their coordination motifs,98

this provides a model system to evaluate the hypothesis that this peak comes from ordered
capping aliphatic chains. The simulated powder X-ray diffraction pattern of the quantum
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Figure 5.4: Fitted powder X-ray diffraction spectra of InP quantum dots capped with
myristate. Gaussian peaks were used to fit the ligand peak and the inorganic peaks. Ref-
erence data for zinc-blende indium phosphide depicted as purple lines (ICSD 1600543). Cu
K-α (λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction spectra.
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Figure 5.5: Simulated powder X-ray diffraction spectra of InP quantum dots with organic
capping ligands. (A) Atomic model of a tetrahedral indium phosphide quantum dot capped
with myristates. (B) Simulated powder X-ray diffraction patterns of indium phosphide
quantum dots with and without capping myristates (MA). Reference data for zinc-blende
cadmium selenide depicted as purple lines (ICSD 1600543). Cu K-α (λ = 1.5418 Å) is the
X-ray source for the powder X-ray diffraction spectra.

dot with ligands contained a peak at q = 1.4 Å-1 while the powder X-ray diffraction pattern
of the quantum dot without capping ligands lacked this previously unassigned peak (Figure
5.5B). The ability to reproduce this peak in the simulations provides further support that
this feature originates from ordered myristates on the quantum dot surfaces.

The observation of the previously unassigned peak has been observed in other systems
besides indium phosphide. Appendix A shows a powder X-ray diffraction patterns of zinc
sulfide, cadmium sulfide, indium phosphide/zinc sulfide, lead sulfide, and cadmium oxide
nanocrystals capped with oleates where the ligand peak also appears. However, when parti-
cles become much larger, such as in the case of the cadmium selenide particles (approximately
10 nm diameter), the ligand peak becomes much less apparent when viewing the entire pow-
der X-ray diffraction pattern. However, while diminished, the peak can still be deconvoluted
with careful baseline subtraction, shown in Figure 5.6.

5.4 Modulating the Ligand Peak

Different treatments to the indium phosphide quantum dots can modulate this peak (Fig-
ure 5.7). Treatment with indium chloride (InCl3) reduces the relative intensity of the ligand
peak to the (111) diffraction peak while treatment with hydrofluoric acid (HF) removes the
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Figure 5.6: Fitted powder X-ray diffraction spectra of cadmium selenide quantum dots
capped with oleate. Gaussian peaks were used to fit the ligand peak and the inorganic
peaks. Reference data for zinc-blende cadmium selenide depicted as purple lines (ICSD
1611296). Cu K-α (λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction
spectra.
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Figure 5.7: Experimental powder X-ray diffraction spectra of inorganic ligand exchanged
InP quantum dots treated with indium chloride (InCl3) and hydrofluoric acid (HF). Cu K-α
(λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction spectra.
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ligand peak entirely. Indium chloride has been shown to partially displace indium myristate
from indium phosphide quantum dot surfaces in a Z-type ligand exchange (Chapter 3), while
hydrofluoric acids protonates the carboxylates on the quantum dot surface and replaces them
with fluorine.22

As mentioned above, as the nanocrystal size increases this peak becomes less significant.
Larger quantum dots should have a smaller proportion of organic material represented in
their powder X-ray diffraction, meaning this ligand peak should effectively disappear from
the powder X-ray diffraction pattern once the nanocrystal size becomes sufficiently large
(Figure 5.6). A series of experiments quantitatively demonstrated that as quantum dot size
increases, the relative intensity of the organic ligand peak to the inorganic (111) diffraction
peak decreases. Indium phosphide quantum dots were synthesized with diameters varying
between 3.4 and 4.6 nm, as determined by their absorption spectra, and corresponding
powder X-ray diffraction patterns were collected (Figure 5.8). Note that the size calculator
by Reiss et al.99 were used for this graph rather than the more accurate calculator provided
by Ministro,132 see Appendix C.2. As predicted, with increasing quantum dot size, the
relative intensity of the ligand peak decreased in both experimental (Figure 5.8A and B)
and simulated powder X-ray diffraction patterns (Figure 5.8C).

If this peak originates from packing of organic chains on the nanocrystal surface, changing
the nature of the ligand on the surface should affect the shape of the previously unassigned
powder X-ray diffraction peak. Powder X-ray diffraction patterns of indium phosphide quan-
tum dots capped with myristate (C14H27O2), palmitate (C16H31O2), and stearate (C18H35O2)
ligands were collected (Figure 5.9A). As the length of the carbon chain increases, the relative
intensity of the ligand peak increases due to a greater number of carbons atoms contributing
to the diffraction signal. Powder X-ray diffraction simulations predict this same trend (Fig-
ure 5.9B). These results suggest that with very short ligands, the ligand peak may visibly
disappear and not be observed unless purposely analyzed by peak deconvolution techniques.

Interestingly, the indium phosphide quantum dots capped with stearate have a more
intense and sharper peak than those capped with myristate and palmitate. As previously
determined by analyzing the thermodynamic data on the exchange of carboxylates on indium
phosphide, internal rotation restriction of stearate is more severe than that of palmitate
and myristate ligands, and stearate ligands also have stronger inter-ligand Van der Waals
interactions than palmitate and myristate (Chapter 4). This further supports the evidence
that organic ligand shells consisting of 18-carbon straight chains are in a different phase than
those of bent ligands or shorter ligands. Shifting of the ligand powder X-ray diffraction peak
to larger q values indicates a decrease in distance between chains, consistent with stronger
van der Waals interactions and restrictions on internal rotations. Sharpening of the peak
as well as greater intensity may also indicate possible ordering between ligands attached
to different nanocrystals. Additionally, this sharp peak in the quantum dot powder X-ray
diffraction pattern is similar in location and shape to that of recrystallized indium myristate;
however, as stated it is unlikely to be the cause of this previously unassigned peak (Figure
5.2).

Providing further evidence for this hypothesis, Balan et al. predict a “melting” phase
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Figure 5.8: Experimental and simulated powder X-ray diffraction spectra of a size series
of InP quantum dots determined by absorption spectra. (A) Absorption spectra of indium
phosphide quantum dots indicating the size of the quantum dots coupled with the powder
X-ray diffraction spectra. (B) Relative intensity of the ligand peak to the (111) diffraction
peak of indium phosphide as a function of quantum dot size determined by powder X-ray
diffraction peak deconvolution. Error in relative intensity was determined by propagation of
the standard error in counts per second from the detector and error in nanocrystal size was
taken at 10% from reported errors in sizing calculation functions determined by absorption
spectroscopy. (C) Atomic models of a size series of indium phosphide quantum dots and the
corresponding simulated powder X-ray diffraction patterns. Cu K-α (λ = 1.5418 Å) is the
X-ray source for the powder X-ray diffraction spectra.
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Figure 5.9: Experimental and simulated powder X-ray diffraction spectra of carboxylate
capped InP quantum dots. (A) Experimental powder X-ray diffraction spectra of indium
phosphide quantum dots capped with myristate (C14H27O2), palmitate (C16H31O2), and
stearate (C18H35O2) ligands. (B) Simulated powder X-ray diffraction spectra of indium
phosphide quantum dots capped with myristate, palmitate, and stearate ligands. Cu K-α
(λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction spectra.

transition in the ligand shell above room temperature for colloidal quantum dots capped
solely with octadecylphosphonate (C18H38O3P).42 Indeed, for indium phosphide quantum
dots, when oleate (C18H33O2) capping ligands (a ligand containing a cis-alkene that hinders
ordering and inter-ligand interactions) are exchanged for octadecylphosphonate ligands (a
long, straight chained ligand) the resulting powder X-ray diffraction has the same sharpness
observed in the stearate capped particle spectrum (Figure 5.10A). Similarly, when indium
phosphide nanocrystals capped with stearate have their ligands partially exchanged for oley-
lamine (C18H37N), another ligand containing a cis-alkene, the peak broadens and shifts to
smaller q values (Figure 5.10B).

Sandhyarani et al. provide further experimental evidence of this phenomenon through
their study of superlattices of silver nanoparticles capped with alkylthiol ligands, particularly
those capped with octadecanethiol (C18H37S).133 Differential scanning calorimetry of the
superlattices revealed two peaks in the heating curve: a smaller peak around 325 K and a
larger peak around 405 K. The smaller peak was attributed to the transition to a liquid phase
that still retained alkyl chain order, while the larger peak was attributed to the transition to
a liquid phase where alkyl chain order was no longer present.42 Ordering of the alkyl chains
in these superlattices was also observed by Fourier transform infrared spectroscopy.141 We
suggest that myristate and palmitate capped particles are in the first liquid phase that
still retains some order, while stearate capped particles are in the more crystalline phase.
Interestingly, in the powder X-ray diffraction pattern reported by Sandhyarani et al., a
peak attributed to the superlattices around 20° 2θ is present that is wider than the other
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Figure 5.10: Experimental powder X-ray diffraction spectra of organic ligand exchanged
InP quantum dots. (A) Experimental powder X-ray diffraction spectra of indium phos-
phide quantum dots initially capped with oleate (C18H33O2) and after ligand exchange with
octadecylphosphonate (C18H38O3P). (B) Experimental powder X-ray diffraction spectra of
indium phosphide quantum dots initially capped with stearate (C18H35O2) and after a 10%
ligand exchange with oleylamine (C18H37N). Note that the powder X-ray diffraction pattern
of stearate capped indium phosphide quantum dots in Figure 5.9A differs from the one in
panel (B) as the quantum dots are larger and from a separate synthesis. Cu K-α (λ = 1.5418
Å) is the X-ray source for the powder X-ray diffraction spectra.

superlattice peaks. We suspect this feature is actually from the ordering of ligands on
the nanoparticle surfaces.133 Furthermore, differential scanning calorimetry thermograms
on indium phosphide magic clusters capped with myristate alongside 13C NMR provide
evidence of a small phase transition of the ligand shell at 339 K.154 Similar differential
scanning calorimetry measurements have reported a phase transition attributed to oleate
ligands melting and freezing on the surface of lead sulfide nanocrystals in superlattices in
the range of 240–270 K. These results are all consistent with our hypotheses about the nature
of the ligand shell and its dependence on the types of aliphatic ligands and the temperature,
where cis-alkenes cause a lowering of the phase transition and have weaker intermolecular
interactions and less ordering while longer, straight-chain alkanes are more ordered.42

To further investigate our hypothesis concerning the ordering of the ligand shell, we per-
formed temperature dependent molecular dynamics simulations on our atomic model and
experimental temperature dependent powder X-ray diffraction on stearate capped indium
phosphide quantum dots. Previous powder X-ray diffraction simulations were performed on
atomic systems with perfectly aligned ligands on the nanocrystal, but this is not a strictly
accurate representation, particularly of indium phosphide quantum dots capped with shorter
chain ligands. After performing molecular dynamics simulations at 300 K, 400 K, and 500 K
(Figures 5.11A–C), we observed that ligands are still fairly ordered at 300 K, forming clumps
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Figure 5.11: Simulated variable temperature powder X-ray diffraction spectra of InP quan-
tum dots. (A) Atomic model of an indium phosphide quantum dot capped with myristates
after molecular dynamics simulations at 300 K. (B) Atomic model of an indium phosphide
quantum dot capped with myristates after molecular dynamics simulations at 400 K. (C)
Atomic model of an indium phosphide quantum dot capped with myristates after molec-
ular dynamics simulations at 500 K. (D) Simulated powder X-ray diffraction spectra of
indium phosphide quantum dots before and after molecular dynamics simulations. Cu K-α
(λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction spectra.
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Figure 5.12: Experimental variable temperature powder X-ray diffraction spectra of InP
quantum dots. (A) Experimental powder X-ray diffraction spectra of indium phosphide
quantum dots capped with stearate depicting the peak shifting and decreasing in intensity
at an increased temperature. (B) Experimental powder X-ray diffraction spectra of indium
phosphide quantum dots capped with stearate showing the disappearance of the ligand peak
at 500 K followed by its reappearance when cooled back to 300 K. Note that patterns
depicted in (A) and (B) were measured on different instruments. The broadening of the
(111) diffraction peak in the heated and cooled spectra is evidence that the sample may
have slightly degraded due to sustained high temperatures. Cu K-α (λ = 1.5418 Å) is the
X-ray source for the powder X-ray diffraction spectra.

of ligands that appear to be slightly less ordered at the edges. The ligands became more dis-
ordered as temperature increased, as seen from previous molecular dynamics simulations of
ligands on the nanoparticle surfaces.137,138 The simulated powder X-ray diffraction patterns
show that as temperature increases, the peak broadens and shifts to smaller q values, indi-
cating wider ligand spacing that is attributed to increased disorder and weaker interactions
(Figure 5.11D).

Experimental powder X-ray diffraction patterns reveal that at room temperature the
stearate ligand peak is sharp and located at larger q values; however, upon raising the
temperature in the powder X-ray diffraction sample holder, from 300 K to the 350 K, the peak
shifts to smaller q values and broadens (Figure 5.12A). This is consistent with the behavior
observed in the molecular dynamics simulations and analysis in Figure 5.11. When the
sample is heated from 300 K to 500 K the peak completely disappears, but when it is cooled
back to 300 K the peak reappears (Figure 5.12B). These results confirm the reversibility
of the ligand shell phase transition previously observed by Sandhyarani et al. with silver
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Figure 5.13: Raw X-ray diffraction spectra of solutions sealed in polyimide capillary tubes
containing (A) myristate (C14H27O2) capped indium phosphide quantum dots in toluene, (B)
stearate (C18H35O2) capped indium phosphide quantum dots in toluene, and (C) toluene.
Cu K-α (λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction spectra.

nanocrystal superlattices.133

The measurements in Figures 5.12A and 5.12B were taken on different instruments to
optimize different variables. The instrument used for Figure 5.12A’s measurements provides
better signal to noise ratio allowing us to clearly see nuances in the ligand peak shape at
different temperatures. Whereas, the diffractometer used for Figure 5.12B’s measurements
could accommodate a wider range of temperatures allowing us to observe ligand shell be-
havior at temperature extremes.

5.5 Observing Ordered Ligands in Solution

While the previous measurements were done on dried nanocrystal powders, the question
of ligand ordering in the solution state remained. To address this, X-ray diffraction measure-
ments of dry indium phosphide quantum dots and solvated indium phosphide quantum dots
in toluene sealed in polyimide capillary tubes were collected. Given that a phase transition
term was required in the modeling process of stearate ligand shells (Chapter 4), it seemed
plausible to attempt to directly observe ordered ligands on the surface of colloidal quan-
tum dots by X-ray diffraction while the nanocrystals were suspended in solution. However,
measurements of solvated quantum dots were complicated by the large background signal
precisely in the region of the spectra that was being measured (Figure 5.13), which is at-
tributed to solvent scattering.147,181 By fitting a subtraction of both the diffraction pattern
from the neat solvent and the inorganic peaks at fixed reflections, a background subtracted
X-ray diffraction pattern was recovered (Figure 5.14). The peak attributed to the organic
ligands shifts to around q = 1.2 Å-1 for both the myristate and stearate capped samples
and broadens significantly (Figure 5.15). No difference in the peak is detected between the
solvated myristate and stearate capped samples.
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Figure 5.14: Fit X-ray diffraction spectrum of myristate (C14H27O2) capped InP quantum
dots in toluene (blue) fit with the toluene solvent spectrum (black), inorganic ligand peaks
(red), and an organic ligand peak (orange). Cu K-α (λ = 1.5418 Å) is the X-ray source for
the powder X-ray diffraction spectra.
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Figure 5.15: X-ray diffraction spectra of solvated InP quantum dots alongside the dry
spectra and reference peaks (ICSD 1600543) for indium phosphide, depicted at the top of
the spectra in purple. (A) Powder X-ray diffraction spectrum of indium phosphide quantum
dots capped with myristate (C14H27O2). (B) Powder X-ray diffraction spectrum of indium
phosphide quantum dots capped with stearate (C18H35O2). (C) X-ray diffraction spectrum
of solvated indium phosphide quantum dots capped with myristate (C14H27O2). (D) X-
ray diffraction spectrum of solvated indium phosphide quantum dots capped with stearate
(C18H35O2). Cu K-α (λ = 1.5418 Å) is the X-ray source for the powder X-ray diffraction
spectra.
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Results from powder X-ray diffraction data do not provide strong insights into the nature
of native solvated ligand shells. The peak attributed to the organic ligands in the solvated
samples is significantly broader than the organic ligand peak in the dry samples and shifted
to smaller angles in the X-ray diffraction spectra. This shift to smaller angles would indicate
increased spacing between the surface ligands and is expected as solvent molecules interca-
late the ligand shell.59,182 This also suggests that the inter-ligand interactions in the dried
nanocrystal state are almost certainly to be stronger than in the solution state. While the
spectra of both myristate and stearate capped quantum dots show a similar feature, there
appears to be no definitive difference between the spectra, either in position or intensity of
the peak. This would indicate that the two ligand shells have similar structures and appears
to contradict the different phases predicted from the modified Ising model. However, this
observation may be a result of the background subtraction process or other limitations to
this method. Oddly, the ligand shell peak, relative to inorganic peaks, is of greater total
intensity in the solvated spectra when compared to powered spectra.

While it appears that ordered ligands on the surface of colloidal quantum dots can be
detected by X-ray diffraction in the liquid state, it may be difficult to quantitatively infer
much about the structure from the measurements, due to the challenges of subtracting the
solvent peak. It certainly could be possible through creative manipulations of the fitting of
the peaks to generate a difference between spectra with plausible explanations, yet any such
determination should be rigorously scrutinized before any final claims are made. One avenue
for future potential insight into the structure of the organic ligand shell in solution for these
varying chain lengths may be small-angle X-ray scattering or small-angle neutron scattering
measurements that have shown themselves to be successful at determining the diameter of
the organic ligand shell.140,183

5.6 Implications for Nanocrystal Characterization

From this suite of measurements, we conclude that the previously unassigned peak often
observed at q = 1.4 Å-1 originates from ordered aliphatic ligands on the quantum dot surfaces.
Not only does this conclusion assist in clarifying commonly observed results in powder X-ray
diffraction and GIWAXS patterns of small nanoparticles capped by long carbon chains, but it
also has much broader implications. For example, structural information about the ligands
on small quantum dot surfaces can be deduced from a relatively routine characterization
method, powder X-ray diffraction. We encourage future characterization of nanocrystals to
consider this peak. Although ligand peaks in larger nanocrystals may be significantly dwarfed
by their inorganic counterparts, they should still be detectable through careful measurement
and peak deconvolution (Figure 5.6).

More broadly, measurement and manipulation of surface ligand ordering can have sig-
nificant impact on many properties of colloidal quantum dots. Highly ordered ligands on
colloidal quantum dot surfaces can have detrimental effects on optical properties.42–45 Dis-
ordered surface ligands also increase the solubility of nanoparticles, and understanding the
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dynamics between ligand type and ligand length on their ordering could enable more precise
tuning of solubility.139 Additionally, ligands have been shown to cause tensile stress to the
nanoparticle surfaces, which is likely enhanced by more crystalline phase ligands.102,184,185

powder X-ray diffraction measurements could also potentially tease out the effects of ligand
exchanges and mixed ligand shells. For example, evidence has been shown that mixed lig-
and shells may not randomly distribute their ligands, but rather form patchy surfaces.102 In
certain cases, powder X-ray diffraction may be used to observe these effects.

The field most likely to benefit from this work involves the formation of nanocrystal
superlattices. As observed by Sandhyarani et al., the melting behavior of superlattices de-
pends on these types of ordering interactions.133,143 The use of GIWAXS to identify and
evaluate this feature alongside SAXS and grazing incidence small angle X-ray scattering
(GISAXS) to characterize and analyze superlattices should yield further insight into the su-
perlattice structures.145–147,186 Altering the phase of the ligands could potentially manipulate
the ligand ordering behavior to change distances between nanocrystals or modify superlat-
tice assembly.182,186–188 We anticipate that these techniques can assist in optimizing future
superlattices through employment of ligands with appropriate crystallization properties and
maintaining temperatures during superlattice formation that encourage certain ligand shell
behavior. In general, these measurements can help develop design rules for ligands to engi-
neer the preferred type of organic shell. Optimization of nanostructures requires a thorough
understanding of their properties, particularly at their surfaces, and powder X-ray diffraction
provides one additional tool for characterizing ligands on nanocrystal surfaces. This simple,
yet effective method has revealed far more about the ligand shell structure than previously
thought possible.



95

Chapter 6

Surface and Interface Energies of
Colloidal Nanocrystals

6.1 Surface Energy and Nanocrystals

One of the fundamental thermodynamic quantities of nanomaterials that the previous
work has not dealt with is the surface energy of these colloidal nanocrystals. As materials
approach the nanoscale, surface energy plays an increasingly important role in their overall
thermodynamic stability.189–192 Almost invariably, surface energy, or surface tension, denoted
as γ, is a positive quantity, where atoms or molecules at the surface of a material are
considered to be in a less thermodynamically stable state than those in the interior due to
broken bonds or fewer favorable interactions.193,194 In general, this effect of surface energy
encourages materials to adopt low surface area configurations, minimizing the overall energy
of the system.192,195 This size-dependent effect of surface energy on material stability can
be so impactful that it has been observed to invert the phase stability in titania. While
rutile is the most thermodynamically stable phase in bluk, nanocrystalline anatase is more
thermodynamically stable than nanocrystalline rutile.190

The surface energy is of paramount importance when considering the shape of nanocrys-
tals, and justifications for why nanocrystals adopt certain shapes or why they grow in a par-
ticular manner is often attributed to surface energy.36,195–199 Wulff constructions of nanocrys-
tal shapes are based on the surface energy of crystal facets, where different facets may have
different surface energies attributed to different numbers of broken bonds or more or less
favorable orientations of atoms at the surface of a given facet.195,200 As a result, substantial
effort has been devoted to calculating the surface energies of crystal facets for a variety of
materials.36,196,198,201

While it may be convenient to consider and calculate properties for nanocrystals assuming
perfect termination with bare, crystalline facets, in reality nanocrystals often have species
adsorbed to their surface.17,184,190–192,198,202,203 These species are often referred to as ligands,
and the structure of molecules adsorbed at nanocrystal surfaces, their binding motifs, and
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Figure 6.1: Experimental procedure and raw results of dissolution calorimetry experiments.
(A) Reaction equations for the dissolution of bulk (top) and nanocrystals (bottom) of indium
phosphide in hydrochloric acid. The indium phosphide quantum dots are deposited on a
Teflon platform as an agglomeration. After dissolution of the indium phosphide quantum
dots, oleic acid is left behind. (B) Heat flow measurements of the reaction of bulk indium
phosphide with hydrochloric acid over time, with the integrated area in blue and the total
enthalpy recorded as -590 J/g. Note that a positive heat flow is an exothermic reaction, while
a negative heat flow is an endothermic reaction. (C) Heat flow measurements of the reaction
of nanocrystals of indium phosphide with hydrochloric acid over time, with the integrated
area in blue and the total corrected enthalpy recorded as 470 J/g. Note that the thermal
effects of the Teflon platform and protonation of oleic acid must be corrected for, hence the
corrected enthalpy.

their impact on nanocrystal properties cover a wide range of research in the nanocrystal
field.182,204 These ligands impact the growth,36,196,199,204 colloidal stability,13,182 optical and
electronic properties,16,17 self-assembly into superlattices,59,182 and applications that nano-
materials can be used in.93,205 Since ligands serve as stabilizing agents for atoms at the
surface, theyshould substantially lower the surface energy of a material.191,192,198,201,202,206
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6.2 Dissolution Calorimetry of Colloidal Quantum

Dots

To study the thermodynamics of the surfaces of colloidal quantum dots, we measured the
surface energy of quantum dots capped with oleate (C18H33O2) using dissolution calorimetry.
This technique that has been well established to measure the surface energies of nanocrys-
tals,190,191 but, to the best of our knowledge, has never applied to colloidal quantum dots.
Changing the size of the nanocrystal modulates the proportion of atoms on the surface
of the nanocrystal versus those in the interior. By dissolving these materials into atomic
species and monitoring the heat flow during the reaction, the enthalpy of the reaction can
be calculated. Figure 6.1A illustrates the experimental method for this technique. Indium
phosphide, either as a bulk material or as agglomerated quantum dots deposited on a Teflon
platform, is dissolved in hydrochloric acid in a sample chamber, and the differential heat
flow between the sample chamber and a reference chamber filled with hydrochloric acid is
recorded. The sample and reference chambers are maintained at an isothermal temperature
of 25 °C. The heat flow during the reaction is depicted in Figure 6.1B and 6.1C for the bulk
indium phosphide and quantum dots, respectively. An interesting observation from these
measurements is that the heat flow for both measurements is initially exothermic, but the
magnitude of the signal is much greater for the quantum dot sample. This is consistent
with the dissolution of indium phosphide occurring at the surface, and considering the much
higher surface area of the quantum dots, a larger heat flow is to be expected. However,
rapidly the dissolution becomes endothermic for the quantum dot samples. Unfortunately,
it is difficult to directly assign the cause of this switch to an endothermic signal as it could
be due to a different reaction that may be occurring at a different rate, or it could be com-
pensation by the instrument for overcorrection of the heat flow to maintain an isothermal
temperature. The oleate ligands are protonated to create oleic acid (Figure 6.2), but as
oleic acid is not soluble in aqueous solutions, it does not dissolve in the hydrochloric acid.
If the signals are integrated over time, the total heat of the reaction, or the enthalpy of
the reaction, can be calculated. If the enthalpy of dissolution of the material in terms of
kJ/mol is plotted versus the molar surface area (m2/mol), or surface area in m2 per mole of
material, the slope of that line represents the excess enthalpy of the reaction as a function
of surface area (J/m2). The negative of that slope represents the excess enthalpy of the
reverse reaction,191 or the formation of nanocrystals from atomic species as a function of
surface area. This excess enthalpy is defined as the surface enthalpy of a material. Often
no distinction between surface enthalpy and surface energy is made,189–191 but rigorously
this calorimetric method measures enthalpy and there may be an entropic contribution to
the Gibbs free energy of formation of these surfaces, or a surface Gibbs free energy. Except
where specified, surface energy and surface enthalpy will be treated interchangeably.

Figure 6.3 depicts the enthalpy measured by dissolution calorimetry experiments plotted
against the molar surface area for a size series of indium phosphide quantum dots. The molar
surface area was determined using scanning transmission electron microscopy (STEM) imag-
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Figure 6.2: 1H NMR spectra of oleic acid. (A) 1H NMR spectra of 99% oleic acid in
toluene-d8 with inset of the vinyl proton region. (B) 1H NMR spectra of recovered oleic acid
from the calorimetry experiments in toluene-d8 with inset of the vinyl proton region. Note
solvent peaks at 7.09, 7.00, 6.98, and 2.09 ppm as well as a peak attributed to water in the
spectra of the recovered oleic acid at 3.28 ppm.

ing (extensive sample characterization can be found in Appendix A.2 as well as Appendix
B.8). A critical aspect of these measurements is ensuring pristine surfaces that are well de-
fined. As indium phosphide is particularly susceptible to oxidation, even during the synthetic
process, a unique hydrogen atmosphere synthesis207 was used and no surface oxidation was
detected by solid state NMR (see Appendix A.2). Unlike past measurements of nanocrystal
surface energies,191 the slope of this plot is positive, indicating that the surface energy of
these indium phosphide quantum dots is negative, or that the atoms on the surface of the
nanocrystals are more stable than the atoms in the interior. This result is highly unusual,
as surface energies are typically regarded as positive values.

To investigate the generality of this phenomenon, size series of zinc sulfide, cadmium sul-
fide, and lead sulfide quantum dots capped with oleate were synthesized and interrogated via
dissolution calorimetry, and the results are depicted in Figure 3 (extensive sample character-
ization can be found in Appendix A and B.8). For each of these materials, the surface energy
was negative, although less negative than that of indium phosphide. This indicates that a
negative surface energy may be a general property of colloidal semiconductor nanocrystals
capped with carboxylate ligands and is not unique to indium phosphide nanocrystals. Al-
though it is well accepted that these surface species, such as oleate ligands, lower the surface
energy of a material,191,198,201,202 there has been substantial controversy regarding whether
the surface energy of a material can be lowered enough to become negative. It has been
suggested that a negative surface energy implies that smaller nanocrystals would be more
thermodynamically stable than larger ones, and that nanocrystals would disintegrate in the
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Figure 6.3: Measurements of the dissolution enthalpy of differently sized InP quantum
dots. (A) STEM image of the largest quantum dot sample used in these measurements with
inset scale bar. (B) Histogram fit with a Gaussian distribution of the largest quantum dot
sample used in these measurements. (C) STEM image of the smallest quantum dot sample
used in these measurements with inset scale bar. (D) Histogram fit with by a Gaussian
distribution of the smallest quantum dot sample used in these measurements. (E) Plot of
the enthalpy measured in kJ/mol against the molar surface area in m2/mol for the samples
with a fit line where the negative slope of the fit line is the measured surface energy of the
quantum dots (-3.71 ± 0.18 J/m2).
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Figure 6.4: Measurements of the dissolution enthalpy of size series of different quantum
dots. (A) STEM image of a sample of zinc sulfide quantum dots used in these measurements
with inset scale bar. (B) STEM image of a sample of cadmium sulfide quantum dots used
in these measurements with inset scale bar. (C) Transmission electron microscope image of
a sample of lead sulfide quantum dots used in these measurements with inset scale bar. (D)
Plot of the enthalpy measured in kJ/mol against the molar surface area in m2/mol for the
different material samples with fits line for the different samples where the negative slope of
the fit line is the measured surface energy of the quantum dots, and the measured surface
energy for each material is reported in the legend.
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thermodynamic limit, and this implication has caused concern.194 For example, a DFT study
claimed that negative surface energies could be possible on alumina with strongly adsorbed
water,206 and the publication of this paper “caused confusion in the scientific community.”
This report prompted a follow up correspondence that called the use of the phrase negative
surface energy “provocative” but that it is “possible to predict positive and negative surface
energies for any number of multicomponent systems...”208 Although a negative surface energy
implies that nanocrystals are not in their most thermodynamically stable state, metastable
systems certainly exist. Likewise, the existence of a positive surface energy suggests that
larger nanocrystals would be more stable, and that any size of nanocrystal is in a metastable
state. One cause of this controversy stems from different interpretations of the definition of
surface energy. If the assumption is that atoms at a surface have fewer bonds than atoms
in the interior, then indeed it follows that the surface energy will be positive (Figure 6.5A).
However, the presence of these ligands means that surface atoms do not necessarily have
dangling bonds, and if the surface ligands bind more tightly to the surface atoms than their
interior bonds, the material will have a negative surface energy (Figure 6.5B). It may be
more appropriate to refer to this quantity not as a surface energy, but perhaps an interface
energy, where the thermodynamic stability of the interface between the nanocrystal and the
adsorbed species is being studied. The interfacial energy would then be the sum of the
surface energy of a bare nanocrystal surface plus the energy of adsorption of the surface
species.195,196

6.3 Origins of a Negative Surface Energy

While the vast majority of literature assumes that surface energies must be positive,
there are a few reports of negative surface stresses, negative surface tension, and negative
surface energy, although these have exclusively been reported to the field of experimental
X-ray diffraction.184,192,203 With these studies, surface stress should be carefully defined as

f = γ + A · dγ
dA

such that f is the surface stress, γ is the surface energy, and A is the area of a parti-
cle.193,209,210 It has been proposed that the derivative term can be positive or negative, and
hence the surface stress can be positive or negative while avoiding the assertion that the
surface energy is negative.193,209,210 In X-ray diffraction studies, only the surface stress can
be measured, although the terms surface stress, surface tension, and surface energy are
often used interchangeably.192 On the other hand, calorimetric measurements can directly
measure the surface energy, and are therefore more appropriate for surface thermodynamics
studies. However, multiple studies have attributed the binding of ligands to cause this sur-
face stress, and it is interesting that the measured surface tension by Bertolotti et al. for
lead sulfide nanocrystals capped with oleate was -0.618 J/m2 and -0.537 J/m2 in different
publications,184,203 and the estimated “surface energy” by Zhao et al. for cesium lead iodie
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Figure 6.5: Models of surfaces and measurements of cadmium oxide nanocrystal surface
energy. (A) Model of the surface of indium phosphide in vacuum, where the terminating
indiums have fewer bonds than the interior indiums and thus have a positive surface energy.
(B) Model of the surface of indium phosphide terminated with coordinating carboxylates, and
if these bonds are stronger than the interior bonds, the surface energy will be negative. (C)
Model of the surface of cadmium oxide terminated with coordinating carboxylates, where the
interior and exterior oxygen bonds have similar enthalpies, resulting in a near zero surface
energy. (D) Plot of the enthalpy measured in kJ/mol against the molar surface area in
m2/mol for the cadmium oxide samples with a fit line where the negative slope of the fit line
is the measured surface energy of the cadmium oxide nanocrystals (-0.11 ± 0.83 J/m2).
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nanocrystals capped with oleic acid and oleylamine was between -0.48 and -0.82 J/m2.192

Discrepancies between measurements herein and those by Bertolotii et al. can likely be at-
tributed to the difference between surface energy, surface tension, and surface Gibbs free
energy, but could also arise from differences in synthetic methods or ligand coverages.

From our initial data, we hypothesized that negative surface energies originate from
the tightly binding ligands on nanocrystal surfaces. It is well known that in carboxylate
terminated quantum dots the carboxylate coordinates to metal cations on the surface, and
if the oxygens from the carboxylates were binding more tightly to the metal cations on
the surface than the underlying inorganic crystal lattice, this would result in a negative
surface energy (Figure 6.5B). Further, as indium would be trivalent, the carboxylate could
coordinate more strongly to indium than to divalent cadmium, zinc, or lead, potentially
further explaining why the surface energy of indium phosphide is more negative than the
other quantum dots. A logical extension of our hypothesis is that if the ligands coordinating
the surface of the nanocrystal had similar bond strength to the underlying inorganic crystal
lattice, the measured surface energy would be approximately zero (Figure 6.5C). To test
this, we synthesized cadmium oxide nanocrystals capped with oleates and measured their
dissolution enthalpy (extensive sample characterization can be found in Appendix A.8 as
well as Appendix B.8). As expected, the surface energy of these nanocrystals was close to
zero (Figure 6.5D), indicating that the atoms on the surface and interior had similar bond
enthalpies, which was reasonable considering oxygen was coordinating to cadmium on the
exterior and interior.

6.4 Interfacial Energy of Indium Phosphide/Zinc

Sulfide Core/Shell Nanocrystals

Having established a framework to measure the surface energies of colloidal quantum
dots, we were able to measure the energy of the interface of a core/shell nanocrystal het-
erostructure. While organic ligands can be used to passivate defects on the surface of colloidal
quantum dots to improve their luminescence, the growth of a wider band gap material to
coat the surface of the core quantum dot, or a shell, has resulted in quantum dots with near
unity quantum yields that are better suited for optoelectronic applications.74,76,77 For this
measurement, indium phosphide/zinc sulfide core shell structures were synthesized with a
variety of core sizes, resulting in different molar interfacial areas (extensive sample charac-
terization can be found in Appendix A.2 and A.6 as well as Appendix B.8). The samples
were dissolved in the same manner, and the resulting enthalpies were corrected for the zinc
sulfide content and the surface energy of the zinc sulfide shell, which were calculated from the
surface energy measurements of the zinc sulfide nanocrystals. Figure 6.6 depicts the results
of these measurements, which show a negative interface energy between indium phosphide
and zinc sulfide. These measurements indicate that the formation of the zinc sulfide shell on
the indium phosphide nanocrystal is highly favorable, stabilizing the surface indium atoms
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Figure 6.6: Measurements of the interfacial energy of InP/ZnS quantum dots. (A) Model
of the interface of indium phosphide and zinc sulfide core/shell nanocrystals. (B) STEM
image of the smallest sample that was shelled with zinc sulfide with inset scale bar. (C)
Histogram fit with a Gaussian distribution of the smallest sample that was shelled with zinc
sulfide. (D) STEM image of the smallest sample after shelling used in these measurements
with inset scale bar. (E) Histogram fit with a Gaussian distribution of the smallest sample
after shelling used in these measurements. (F) Plot of the enthalpy measured in kJ/mol
against the molar surface area in m2/mol for the samples with a fit line where the negative
slope of the fit line is the measured interfacial energy (-13.6 ± 1.2 J/m2) alongside the indium
phosphide/carboxylate surface energy for comparison.
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much more significantly than the carboxylate ligands. As with the surface energy measure-
ments, this negative interface energy result is unexpected. Beyond the convenience of using
materials that had already been studied as the core and shell material and their relevance
as more environmentally friendly quantum dot materials,74,77 indium phosphide and zinc
sulfide were selected due to their large lattice mismatch. It was anticipated that this would
result in a positive interfacial energy due to lattice strain,211–213 however, the bond enthalpy
between these materials must be much more favorable than the lattice strain to result in such
a negative interfacial energy. In retrospect, the existence of core/shell heterostructures at all
indicates that the formation of the interface must be favorable, else the separate formation
of nanocrystals consisting only of the shelling material or Janus type nanostructures, rather
than a coating of the core nanocrystal, would be more likely. From cross polarized 1H-31P
magic-angle spinning solid state NMR measurements, it is evident that the indium phosphide
nanocrystals are completely coated in a zinc sulfide shell (see Appendix A.6). Beyond the
initial coating, however, the strain energy in the shell would likely result in a non-uniform
shell, which has been observed in these systems as well.74,212–214 In many ways, this is similar
to atomic layer deposition of materials on a substrate, where often two dimensional growth
is first observed before the growth of islands to relieve lattice strain.215–217 For this particular
heterostructure, it would be expected that sulfur anions would coordinate to the indium rich
surface as the shell is grown, but the exact chemical nature of this interface is still ambigu-
ous.218–220 Particularly from a charge balancing perspective, simple growth of a zinc blende
zinc sulfide shell would not passivate a zinc blende indium phosphide surface. It is plausible
that extra sulfur atoms at the interface maintain the charge balance while contributing to the
large negative interfacial energy observed. Regardless of the exact nature of the interface,
the results unambiguously indicate that the formation of these core/shell structures is more
thermodynamically stable than separated nanocrystals or bulk materials.

6.5 Implications of Negative Surface and Interfacial

Energies

From these measurements, we have experimentally demonstrated that surface energies of
colloidal nanoparticles can be negative, and the assumption that surface energies should be
positive values may be incorrect when considering molecules binding to the surface. These
results require the re-evaluation previous work assuming positive surface energies, particulary
of for growth models of nanocrystals. The most common model for nanocrystal nucleation,
the LaMer model,197 assumes that the surface energy is positive, and thus there is a critical
cluster size for stability in the nucleation of the nanocrystal. If the surface energy is negative,
then there would be no critical cluster size. A negative surface energy implies that smaller
nanocrystals are more favorable than larger nanocrystals, and in the thermodynamic limit,
bulk inorganic crystals and ligands would favor the formation of nanocrystals. This raises
questions as to why nanocrystals would form at all, rather than staying as molecular species



CHAPTER 6. SURFACE AND INTERFACE ENERGIES OF COLLOIDAL
NANOCRYSTALS 106

or perhaps magic-sized clusters, and if there is a most thermodynamically stable size of a
nanocrystal. It is important to note that the surface energies of these nanocrystals were
measured at standard state conditions, but nanocrystal nucleation often occurs at high
temperatures, and it is likely that the surface energy could be temperature dependent where
the organic ligands may not bind as tightly or at the density of the ligands at standard
state. Additionally, entropy contributions at higher temperatures will be more significant,
particularly with ligands that can be free in solution or bound to the nanocrystal, and
careful discussion about surface enthalpies and surface Gibbs free energies is likely necessary.
However, nanocrystals such as lead bromide perovskite nanocrystals can be synthesized at
room temperature,221,222 and based on X-ray diffraction measurements by Zhao et al. for
cesium lead iodide perovskite nanocrystals,192 it seems plausible that the surface energies of
lead bromide perovskite nanocrystals may also be negative. However, the chemical potential
of reactive precursor species such as benzoyl bromide might help drive the formation of these
nanocrystals.

Regarding shape formation in nanocrystals, where Wulff constructions, which predict
that the lowest surface energy facet should form, should still apply although the surface
energies are negative. However, another question to be raised is why nanocrystals do not
typically form concave shapes, as this would increase the surface area. This could be related
to a kinetic argument of nanocrystal growth, or potentially the temperature dependence of
surface energies. For example, it has been observed that tetrapods of cadmium selenide
nanocrystals tend to grow at lower temperatures,36 which have a fairly high surface area to
volume ratio. Our hypothesis is that while the surface energies are important, nanocrystal
shape is likely driven by the kinetics of nucleation. On the other hand, the thermodynamics
of nanocrystal formation are more likely driven by the thermodynamic chemical potentials
of starting materials, such as reactive phosphorus and sulfur precursors, but this should be
a rich area of future study.

The observation of negative surface energies and a negative interface energy in indium
phosphide/zinc sulfide core/shell nanocrystals has wide implications, from practical consider-
ations to interesting new directions in experimental and theoretical materials science. First
and foremost, these negative values indicate that these nanocrystals are more thermody-
namically stable than their bulk counterparts. This is supportive of findings on notoriously
unstable materials, such as lead halide perovskites,223–225 that appear to be more stable as
nanoparticles than in bulk.192 Second, the vast body of literature that calculates surface
energies of nanoparticles or uses surface energy as a justification for observed phenomena
when it is implicitly assumed that surface energy must be positive must be re-evaluated.
Third, the elimination of what was considered to be a fundamental assumption opens the
door to new theories regarding the stability of nanomaterials and possible materials that can
be formed. We expect that this technique of measuring the surface energy of nanoparticles
will be widely adopted to further investigate the field of experimental thermodynamics of
nanocrystals, particularly regarding colloidal nanocrystals.
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Chapter 7

Future Perspectives on Colloidal
Nanocrystal Surface Thermodynamics

Reproduced in part with permission from Calvin, J. C.; Brewer, A. S.; Alivisatos, A. P. “The
Role of Organic Ligand Shell Structures in Colloidal Nanocrystal Synthesis” Nat. Synth.
2022, 1, 127–137. Copyright 2022 Springer Nature Limited.1

Significant work has been done on understanding the organic ligand shell of colloidal
quantum dots. Several examples in the literature indicate that the ligand shell structure
can influence optical properties of colloidal nanocrystals,.42–46 The steric bulkiness of organic
ligands has also been proposed as an explanation for poor photoluminescence of carboxylate-
capped indium phosphide quantum dots, as there are too few carboxylate groups to passivate
all of the surface indium atoms, leading to electron traps.26,27 From these examples, it is evi-
dent that the structure of the ligand shell plays a significant role in the properties of colloidal
nanocrystals. Previous work has also shown that these organic structures cause strain at the
inorganic-organic interface, which can cause changes in the optical properties.46,125,185 Con-
sidering that higher quantum yields are necessary for exotic applications of quantum dots,76

it stands to reason that engineering a more perfect quantum dot will require a thorough
understanding of the ligand shell structure.

In addition to optical properties, the structure of the ligand shell has significant impacts
on the self-assembly of colloidal nanocrystals. Generating complex structures may be possi-
ble through manipulation of the organic ligand shell. The formation of mini-band structures
using colloidal quantum dots as artificial atoms, which requires a very high degree of crys-
tallinity, has proven elusive.14 While long range transport phenomena may occur transiently
through nanocrystals with long aliphatic capping ligands at high optical excitation densi-
ties via multi-electron Auger effects,226 the tunneling barrier of the organic ligands generally
prevents self-assemblies from achieving the couplings required. However, recent work has
demonstrated that ligands can assist in creating template structures for a potential syn-
thetic pathway for these superlattices.14 Thus, engineering the organic ligand shell is likely
to play a critical role towards new electrically active nanocrystal solids.
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From the work presented herein, knowledge of the structure and the thermodynamics of
the organic ligand shell has been elucidated in several different ways. While at this point
there remains significant work to be done on further defining the ligand shell structure, this
knowledge should prove critical in informing the synthesis and rational design of colloidal
nanocrystals. The thermodynamic measurements of the inter-ligand Van der Waals and en-
tropic interactions show that the ligand shell has strong collective effects, and these effects
are certain to influence the properties of the nanocrystal as a whole. For more unstable
nanocrystals, it stands to reason that the organic ligand shell may contribute to their in-
stability, and tuning the ligand shell structure could potentially lessen that effect or even
reverse it. Particularly with small nanocrystals, where the organic component makes up a
significant proportion of the overall structure, it is likely that stabilizing the shell structure
could lead to more durable materials, particularly when considering inorganic lead halide
perovskite nanocrystals and nanoplatelets.9,18,34,125,205,221

Considering the potential effect that the organic ligand shell has on the synthesis of
colloidal nanocrystals by controlling the diffusion of precursors to the surface,34,125 there
may be significant work remaining to further control syntheses, particularly when making
anisotropic nanocrystals. While materials can be easily tuned via temperature and time
constraints,34,36,125 the organic ligand shell structure should also be considered a tunable
synthetic parameter.

Beyond these practical considerations in the syntheses and properties of colloidal nanocrys-
tals, there is likely still much to discover about the organic ligand shell structure and this
basic research should yield insights into other material systems. For example, the work done
on the structure and thermodynamics of micelles has helped inform the structure of the
organic ligand shell in colloidal nanostructures. The research done in the field of colloidal
nanostructures may also be applicable in the reverse direction or in other systems where
collective effects are important. The thermodynamics of these collective effects, particularly
in small systems, are interesting from a statistical mechanics perspective as well, where nor-
mal considerations about large populations that are often taken as general assumptions no
longer apply. The organic ligand shell structure is critical for understanding these materials
as a whole, and as these materials become more specialized and more finely engineered, it
is almost certain that these considerations will become critical for the next generation of
materials.

Regarding thermodynamics and calorimetry, the high surface area of nanocrystals allows
calorimetry to easily probe thermodynamic properties of surfaces. It is likely that further
thermodynamic insights into surface chemistry will utilize the versatile structure of col-
loidal nanocrystals. Additionally, the solution based reactions that can occur with colloidal
nanocrystals makes them an excellent platform to study the thermodynamics of well defined
surfaces. The observation of colloidal nanocrystals posessing a negative surface energy not
only opens the door to many more theoretical studies, but also serves as a foundation for fur-
ther insights into the thermodynamics of nanocrystals, surface energy, and general materials
science.

The only roadblock for the field of nanocrystal thermodynamics is the lack of calorimetry
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expertise in the colloidal nanocrystal community and the effort required to do these mea-
surements. However, in the last few years more isothermal titration calorimetry experiments
have been performed, and it looks to be a fruitful field for many more years. It is anticipated
that future studies and interesting insights into complicated nanostructures will be forthcom-
ing, and the studies herein have laid the groundwork for understanding the thermodynamic
stability of nanomaterials.
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(89) Van Der Stam, W.; Du Fossé, I.; Grimaldi, G.; Monchen, J. O.; Kirkwood, N.; Houte-
pen, A. J. Chem. Mater. 2018, 30, 8052–8061.

(90) Owen, J. S.; Park, J.; Trudeau, P.-E.; Alivisatos, A. P. J. Am. Chem. Soc. 2008,
130, 12279–12281.

(91) Zanella, M.; Maserati, L.; Pernia Leal, M.; Prato, M.; Lavieville, R.; Povia, M.;
Krahne, R.; Manna, L. Chem. Mater. 2013, 25, 1423–1429.

(92) Greaney, M. J.; Couderc, E.; Zhao, J.; Nail, B. A.; Mecklenburg, M.; Thornbury, W.;
Osterloh, F. E.; Bradforth, S. E.; Brutchey, R. L. Chem. Mater. 2015, 27, 744–756.

(93) Lee, W. S.; Kang, Y. G.; Woo, H. K.; Ahn, J.; Kim, H.; Kim, D.; Jeon, S.; Han, M. J.;
Choi, J.-H.; Oh, S. J. Chem. Mater. 2019, 31, 9389–9399.

(94) Houtepen, A. J.; Hens, Z.; Owen, J. S.; Infante, I. Chem. Mater. 2017, 29, 752–761.

(95) Sayevich, V.; Guhrenz, C.; Sin, M.; Dzhagan, V. M.; Weiz, A.; Kasemann, D.; Brun-
ner, E.; Ruck, M.; Zahn, D. R.; Leo, K., et al. Adv. Funct. Mater. 2016, 26, 2163–
2175.

(96) Biswas, K.; Varghese, N.; Rao, C. N. Small 2008, 4, 649–655.

(97) Jiang, J.; Huang, Z.; Xiao, Q.; Liu, Y.; Mi, Y.; Li, Y. Thermochim. Acta 2010, 503,
136–140.

(98) Cros-Gagneux, A.; Delpech, F.; Nayral, C.; Cornejo, A.; Coppel, Y.; Chaudret, B. J.
Am. Chem. Soc. 2010, 132, 18147–18157.

(99) Reiss, P.; Protiere, M.; Li, L. Small 2009, 5, 154–168.
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Appendix A

Chemicals, Synthesis, and
Characterization of Studied Materials

Reproduced in part with permission from Calvin, J. C.; Swabeck J. K.; Sedlak, A. B.; Kim,
Y.; Jang, E.; Alivisatos, A. P. “Thermodynamic Investigation of Increased Luminescence in
Indium Phosphide Quantum Dots by Treatment with Metal Halide Salts” J. Am. Chem.
Soc. 2020, 142 (44), 18897–18906. Copyright 2020 American Chemical Society.71

Reproduced in part with permission from Calvin, J. C.; O’Brien, E. A.; Sedlak, A. B.; Balan,
A. D.; Alivisatos, A. P. “Thermodynamics of Composition Dependent Ligand Exchange on
the Surfaces of Colloidal Indium Phosphide Quantum Dots” ACS Nano 2021, 15 (1), 1407–
1420. Copyright 2021 American Chemical Society.121

Reproduced in part with permission from Calvin, J. C.; Kaufman, T. M.; Sedlak, A. B.;
Crook, M. F.; Alivisatos, A. P. “Observation of Ordered Organic Capping Ligands on Semi-
conducting Quantum Dots via Powder X-ray Diffraction” Nat. Commun. 2021, 12, 2663
under a Creative Commons license CC BY 4.0.135

A.1 Chemicals

Cadmium oxide (99.99%), cadmium acetate dihydrate (≥98.0%), palmitic acid (99%),
oleic acid (technical grade, 90%), dodecylphosphonic acid (99.7%), hexylphosphonic acid
(95%), oleylamine (technical grade, 70%), 1 -octadecene (90%), n-hexadecane (99%), and
hydrofluoric acid (99.99%, 48 wt % in H2O) were purchased from Sigma Aldrich and used
as received. Indium acetate (99.99%), diethyl zinc (≥52 wt % Zn basis), cadmium acetate
(99.995%), cadmium acetylacetonate (≥99.9%), lead oxide (>99.9%), sulfur (99.998%), se-
lenium (99.99%), myristic acid (≥99%), oleic acid (≥99%), zinc chloride (99.999%), zinc
bromide (99.999%), zinc iodide (99.999%), indium chloride (99.999%), indium bromide
(99.999%), indium iodide (99.998%), anhydrous hexanes (>99%), anhydrous methyl acetate
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(99.5%), anhydrous toluene (99.8%), tetrahydrofuran-d8 (≥99.5%), toluene-d8 (99.6%),
and mesitylene (98%) were purchased from Sigma-Aldrich and stored in an argon glove-
box and used as received. Anhydrous tetrahydrofuran (≥99.9%, Sigma-Aldrich) was dis-
tilled from a solvent still immediately prior to being stored in an argon glovebox. Indium
(99.9999%), zinc (99.9999%), cadmium (99.999%), indium phosphide (99.9999%), zinc sul-
fide (99.995%), cadmium sulfide (99.999), and stearic acid (98%) were purchased from Alfa
Aesar and used as received. Lead sulfide (99.995%), dimethyl sulfoxide (99.9%), and hy-
drochloric acid (37%, ACS Reagent) were purchased from Fisher Scientific and used as
received. Octadecylphosphonic acid (>99%, PCI Synthesis), , argon (99.999%, Airgas), and
hydrogen (5% in argon, Airgas) were used as received. Zinc acetate (99.98%, Alfa Aesar),
tris(trimethylsilyl)phosphine (98%, Strem Chemicals), bis(trimethylsilyl)sulfide (98%, Bean-
town Chemical), bis(trimethylsilyl)amine (98%, Acros Organics), and anhydrous acetone
(99.5%, Fisher Scientific) were stored in an argon glovebox and used as received.

A.2 Indium Phosphide Quantum Dots

The synthesis of indium phosphide quantum dots was generally inconsistent. Almost
invariably, save for one reaction to demonstrate differences in oxidation based on synthesis
route, a magic-sized cluster approach was used to synthesize indium phosphide quantum
dots.154,227,228 While for a given synthesis letting the reaction proceed longer would result in
larger quantum dots (as observed by the color of the reaction flask in situ), replicating the
size, size distribution, or luminescence was unreliable between syntheses.

In an attempt to create indium phosphide quantum dots with no oxidation on the surface
for studying the surface energy (Chapter 6), a reported synthesis using a hydrogen atmo-
sphere was investigated.207 However, it was serendipity that the only available gas was a 5%
hydrogen in argon cylinder (typically called regen gas, to regenerate oxygen and water free
glovebox catalysts). The synthesis done with this atmosphere was markedly different from
that with the ultrahigh-purity argon atmosphere, and the nanocrystals grown were typically
larger, brighter, and they had a more monodisperse size distribution as evidenced by their
absorbance spectra. Additionally, there is no evidence of oxidation on the surface, and this
further muddles the understanding of the role of oxidation on brightness of indium phosphide
based quantum dots with other recent reports that suggest oxidation on the surface of indium
phosphide nanocrystals enables them to be brighter,227,229,230 and more agrees with evidence
that surface oxidation on indium phosphide is deleterious to their properties,74 although the
exact arguments regarding passivation by carboxylates, fluorine, oxygen, and hydrogen are
still unclear despite how much research effort has been devoted to it.22,74,83,207,219,227,229–232

Unfortunately, over the course of years, the synthesis was tweaked for a variety of rea-
sons, including the improved control and properties of using the 5% hydrogen atmosphere.
Additionally, it was brought to our attention that the use of 1 -octadecene could result in
polymerized 1 -octadecene that is apparently difficult to separate from the colloidal nanocrys-
tals.233 To avoid complications in reality or with reviewers, we opted to swap the organic
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Figure A.1: TEM images of InP quantum dots synthesized under argon.

solvent for synthesis to n-hexadecane, particularly for the surface energy measurements as
we were dealing with dried nanocrystal powders, and it was critical that the samples only
consisted of inorganic nanocrystals and surface bound ligands. This resulted in having to
degas samples at 80 °C rather than 90 °C, and in this scenario all of the indium acetate
would not dissolve. Instead, the temperature was raised to 130 °C while not under an active
vacuum and then allowed to cool before opening up the full vacuum. It is suspected that
the exact temperature that the samples were degassed at influenced the size and size dis-
tribution of the nanocrystals, where beginning the degassing as the solution cooled around
temperatures of 95 to 120 °C resulted in generally more monodisperse samples with smaller
sizes as opposed to starting the degassing around temperatures of 85 to 90 °C. This made
the synthesis more unreliable, and attempting to make an exact size in the synthesis was a
nearly fruitless endeavor.

Specificity in how samples of indium phosphide were synthesized for different experiments
is provided in the main text (such as temperatures and ligands used as well as washing
procedures), while more general instructions with details is provided herein.

Magic-Sized Cluster Approach

The synthesis followed closely the procedure in Swabeck et al.227 where first “magic-sized”
clusters of indium phosphide are synthesized before they are grown into larger quantum
dots.100,154 An oven-dried, three-neck, 50 mL round-bottom flask was charged with 0.350 g
(1.20 mmol) of indium acetate, 3.60 mmol of myristic acid, palmitic acid, stearic acid, or



APPENDIX A. CHEMICALS, SYNTHESIS, AND CHARACTERIZATION OF
STUDIED MATERIALS 126

90% oleic acid, 10 mL of 1 -octadecene, and a Teflon coated stir bar. Two necks of the flask
were sealed with a thermocouple adapter and septa cap, and an air condenser column was
attached to the central neck; the entire assembly was placed under vacuum by using a Schlenk
line. All glass joints were sealed with Apiezon H grease. The temperature was slowly raised
to 110 °C by using a heating mantle, as measured by a thermocouple, to degas the solvent
without bumping the reaction mixture. After the solution stopped bubbling, no solids were
present in the flask and the Schlenk line pressure dropped below 60 mTorr; the solution was
kept at this temperature under vacuum for 1 hour, forming a clear solution. The flask was
then pressurized with ultrahigh-purity argon (99.999%, Airgas) to slightly over atmospheric
pressure, the temperature was raised to 130 °C, and glass wool was used to insulate the flask.
In an argon glovebox, 0.152 g (0.607 mmol) of tris(trimethylsilyl)-phosphine was dissolved
in 1.578 g of 1 -octadecene that had been previously degassed at 110 °C for an hour under
vacuum in a similar setup as described above. This solution was swiftly injected into the
flask and stirred vigorously for 2 minutes. Upon injection, the solution quickly turned a
faint to dark yellow color. The temperature was then rapidly raised to 230 °C at a rate
of approximately 20 °C/minute by using the heating mantle, where the solution generally
transitioned to a deep red. The solution was kept at this temperature for 5 minutes, after
which the heating mantle and glass wool were removed, and a stream of nitrogen was used
to cool the flask to 40 °C. The solution generally transitioned from a dark red color to an
orange or red color during cooling, depending on the size of nanocrystals grown. The solution
was cannulated to an oven-dried vial under argon and transferred to an argon glovebox.
After cleaning (see below) TEM images (Figure A.1), 1H NMR measurements (Figure A.2),
and powder X-ray diffraction (Figure A.3) measurements were taken to characterize the
nanocrystals.

Hot Injection Method

Synthesis of oxidized indium phosphide quantum dots was done in a similar manner to
the preparation of the less oxidized quantum dots, following the procedure of Battaglia and
Peng.179 For this synthesis, 0.117 g (0.401 mmol) of indium acetate, 0.274 g (1.20 mmol) of
myristic acid, and 25 mL of 1 -octadecene was degassed in a three neck round-bottom flask
held at 110 °C under vacuum for one hour, and then the atmosphere was replaced with argon
and the temperature was raised to 300 °C. An injection solution was prepared with 0.050 g
(0.200 mmol) of tris(trimethylsilyl)phosphine dissolved in 1.95 g of degassed 1 -octadecene,
and this was injected to the flask. The temperature was allowed to drop to 270 °C, after
which the solution was kept at this temperature for 5 minutes before being cooled to room
temperature under a stream of nitrogen and hexanes.

31P NMR spectroscopy was performed to measure the amount of phosphate present on the
surface of the different syntheses of indium phosphide quantum dots. The cross-polarization
measurement, which is most sensitive to phosphorous on the surface of the quantum dots,
shows that there is very little oxidation on the synthesis using the magic-sized cluster ap-
proach, as seen by the minimal peak around 0 ppm (Figure A.2B).98,207,229 In contrast, an
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Figure A.2: 1H NMR of indium phosphide quantum dots. Enlarged region shows THF
peak where no broad peak corresponding to coordinated THF to the surface appears. Solvent
peaks appear at 3.6 ppm and 1.7 ppm from deuterated THF, and the mesitylene peaks appear
at 6.8 and 2.3 ppm used for quantitative calculations.
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Figure A.3: Powder X-ray diffraction pattern from indium phosphide quantum dots de-
posited on a silicon wafer. Reference data for zinc-blende indium phosphide depicted as red
lines. Note the peak around 20 °2θ discussed in Chapter 5.

identical experiment was performed on indium phosphide quantum dots synthesized with
the hot injection method which shows significant oxidation (Figure A.2D). Additionally, the
bulk indium phosphide peak on the high temperature sample is narrower than that of the low
temperature sample, indicating that the range of chemical environments may be smaller due
to the absence of non-oxidized phosphorous on the surface. Additionally, in the XPS spectra
of phosphorous for these quantum dots we see no evidence of a phosphate peak (Figure A.2).
These measurements indicate that treating the surface as indium phosphide terminated with
coordinating carboxylates is a sound assumption if the magic-sized cluster synthesis is used.
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Figure A.4: Solid state NMR spectra of InP quantum dots comparing low and high tem-
perature syntheses. (A) 31P MAS NMR spectra of the low temperature synthesis of InP
quantum dots. (B) 31P MAS NMR spectra of the high temperature synthesis of InP quan-
tum dots. (C) 31P1H MAS NMR spectra of the low temperature synthesis of InP quantum
dots. (D) 31P1H MAS NMR spectra of the high temperature synthesis of InP quantum dots.
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Using a 5% Hydrogen Atmosphere

For the synthesis, 0.350 grams (1.20 mmol) of indium acetate with 3.60 mmol of myristic
acid or 90% oleic acid was combined with 10 mL of 1 -octadecene or n-hexadecane in an
oven-dried, 50 mL three neck round-bottom flask with a Teflon coated stir bar. After an
air condenser column, septa, and thermocouple adapter were attached to the flask and
all glass joints greased with Apiezon H grease, the flask was evacuated via Schlenk line.
The temperature of the flask was raised slowly to 70 °C, after which the vacuum line was
closed. The solution was slowly heated to 80 °C, and the line to the vacuum was then
opened slightly. The solution was then slowly heated to 120 °C, and all solids disappeared,
resulting in a clear solution. Maximum temperature reached by the solution tended to be
130 °C. The temperature was lowered to 90 °C or 80 °C for 1 -octadecene and n-hexadecane,
respectively, after which the vacuum line was fully opened, reaching a pressure below 60
mTorr. The system was flushed with 5% hydrogen in argon gas and placed back under
vacuum, and this process was repeated three times in intervals of ten minutes. In total, the
degassing process lasted one hour. The system was filled with 5% hydrogen in argon and
the temperature was raised to 130 °C or 110 °C, depending on the exact synthesis. In an
argon glovebox, 1.578 g of 1 -octadecene or 1.540 g of n-hexadecane that had previously been
heated and degassed for an hour at 110 °C or 90 °C, respectively, at 60 mTorr was combined
with 0.152 g of tris(trimethylsilyl)phosphine (0.607 mmol) and loaded into a syringe. This
solution was then swiftly injected into the flask, and temperature was maintained for two
minutes, resulting in a yellow solution. The temperature was then raised to 190 °C at a
rate of 20 °C/minute and maintained at this temperature between 1 and 45 minutes, with
longer reaction times generally yielding larger particles. The solution turned a deep red
to completely black depending on the length of the growth period, and then the flask was
then rapidly cooled under a stream of nitrogen and hexanes. After cooling the solution was
cannulated to be purified in an argon glovebox. After cleaning, (see below) the nanocrystals
were characterized. Characterization included absorption and luminescence measurements,
STEM images, powder X-ray diffraction, 1H NMR measurements, and solid state 31P and
1H-31P NMR measurements that can be found in Figure A.5.

A.3 Cadmium Sulfide Quantum Dots

Sulfur and 1 -Octadecene Method

In an oven-dried, three-neck, 50 mL round-bottom flask, 0.064 g of sulfur (2.0 mmol) was
added to 20 mL of 1 -octadecene with a Teflon-coated stir bar. A Schlenk line was attached
to a condenser column on the middle neck of the three-neck flask while the other necks
were sealed with a thermocouple adapter and a septa cap. All glass joints were sealed with
Apiezon H grease. The solution was stirred and heated to 90 °C until the sulfur dissolved and
the solution stopped degassing, typically taking one hour. The solution was then cannulated
under an argon atmosphere to a large vial and stored in an argon glovebox.
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Figure A.5: Characterization of size series of InP quantum dots. (A) Absorbance measure-
ments of the ten samples used with inset including absorbance and luminescence measure-
ments for one representative sample with the measured photoluminescence quantum yield
(PLQY). (B) STEM images of the samples used for the indium phosphide/carboxylate sur-
face energy measurements with inset scale bar to the left, and matched histograms fit with
by Gaussian distributions to the left. (C) STEM images of the samples to be shelled with
zinc sulfide with inset scale bars to the left, and matched histograms fit by Gaussian distri-
butions to the left. (D) Powder X-ray diffraction measurements of bulk and a representative
sample with the reference lines for zinc blende indium phosphide from the inorganic crystal
structure database (ICSD 24517). (E) 1H NMR measurements of the vinyl proton region of
a representative sample of indium phosphide quantum dots in toluene-d8. (F) Solid state 31P
magic-angle spinning measurements of a representative sample of indium phosphide quan-
tum dots. (G) Solid state cross-polarized 1H-31P magic-angle spinning measurements of a
representative sample of indium phosphide quantum dots.
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Figure A.6: TEM image of CdS quantum dots
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In an oven-dried, three-neck, 50 mL round-bottom flask, 0.052 g of cadmium oxide (0.40
mmol) was added to 16 mL of 1 -octadecene and 2.4 mL of technical grade oleic acid (7.6
mmol) with a Teflon-coated stir bar. A Schlenk line was attached to a condenser column on
the middle neck, and the other necks were sealed with a thermocouple adapter and a septa
cap. Joints were sealed with Apiezon H grease, and the exposed top half of the flask was
insulated using glass wool. The solution was stirred and heated to 90 °C using a heating
mantle under vacuum until all visible bubbling stopped, which occurred at a pressure of 60
mTorr in the flask. To complex the cadmium, the solution was then placed under argon and
heated at a rate of 20 °C per minute to 250 °C, until complete dissolution of the cadmium
oxide was achieved and no red solids were observed, leaving a clear solution. At this point,
the temperature was lowered to 90 °C, and the solution was placed back under vacuum for
an hour until the solution reached 60 mTorr and stopped degassing. Then, the solution was
placed back under argon, and the temperature was raised to 250 °C at a rate of 20 °C per
minute, after which 2 mL of the sulfur precursor (0.20 mmol) was injected swiftly through
the septum, turning the solution yellow. The temperature was held constant for 3 minutes,
and then the flask was removed from heat and cooled to room temperature using a stream of
nitrogen gas. The yellow crude nanoparticle solution was cannulated under argon to a large
vial and transferred to an argon glovebox. Quantum dot solutions were washed via multiple
methods (see below) and a TEM image (Figure A.6), 1H NMR spectra (Figures A.7 and
A.8), and powder X-ray diffraction measurements (Figure A.9) were taken to characterize
them.

Bis(trimethylsilyl)sulfide Method

In an oven-dried, three-neck, 50 mL round-bottom flask, 0.278 g of cadmium acetate (1.2
mmol) was added to 10 mL of n-hexadecane and 0.678 g of technical grade oleic acid (2.4
mmol) with a Teflon-coated stir bar. A Schlenk line was attached to a condenser column on
the middle neck, and the other necks were sealed with a thermocouple adapter and a septa
cap. Joints were sealed with Apiezon H grease and the flask was evacuated via Schlenk line.
The temperature of the flask was raised slowly to 70 °C, after which the vacuum line was
closed. The solution was slowly heated to 80 °C, and the line to the vacuum was then opened
slightly. The solution was then slowly heated to 120 °C, the vacuum was closed, and then the
solution was heated to 150 °C until all solids disappeared, resulting in a clear solution. The
temperature was lowered to 80 °C after which the vacuum line was fully opened, reaching
a pressure below 60 mTorr. The system was flushed with argon gas and placed back under
vacuum, and this process was repeated three times in intervals of ten minutes. In total, the
degassing process lasted one hour. Then, the solution was placed back under argon, and the
temperature was raised to between 150 and 270 °C at a rate of 20 °C per minute. In an argon
glovebox, 1.540 g of n-hexadecane that had previously been heated and degassed for an hour
at 90 °C at 60 mTorr was combined with 0.108 g of bis(trimethylsilyl)sulfide (0.6 mmol) and
loaded into a syringe. This solution was then swiftly injected into the flask, and temperature
was maintained for five minutes. The flask was then rapidly cooled under a stream of nitrogen
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Figure A.7: 1H NMR of cadmium sulfide quantum dots washed in tetrahydrofuran in
tetrahydrofuran-d8. Solvent peaks present at 3.58 ppm and 1.73 ppm, and internal mesitylene
standard present at 6.74 ppm and 2.22 ppm.

and hexanes. After cooling the solution was cannulated to be purified in an argon glovebox.
After cleaning, (see below) the nanocrystals were characterized. Characterization included
absorption and luminescence measurements, STEM images, powder X-ray diffraction, and
1H NMR measurements that can be found in Figure A.10.

A.4 Cadmium Selenide Quantum Dots

Procedure was adapted from that reported by Liu et al. to form zinc-blende cadmium
selenide nanocubes.36 In a three-neck, oven-dried, 50 mL round- bottom flask 0.078 g of
selenium (1.0 mmol) was combined with 15 mL of 1 -octadecene with the inclusion of a
Teflon-coated stir bar. After attaching a thermocouple adapter, septa cap, and air condenser
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Figure A.8: 1H NMR of cadmium sulfide quantum dots washed in hexane in toluene-
d8. Solvent peaks present at 7.08 ppm, 7.00 ppm, 6.96 ppm, and 2.07 ppm, and internal
mesitylene standard present at 6.65 ppm and 2.13 ppm. Inset depicts fitting of vinyl protons
of oleate to determine adsorbed ligand concentration; methyl protons near 1 ppm were not
used for adsorbed ligand concentration determination as they overlap with the majority of
the aliphatic protons.
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Figure A.9: Powder X-ray diffraction of cadmium sulfide quantum dots deposited on a
silicon wafer. Reference data for zinc-blende cadmium sulfide depicted as red lines. Note
the peak around 20 °2θ discussed in Chapter 5.

column to the flask and greasing all glass joints with Apiezon H grease, the flask was attached
to a Schlenk line, and evacuated at room temperature for one hour, reaching a pressure below
60 mTorr. The solution was the placed under argon and heated to 280 °C and maintained
at this temperature for 30 minutes, transitioning to a clear, yellow solution. In tandem, in
a three- neck, oven-dried, 50 mL round-bottom flask, 0.266 g of cadmium acetate dihydrate
(1.00 mmol) was combined with 5 mL of 90% oleic acid with the inclusion of a Teflon-coated
stir bar. After attaching a thermocouple adapter, septa cap, and air condenser column to the
flask and greasing all glass joints with Apiezon H grease, the flask was attached to a Schlenk
line, and evacuated at room temperature for 15 minutes, reaching a pressure below 60 mTorr.
The solutions were heated under argon to 150 °C and then quickly drawn into a syringe and
injected into the selenium flask, forming a red solution. The solution was then stirred at
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Figure A.10: Characterization of size series of CdS quantum dots. (A) Absorbance mea-
surements of the five cadmium sulfide quantum dot samples used herein with inset including
absorbance and luminescence measurements for one representative sample. (B) Powder X-
ray diffraction measurements of bulk and a representative quantum dot sample of zinc sulfide
with the reference lines of both zinc blende and wurtzite cadmium sulfide from the inorganic
crystal structure database (ICSD 29278 and 31074, respectively). (C) 1H NMR measure-
ments of the vinyl proton region of a representative sample of cadmium sulfide quantum dots
in toluene-d8. (D) Scanning transmission electron microscope images of the cadmium sulfide
quantum dot samples used for the cadmium sulfide/carboxylate surface energy measure-
ments with inset scale bars to the top, and matched histograms fit by Gaussian distributions
to the bottom.

265 °C for 2 minutes to form the small cadmium selenide quantum dots and 40 minutes to
form the large cadmium selenide quantum dots before being rapidly cooled with a stream
of hexanes and nitrogen, resulting in a black solution. The solution was cannulated under
argon and transferred to an argon glovebox. Absorption and luminescence measurements as
well as a TEM image can be found in Figure A.11, while powder X-ray diffraction can be
found in Chapter 5.

A.5 Zinc Sulfide Quantum Dots

In an oven-dried, three-neck, 50 mL round-bottom flask, 0.220 g of zinc acetate (1.2
mmol) was added to 10 mL of n-hexadecane and 0.678 g of technical grade oleic acid (2.4
mmol) with a Teflon-coated stir bar. A Schlenk line was attached to a condenser column
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Figure A.11: Characterization of CdSe quantum dots. (A) TEM image of synthesized
CdSe quantum dots. (B) Absorbance and luminescence measurements of synthesized CdSe
quantum dots.

on the middle neck, and the other necks were sealed with a thermocouple adapter and a
septa cap. Joints were sealed with Apiezon H grease and the flask was evacuated via Schlenk
line. The temperature of the flask was raised slowly to 70 °C, after which the vacuum line
was closed. The solution was slowly heated to 80 °C, and the line to the vacuum was then
opened slightly. The solution was then slowly heated to 120 °C until all solids disappeared,
resulting in a clear solution. The temperature was lowered to 80 °C after which the vacuum
line was fully opened, reaching a pressure below 60 mTorr. The system was flushed with 5%
hydrogen in argon gas and placed back under vacuum, and this process was repeated three
times in intervals of ten minutes. In total, the degassing process lasted one hour. Then, the
solution was placed back under 5% hydrogen in argon, and the temperature was raised to
250 °C at a rate of 20 °C per minute. In an argon glovebox, 1.540 g of n-hexadecane that
had previously been heated and degassed for an hour at 90 °C at 60 mTorr was combined
with 0.108 g of bis(trimethylsilyl)sulfide (0.6 mmol) and loaded into a syringe. This solution
was then swiftly injected into the flask, and temperature was maintained for five minutes.
The flask was then rapidly cooled under a stream of nitrogen and hexanes. After cooling
the solution was cannulated to be purified in an argon glovebox. Characterization included
absorption and luminescence measurements, STEM images, powder X-ray diffraction, and
1H NMR measurements that can be found in Figure A.12.
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Figure A.12: Characterization of size series of ZnS quantum dots. (A) Absorbance mea-
surements of the five zinc sulfide quantum dot samples used herein with inset including
absorbance and luminescence measurements for one representative sample. (B) Powder
X-ray diffraction measurements of bulk and a representative quantum dot sample of zinc
sulfide with the reference lines of zinc blende zinc sulfide from the inorganic crystal struc-
ture database (ICSD 52223). (C) 1H NMR measurements of the vinyl proton region of a
representative sample of zinc sulfide quantum dots in toluene-d8. (D) Scanning transmission
electron microscope images of the zinc sulfide quantum dot samples used for the zinc sul-
fide/carboxylate surface energy measurements with inset scale bars to the top, and matched
histograms fit by Gaussian distributions to the bottom.

A.6 Indium Phosphide/Zinc Sulfide Core/Shell

Quantum Dots

Once the indium phosphide quantum dots under a hydrogen atmosphere were synthe-
sized, some were coated, or shelled, with a layer of zinc sulfide. Two main approaches were
utilized and will be discussed here. The first was to make zinc oleate in situ, add the quan-
tum dots and then add a bis(trimethylsilyl)sulfide at an elevated temperature to grow a layer
of zinc sulfide, and was similar to a previously published approach.74 This approach was ul-
timately abandoned because while indium phosphide/zinc sulfide core/shell quantum dots
were synthesized, zinc sulfide byproducts made up a significant portion of the nanocrystals
(see Figure A.13 for scanning transmission electron microscopy and energy-dispersive X-ray
spectroscopy mapping images). While these materials were not used, the details are reported
here to illustrate the contamination of shell only nanocrystal that may be present in some
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reported core/shell nanocrystal syntheses. The next approach undertaken was a layer by
layer growth synthesis by injecting a sulfur precursor followed by zinc oleate in small, ideally
monolayer amounts. However, without a stabilizing ligand that would coordinate to the
sulfur rich surface the nanocrystals aggregated. The settled on synthesis involved simultane-
ously injecting a zinc precursor with bis(trimethylsilyl)sulfide. Unfortunately the zinc oleate
precursor would precipitate during the injection period, resulting in a low zinc concentration
in the reaction flask and precipitation of the nanocrystals. Diethyl zinc was used instead,
and may have improved the synthesis overall due to high reactivity of the zinc and sulfur
precursors. Additionally, a thin shell approach was used to make more spherical core/shell
nanocrystals, making the assignment of surface areas easier and making the interfacial atoms
a larger mass percent of the total sample for interface energy measurements.

Unlike the other reactions reported herein, the amounts of each reagent were not uniform
across each synthesis as they depended on the amount of indium phosphide used for shelling.
The calculation of the amount of each reagent to use will be discussed.

Zinc Oleate Method

In an oven-dried, three-neck, 50 mL round-bottom flask, a calculated amount of zinc
acetate (discussed below) was added to 10 mL of 1 -octdecene or n-hexadecane and a calcu-
lated amount of technical grade oleic acid with a Teflon-coated stir bar. A Schlenk line was
attached to a condenser column on the middle neck, and the other necks were sealed with
a thermocouple adapter and a septa cap. Joints were sealed with Apiezon H grease and the
flask was evacuated via Schlenk line. The temperature of the flask was raised slowly to 70
°C, after which the vacuum line was closed. The solution was slowly heated to 80 °C, and the
line to the vacuum was then opened slightly. The solution was then slowly heated to 120 °C
until all solids disappeared, resulting in a clear solution. The temperature was lowered to 80
°C after which the vacuum line was fully opened, reaching a pressure below 60 mTorr. The
system was flushed with 5% hydrogen in argon gas and placed back under vacuum, and this
process was repeated three times in intervals of ten minutes. In total, the degassing process
lasted one hour. The solution was placed back under 5% hydrogen in argon. A calculated
amount of indium phosphide quantum dots in hexanes was loaded into a syringe in an argon
glovebox, and this solution was injected. Very slowly the vacuum line was opened to prevent
bumping of the solution, and the solution was degassed until it reached a pressure of 100
mTorr. The temperature of the solution was then raised to 190 °C or 280 °C. The solution
was placed back under 5% hydrogen in argon. In an argon glovebox, 1.540 g of 1 -octdecene
or n-hexadecane that had previously been heated and degassed for an hour at 90 °C at 60
mTorr was combined with a calculated amount of bis(trimethylsilyl)sulfide and loaded into a
syringe. This solution was then injected into the flask using a syringe pump over the course
of 1 hour, and then the solution was allowed to stir for another 15 minutes. The flask was
then rapidly cooled under a stream of nitrogen and hexanes. After cooling the solution was
cannulated to be purified in an argon glovebox.
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Figure A.13: High-angle annular dark-field scanning transmission electron microscope im-
ages of InP/ZnS with energy-dispersive X-ray spectroscopy mapping showing ZnS nanocrys-
tal contamination

To determine the correct amount of reagents, the radius and concentration of the indium
phosphide quantum dots was calculated using the calculator provided by Reiss et al. or
Ministro (see Appendix 3.2).99,132 An amount of indium phosphide quantum dot solution
was selected for shell growth. Next, assuming that each monolayer of zinc sulfide was 0.269
nm thick and there are 7.97 × 1018 zinc atoms/m2 based on the (111) lattice constants
and crystal structure of zinc sulfide (ICSD 52223), the number of sulfur atoms to cover
the surface area of the indium phosphide quantum dots was computed. This added 0.134
nm to the radius, and then the number of zinc atoms to cover the surface area of the new
nanocrystal was computed, adding another 0.134 nm. This process was repeated until the
amount needed to add ten layers of sulfur and ten layers of zinc to the nanocrystals were
computed. The total number of moles of zinc and sulfur was calculated and converted into a
mass of zinc acetate and bis(trimethylsilyl)sulfide needed. To calculate the amount of oleic
acid need, the number of moles of zinc acetate was multiplied by two and coverted into a
mass of oleic acid.

Diethyl Zinc Method

In an oven-dried, three-neck, 50 mL round-bottom flask, a Teflon-coated stir bar was
added to 10 mL of n-hexadecane. A Schlenk line was attached to a condenser column on
the middle neck, and the other necks were sealed with a thermocouple adapter and a septa
cap. Joints were sealed with Apiezon H grease and the flask was evacuated via Schlenk line.
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The temperature of the flask was raised to 80 °C, and the flask was evacuated for 30 minutes
at a pressure below 60 mTorr. The solution was placed under 5% hydrogen in argon. A
calculated amount of indium phosphide quantum dots in hexanes was loaded into a syringe
in an argon glovebox, and this solution was injected. Very slowly the vacuum line was opened
to prevent bumping of the solution, and the solution was degassed until it reached a pressure
of 100 mTorr. The solution was placed back under 5% hydrogen in argon. The temperature
of the solution was then raised to 280 °C. In an argon glovebox, three separate vials of 1.540
g of n-hexadecane that had previously been heated and degassed for an hour at 90 °C at
60 mTorr was combined with a calculated amount of bis(trimethylsilyl)sulfide, a calculated
amount of technical grade oleic acid that had previously been heated and degassed for an
hour at 90 °C at 60 mTorr, and a calculated amount of diethyl zinc, respectively, and loaded
into a syringe. The bis(trimethylsilyl)sulfide and diethyl zinc solutions were then injected
into the flask using a syringe pump over the course of 1 hour, where 0.5 mL of the solution
was injected in the first 45 minutes and the final 1.5 mL of solution was injected in the last
15 minutes, and simultaneously the oleic acid solution was injected in 0.1 mL increments
every 3 minutes. The solution was allowed to stir for another 15 minutes. The flask was
then rapidly cooled under a stream of nitrogen and hexanes. After cooling the solution was
cannulated to be purified in an argon glovebox. After cleaning, (see below) the nanocrystals
were characterized. Characterization included absorption and luminescence measurements,
STEM images, powder X-ray diffraction, 1H NMR measurements, and solid state 31P and
1H-31P NMR measurements that can be found in Figure A.14.

To determine the correct amount of reagents, the radius and concentration of the in-
dium phosphide quantum dots was calculated using the calculator provided by Ministro (see
Appendix 3.2).132 Due to low yield of indium phosphide quantum dots, 3.5 mL of indium
phosphide quantum dots was used (total yield was 4 mL) in the synthesis of the core/shell
nanocrystals. Next, assuming that each monolayer of zinc sulfide was 0.269 nm thick and
there are 7.97 × 1018 zinc atoms/m2 based on the (111) lattice constants and crystal struc-
ture of zinc sulfide (ICSD 52223), the number of sulfur atoms to cover the surface area of
the indium phosphide quantum dots was computed. This added 0.134 nm to the radius,
and then the number of zinc atoms to cover the surface area of the new nanocrystal was
computed, adding another 0.134 nm. This process was repeated until the amount needed to
add three layers of sulfur and three layers of zinc to the nanocrystals were computed. The
total number of moles of zinc and sulfur was calculated and converted into a mass of diethyl
zinc and bis(trimethylsilyl)sulfide needed. To calculate the amount of oleic acid need, the
number of moles of diethyl zinc was multiplied by two and converted into a mass of oleic
acid.

A.7 Lead Sulfide Quantum Dots

In an oven-dried, three-neck, 50 mL round-bottom flask, 0.268 g of lead oxide (1.2 mmol)
was added to 10 mL of n-hexadecane and 0.678 g of technical grade oleic acid (2.4 mmol)
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Figure A.14: Characterization of indium phosphide/zinc sulfide core/shell nanocrystals.
(A) Absorbance measurements of the five indium phosphide/zinc sulfide core/shell nanocrys-
tal samples used herein with inset including absorbance and luminescence measurements for
one representative sample with the measured photoluminescence quantum yield (PLQY).
(B) Scanning transmission electron microscope (STEM) images of the indium phosphide/z-
inc sulfide core/shell nanocrystal samples used for the indium phosphide/zinc sulfide interface
energy measurements with inset scale bar to the top, and matched histograms fit with by
Gaussian distributions to the bottom. (C) Powder X-ray diffraction measurements of repre-
sentative nanocrystal samples of indium phosphide, zinc sulfide, and indium phosphide/zinc
sulfide with the reference lines for zinc blende indium phosphide and zinc blende zinc sul-
fide from the inorganic crystal structure database (ICSD 24517 and 52223, respectively).
(D) 1H NMR measurements of the vinyl proton region of a representative sample of indium
phosphide/zinc sulfide core/shell nanocrystals in toluene-d8. (E) Solid state 31P magic-angle
spinning measurements of a representative sample of indium phosphide/zinc sulfide core/shell
nanocrystals. (G) Solid state cross-polarized 1H-31P magic-angle spinning measurements of
a representative sample of indium phosphide/zinc sulfide core/shell nanocrystals.
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with a Teflon-coated stir bar. A Schlenk line was attached to a condenser column on the
middle neck, and the other necks were sealed with a thermocouple adapter and a septa cap.
Joints were sealed with Apiezon H grease and the flask was evacuated via Schlenk line. The
temperature of the flask was raised slowly to 70 °C, after which the vacuum line was closed.
The solution was slowly heated to 80 °C, and the line to the vacuum was then opened slightly.
The solution was then slowly heated to 120 °C, until all solids disappeared, resulting in a
clear solution. The temperature was lowered to 80 °C after which the vacuum line was fully
opened, reaching a pressure below 60 mTorr. The system was flushed with argon gas and
placed back under vacuum, and this process was repeated three times in intervals of ten
minutes. In total, the degassing process lasted one hour. Then, the solution was placed back
under argon, and the temperature was raised or lowered to between 60 and 180 °C. In an
argon glovebox, 1.540 g of n-hexadecane that had previously been heated and degassed for
an hour at 90 °C at 60 mTorr was combined with 0.108 g of bis(trimethylsilyl)sulfide (0.6
mmol) and loaded into a syringe. This solution was then swiftly injected into the flask, and
temperature was maintained for five minutes. The flask was then rapidly cooled under a
stream of nitrogen and hexanes. After cooling the solution was cannulated to be purified in
an argon glovebox. Characterization included absorption and luminescence measurements,
TEM images, powder X-ray diffraction, and 1H NMR measurements that can be found in
Figure A.15.

A.8 Cadmium Oxide Nanocrystals

Unlike the other syntheses reported herein, the synthesis of cadmium oxide nanocrystals
used a thermal decomposition route, adapted from Liu et al.234 This approach resulted in
less uniformly shaped nanoparticles overall.

In an oven-dried, three-neck, 50 mL round-bottom flask, 0.466 g of cadmium acetylacet-
onate (1.5 mmol) was added to 10 mL of n-hexadecane and 2.4 mL of technical grade oleic
acid (7.5 mmol) with a Teflon-coated stir bar. A Schlenk line was attached to a condenser
column on the middle neck, and the other necks were sealed with a thermocouple adapter
and a septa cap. Joints were sealed with Apiezon H grease and the flask was evacuated via
Schlenk line. The temperature of the flask was raised slowly to 80 °C, eventually reaching a
pressure below 60 mTorr. In an argon glovebox, 1.540 g of n-hexadecane that had previously
been heated and degassed for an hour at 90 °C at 60 mTorr was combined with between 0.061
and 0.484 g of bis(trimethylsilyl)amine (0.375 and 3.0 mmol) depending on the synthesis, and
this solution was loaded into a syringe. The reaction flask was then flushed with argon, and
the bis(trimethylsilyl)amine solution was injected. The temperature was raised to 293 °C,
and the solution was vigorously refluxing. The solution was refluxed for between 30 minutes
and 3 hours, depending on the synthesis, where higher amounts of bis(trimethylsilyl)amine
resulted in quicker syntheses. The reaction was considered finished when the brown solution
changed to a dark grey, vaguely greenish color rapidly that coincided with a drop in tem-
perature. The flask was then rapidly cooled under a stream of nitrogen and hexanes. After
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Figure A.15: Characterization of lead sulfide quantum dots. (A) Absorbance measure-
ments of the five lead sulfide quantum dot samples used herein with inset including ab-
sorbance and luminescence measurements for one representative sample. (B) Powder X-ray
diffraction measurements of bulk and a representative quantum dot sample of lead sulfide
with the reference lines of rock salt lead sulfide from the inorganic crystal structure database
(ICSD 38293). (C) 1H NMR measurements of the vinyl proton region of a representative
sample of lead sulfide quantum dots in toluene-d8. (D) Transmission electron microscope
images of the lead sulfide quantum dot samples used for the lead sulfide/carboxylate sur-
face energy measurements with inset scale bars to the top, and matched histograms fit by
Gaussian distributions to the bottom.

cooling the solution was cannulated to be purified in an argon glovebox. Characterization in-
cluded absorption and luminescence measurements, TEM images, powder X-ray diffraction,
and 1H NMR measurements that can be found in Figure A.16.

A.9 Washing Procedures

As has been said by Dhaene et al.,233 “In literature, subtle ‘tricks’ and delicate procedures
are reported, giving NC purification the aura of art instead of science.” This is certainly
true, particularly when syntheses yield different amounts of nanocrystals or different sizes of
a given nanocrystal. Because of this, this section will be somewhat generalized with specific
insights given for particular syntheses. All washing steps were performed in an argon glovebox
using 50 mL centrifuge tubes. The synthesis solvent was invariably 1 -octadecene or n-
hexadecane, where the switch to n-hexadecane was adopted due to reports of polymerization
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Figure A.16: Characterization of cadmium oxide nanocrystals. (A) Absorbance measure-
ments of the five cadmium oxide nanocrystal samples used herein. (B) Powder X-ray diffrac-
tion measurements of bulk and a representative nanocrystal sample of cadmium oxide with
the reference lines of rock salt cadmium oxide from the inorganic crystal structure database
(ICSD 24802). (C) 1H NMR measurements of the vinyl proton region of a representative
sample of cadmium oxide quantum dots in toluene-d8. (D) Transmission electron microscope
images of the cadmium oxide nanocrystal samples used for the cadmium oxide/carboxylate
surface energy measurements with inset scale bars to the top, and matched histograms fit
by Gaussian distributions to the bottom.

of 1 -octadecene.233 The favorable solvent for the nanocrystals was either tetrahydrofuran,
toluene, or hexanes, while the unfavorable solvent was either acetone, methyl acetate, or
ethyl acetate. As a note, if the tetrahydrofuran was not distilled (see Appendix A.1), the
integrity of indium phosphide quantum dots would be compromised, and this was attributed
to even very low concentrations of peroxides. As a rule, anywhere from a 2:1 up to a 4:1
ratio of unfavorable solvent to favorable solvent could be used to precipitate nanocrystals,
and typically 4 mL of favorable solvent was used to resuspend precipitate nanocrystals,
although exceptions to this below will be detailed. In general, methyl and ethyl acetate were
more gentle than acetone, allowing for better separation of magic-sized clusters from the rest
of the nanocrystals, but could result in no precipitation of nanocrystals when nanocrystal
concentration was low. An easy adjustment to this was to evaporate all of the solvent and
add a minimal amount of favorable solvent followed by the unfavorable solvent. Of course,
low volumes also concentrated the undesirable impurities, so ideally a balance could be
struck. Typically the solutions were centrifuged for 5 minutes at 10000 RPM (5702 RCF)
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to form a pellet where the supernatant could be decanted, although 8000 RPM was also a
commonly used speed and for larger nanocrystals or greater amounts of unfavorable solvent
these numbers could be adjusted down easily. Typically three cycles of precipitation were
used to thoroughly clean the nanocrystals. A significant issue with these steps was the
prescence of metal carboxylate precursors. To remove these precursors, tetrahydrofuran was
the best solvent to use, and this is attributed to its ability to breakup polymerized metal
carboxylate chains.100 However, tetrahydrofuran enables the ligand shell to become dynamic
(see Chapter 3) so a 1H NMR in tetrahydrofuran-d8 will show evidence of unbound precursor
even after thorough washing. Rather, washing particles twice with hexanes and doing a final
suspension and precipitation in tetrahydrofuran and acetone, followed by a suspension in
hexanes or toluene will given solutions that potentially have no free ligand signature when
investigated by 1H NMR in toluene-d8. In general for most solutions, the time between
cannulation and cleaning was not critically important (although should be done soon after)
except in situations detailed below.

Indium Phosphide Quantum Dots

The indium phosphide quantum dots followed the generally detailed procedures from
above, although to remove the free indium carboxylate the quantum dots needed to be washed
all three times with tetrahydrofuran, and to get a highly pure sample each precipitation step
was preceded by one day of sitting in tetrahydrofuran. For the indium phosphide/zinc sulfide
core/shell nanocrystals, which were terminated with zinc carboxylate, no such procedure was
needed. However, rapid precipitation from the crude solution was required or else separation
of the core/shell quantum dots from the excess zinc oleate precursor proved futile.

When synthesizing indium phosphide nanocrystals capped with stearate (C18H35O2) it
was found that invariably the solution would solidify into a gel unless the solution was first
diluted with anhydrous hexanes or tetrahydrofuran. Hexanes could be added once the solu-
tion reached a temperature of around 60 °C, although with this step, the first precipitation
step must be rapidly initiated or separation of the quantum dots from the excess indium
stearate precursor proved futile. Alternatively, if the solution is allowed to solidify, the entire
flask can be sealed and transferred to an argon glovebox. To this solid, 30 mL of anhydrous
tetrahydrofuran was added and mixed until all of the solid went into solution. The solution
was divided into four large centrifuge tubes and 30 mL of anhydrous acetone was added to
each, causing an orange precipitate to form that could be later resuspended.

Cadmium Sulfide Quantum Dots

In the case of the cadmium sulfide quantum dots, the washing procedure was critical to
the results, and so is detailed more here. All washing steps were performed under argon.
After diluting the crude nanoparticle solution to a total volume of 20 mL with tetrahydro-
furan, 30 mL of acetone was added to precipitate the nanoparticles in a large centrifuge
tube. The suspension was centrifuged at 5702 RCF for 5 minutes, and then the supernatant
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was decanted. The nanoparticle pellet was suspended in 5 mL of tetrahydrofuran, optical
measurements were taken, and then the solution was diluted to 20 mL in tetrahydrofuran.
This process of adding acetone to precipitate the particles, centrifuging the solution, and
resuspending in tetrahydrofuran was repeated four more times.

Measurements were also performed on quantum dots that were initially washed with
hexanes and acetone. These dots were prepared by the same steps as above, however,
tetrahydrofuran was replaced by hexanes, and the washing steps were only repeated twice.

Zinc Sulfide Quantum Dots

The only notable difference in the separation of zinc sulfide quantum dots is that the
first precipitation step must be rapidly initiated or separation of the quantum dots from the
excess zinc carboxylate precursor proved futile.

Cadmium Oxide Nanocrystals

These nanocrystals proved different in their separation than the other nanocrystals, likely
due to their thermal decomposition synthesis. After removing the solution to the glovebox,
the solution was centrifuged at around 8000 RPM for five minutes. This caused all of the
nanocrystals to precipitate, after which 4 mL of hexanes was added to the pellet. Pellet was
shaken and placed in a sonicating bath (sealed in a centrifuge tube) for five minutes. The
solution was then centrifuged at 3000 RPM for two minutes, and the precipitate (generall
green) was discarded, leaving a black solution. This solution was washed two more times
using hexanes and methyl acetate as normal, using the sonicator when necessary to suspend
the particles, before being suspended in hexanes and being centrifuged one last time at 3000
RPM for two minutes. The supernatant was collected, and appeared to be colloidally stable
indefinitely.

A.10 Indium Myristate

An oven-dried, three-neck 50 mL round-bottom flask was charged with 1.000 gram (3.425
mmol) of indium acetate, 2.347 grams (10.28 mmol) of myristic acid, 20 mL 1 -octadecene,
and a Teflon-coated stir bar. The flask was placed under vacuum and the temperature
was raised to 110 °C for one hour. The flask was then pressurized with ultra-high purity
argon (99.999%, Airgas) to slightly over atmospheric pressure, and the temperature was
lowered to room temperature, and a white precipitate formed. The flask was then put under
vacuum, after which the stopcock was closed. The flask was then transferred to an argon
glovebox and the flask was filled with argon through the stopcock. The septum was removed,
and the solution was poured into a centrifuge tube. After the solution was centrifuged,
the supernatant was removed, and 20 mL of anhydrous acetone was added to the solid.
After thoroughly washing the precipitate, it was centrifuged again, and the supernatant
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Figure A.17: 1H NMR of indium myristate. (A) Precipitate from zinc chloride reaction
and (B) as synthesized. Note that solvent peaks present at 1.7 ppm and 3.6 ppm are much
more pronounced in the spectra of the precipitate as the concentration is much lower due to
lack of sample.

Theoretical Synthesized Precipitate
Carbon 63.30% 61.03% 62.99%

Hydrogen 10.24% 9.07% 10.07%

Table A.1: Elemental analysis of indium myristate precipitate from reaction of zinc chloride
with indium phosphide quantum dots and synthesized indium myristate. Error is estimated
at 0.30% for elemental percentages.

was discarded. This process was repeated three times to remove as much 1 -octadecene and
residual myristic acid as possible. The precipitate was then transferred to a glass vial and
another 20 mL of anhydrous acetone was added. The vial was capped tightly, and the solution
was heated on a hot plate until the precipitate dissolved. The hotplate was turned off and
the solution was allowed to cool slowly back to room temperature, and the white precipitate
reappeared. The solution was centrifuged one more time, the supernatant was removed, and
the indium myristate was transferred to a vial with a septa cap and was placed under a
vacuum line at room temperature to remove residual acetone overnight. Characterization of
the indium myristate was done through 1H NMR (Figure A.17), FTIR (Figure A.18), and
elemental analysis (Table A.1), and was compared with the isolated precipitate from the
reactions with zinc chloride.
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Figure A.18: FTIR spectra of indium myristate precipitate (purple) and as synthesized
indium myristate (black).

A.11 Cadmium Oleate

In a three-neck, 50 mL round-bottom flask, 0.518 g (4.03 mmol) of cadmium oxide was
added to 4.550 g of >99% oleic acid (16.11 mmol) with a Teflon-coated stir bar. A Schlenk
line was attached to a condenser column on the middle neck, and the other necks were
sealed with a thermocouple adapter and a septa cap. Joints were sealed with Apiezon H
grease. After being placed under vacuum, the solution was stirred and heated to 90 °C
until the solution stopped degassing at a pressure of 60 mTorr. Under an argon atmosphere,
the solution was heated to 190 °C until the cadmium was complexed. After dissolution,
the solution was cooled to 90 °C and placed under vacuum for an hour after the solution
stopped degassing at a pressure of 60 mTorr. Once cooled to room temperature, the solution
was transferred in air to a large centrifuge tube, and 10 mL of acetone was added to the
solution to precipitate the cadmium oleate as a white solid. The solution was centrifuged
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Figure A.19: 1H NMR of synthesized cadmium oleate in tetrahydrofuran-d8. Solvent peaks
present at 3.58 ppm and 1.73 ppm.

for 5 minutes at 5702 RCF, and then the supernatant was discarded. This process of adding
10 mL of anhydrous acetone, mixing, and centrifuging was repeated five more times, after
which the solution was left to dry under laboratory vacuum overnight.

The synthesized cadmium oleate was dissolved in tetrahydrofuran-d8 and an 1H NMR
was taken (Figure A.19). Comparison to previously published spectra indicate that cadmium
oleate was synthesized.16,100 CHNS elemental analysis was performed on the synthesized ca-
dium oleate. Carbon content was 63.98 (64.00) %, and hydrogen content was 9.62 (9.90) %
where theoretical values are in parentheses. Experimental uncertainty is 0.3%. Addition-
ally, FTIR measurements were taken on the synthesized cadmium oleate (Figure A.20).16

Cadmium oleate was dissolved in anhydrous carbon tetrachloride for measurements. The
carbon tetrachloride spectrum was subtracted to give the spectrum of cadmium oleate, and
unfortunately there is a significant overlapping stretch around 1550 cm-1 between cadmium
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Figure A.20: FTIR spectra of synthesized cadmium oleate dissolved in CCl4 after back-
ground correction.

oleate and carbon tetrachloride. However, the peak still appears after the subtraction. Note
the carbonyl stretch at 1535 cm-1 is attributed to the cadmium oleate while the stretch at
1711 cm-1 is likely caused by a small oleic acid contamination. However, this contamination
is minimal considering the intensity of carboxylic acid carbonyl stretches and the absence of
the broad OH stretch in the FTIR around 3000 cm-1.
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Appendix B

Experimental Methods and Data

Reproduced in part with permission from Calvin, J. C.; Swabeck J. K.; Sedlak, A. B.; Kim,
Y.; Jang, E.; Alivisatos, A. P. “Thermodynamic Investigation of Increased Luminescence in
Indium Phosphide Quantum Dots by Treatment with Metal Halide Salts” J. Am. Chem.
Soc. 2020, 142 (44), 18897–18906. Copyright 2020 American Chemical Society.71

Reproduced in part with permission from Calvin, J. C.; O’Brien, E. A.; Sedlak, A. B.; Balan,
A. D.; Alivisatos, A. P. “Thermodynamics of Composition Dependent Ligand Exchange on
the Surfaces of Colloidal Indium Phosphide Quantum Dots” ACS Nano 2021, 15 (1), 1407–
1420. Copyright 2021 American Chemical Society.121

Reproduced in part with permission from Calvin, J. C.; Kaufman, T. M.; Sedlak, A. B.;
Crook, M. F.; Alivisatos, A. P. “Observation of Ordered Organic Capping Ligands on Semi-
conducting Quantum Dots via Powder X-ray Diffraction” Nat. Commun. 2021, 12, 2663
under a Creative Commons license CC BY 4.0.135

B.1 Isothermal Titration Calorimetry

All measurements were performed by using a TA Instruments Nano isothermal titration
calorimeter. Measurements were performed in a nitrogen drybox to prevent oxidation of
the nanoparticles. For measurement, 1.198 ± 0.006 mL of sample solution was placed in the
sample cell (effective volume of 965 ± 5 µL) and 1.198 ± 0.006 mL of distilled tetrahydrofuran
was placed in the reference cell with the reference needle. The syringe was loaded with 250 µL
of ligand solution in tetrahydrofuran. The temperature was maintained at 25 °C through the
titration. After stirring was initiated at 250 RPM, the samples were allowed to equilibrate
until the differential heating slope was <0.1 µW/hour and the standard deviation in the
differential heating was <0.01 µW over a period of lasting approximately 40 minutes. After
equilibration, an initial baseline was taken for 2400 seconds, and then the desired amount of
titrant solution was injected per injection. Between each injection the solution was stirred
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MA 2.7 MA 2.9 MA 3.1 MA 3.1* SA 2.9 SA 3.0 SA 3.1 SA 3.4

Concentration (µM) 7.7 ± 0.8 10.5 ± 1.0 9.5 ± 1.0 8.0 ± 0.8 7.4 ± 0.7 9.0 ± 0.9 15.2 ± 2.0 15.2 ± 2.0

Table B.1: Isothermal titration calorimetry concentrations for InP quantum dot size series.
MA refers to samples capped with myristate (C14H27O2) and SA refers to samples capped
with stearate (C18H35O2).

*Note that two samples capped with indium myristate are very
close in size (to 0.1 nm in diameter). The second one listed is slightly larger based on the
size calculator.

for 2400 seconds to allow the system to return to equilibrium. Integration of titration peaks
calculates the heat of reaction. The standard error in the heat of injection is 23 µJ for 10
µL injections and was determined by injecting water into water.60

Background subtractions were performed by injecting the ligand solution into neat tetrahy-
drofuran in an identical manner to the sample measurements and subtracting the integrated
heat from the sample measurements.

For reactions involving the indium phosphide quantum dots with the metal halides dis-
cussed in Chapter 4, the quantum dot stock solution was diluted to between 7.4 and 15.2
µM with tetrahydrofuran, and the metal halide salts were at a concentration of 6.2 ± 0.1
mM in tetrahydrofuran. For each injection 10 µL was injected. The concentration of the
quantum dot solutions were calculated by UV–vis absorption measurements by Ministro,132

and the choice of this calculator is discussed extensively in Appendix C.2. In addition, this
choice is the origin of the variable concentrations in the reactions (Table B.1).

For reactions involving the indium phosphide quantum dots with the metal halides dis-
cussed in Chapter 3, the quantum dot stock solution was diluted to 32 ± 3 µM with tetrahy-
drofuran, and the metal halide salts were at a concentration of 30.8 ± 0.7 mM in tetrahy-
drofuran. For each injection 10 µL was injected. The concentration of the quantum dot
solutions were calculated by UV–vis absorption measurements by Reiss et al.,99 and the
issue with this calculator is discussed extensively in Appendix C.2.

For reactions involving the washed cadmium sulfide nanoparticles from Chapter 3, the
quantum dots were diluted to a concentration of 22.9 ± 1.5 µM in tetrahydrofuran, and
a 20.1 ± 0.15 mM concentration solution of cadmium oleate in tetrahydrofuran was made.
For each injection 5.14 ± 0.05 µL of solution was injected. Each measurement (including
the background measurements) were repeated twice and averaged due to low signal. The
concentration of the quantum dot solutions were calculated by absorption measurements by
Yu et al.,51 and the choice for this calculator is discussed extensively in Appendix C.3.

For reactions involving the indium phosphide quantum dots with the carboxylic acids
discussed in Chapter 4, the quantum dot stock solutions were diluted to 32 ± 3 µM with
tetrahydrofuran, and the carboxylic acids were diluted in tetrahydrofuran to a concentration
of 93.1 ± 0.4 mM. The quantum dots were diluted to a concentration of 8 ± 1 µM in tetrahy-
drofuran for the reactions with phosphonic acids, which were diluted to a concentration of
16.0 ± 0.3 mM. For each injection 10 µL was injected. The concentration of the quantum dot
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solutions were calculated by absorption measurements by Reiss et al.,99 and the issue with
this calculator is discussed extensively in Appendix C.2. For the X-ray diffraction measure-
ments after octadecylphosphonic acid exchange discussed in Chapter 5, after treatment the
solution was washed with acetone in a 3:1 ratio to precipitate the quantum dots, after which
the solution was centrifuged at 5702 RCF for 5 minutes and the supernatant was discarded.
The quantum dots were then resuspended in 1 mL of tetrahydrofuran and the process of
adding acetone and resuspending in tetrahydrofuran was repeated.

B.2 1H Nuclear Magnetic Resonance

Titration Experiments Mirroring Calorimetry Experiments

Measurements were performed on a Bruker Avance 700 instrument. A determined quan-
tity of the quantum dot solutions was dried of solvent in a vial and then resuspended in a
72 ± 2 mM solution of mesitylene in tetrahydrofuran-d8 to the same volume in an argon
glovebox. Titrant solutions were prepared in the same way, resulting in a constant molarity
of mesitylene during measurement. Samples were prepared in oven-dried NMR tubes in an
argon glovebox by adding 0.600 mL of quantum dot solutions in tetrahydrofuran-d8 to the
tubes, and for each titration the sample tube was returned to the glovebox. The chemical
shift was referenced to the α hydrogens in tetrahydrofuran with a chemical shift of 3.580 ppm.
The 90°pulse was calibrated for every measurement, and samples were allowed to relax for
20 seconds between pulses to acquire quantitative ratios between ligands bound to the sur-
face of the quantum dots as well as the mesitylene peaks to calculate ligand concentrations.
Uncertainty in integration areas for peaks was estimated at 5%.

An additional note about these 1H NMR measurements. When available, the vinyl
protons on a ligand like oleate should be used as there is generally less interference with
impurities in this region of the spectrum than the methyl protons, the other easily fit set
of protons. With the isothermal titration calorimetry measurements with the size series
of indium phosphide quantum dots (Chapter 4), as the quantum dots were capped with
straight-chained carboxylates, only the methyl peak was available, but considering the lower
concentrations that were used due to lack of sample, these impurities became problematic.
During titrations, it was observed that the NMR spectra began to show a broad peak centered
around 0.87 ppm, which did not correspond to the bound ligand peak nor the free ligand
peaks (Figures B.1 and B.2). We suspected that there was some contamination present
that was being added during measurement, and this was confirmed by taking spectra of the
solvent (tetrahydrofuran-d8) before and after it had been soaked in a plastic pipette that was
like the one used for titrations (Figure B.2). While some small contamination was present
in the neat solvent, soaking in the pipette introduced a broad peak that had been observed
in the spectra. This contamination was accounted for by fitting a broad peak in that region
during the peak fitting (igure B.1) and this area was not used in calculating the bound ligand
concentration.
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Figure B.1: 1H NMR spectrum showing impurity of the methyl group of myristate and the
fitting of the bound and unbound peaks that make up the spectrum. The raw spectrum is col-
ored black, total fit is dashed grey, bound peak is blue, unbound peak is yellow, and residual
error is red. (A) The spectrum for as-synthesized 3.1 diameter indium phosphide quantum
dots capped with myristate (C14H27O2). (B) The spectrum for 3.1 diameter indium phos-
phide quantum dots capped with myristate (C14H27O2) at an after zinc chloride exchange.
(C) The spectrum for as-synthesized 3.9 diameter indium phosphide quantum dots capped
with stearate (C18H35O2). (D) The spectrum for 3.9 diameter indium phosphide quantum
dots capped with stearate (C18H35O2) after zinc chloride exchange.
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Figure B.2: 1H NMR evidence of pipette contamination. (A) 1H NMR of the
tetrahydrofuran-d8 used to solvate quantum dot samples for 1H NMR measurements, (B)
1H NMR of a tetrahydrofuran-d8 after soaking in a plastic pipette tip similar to the one
used to add zinc chloride during 1H NMR titrations. Note the broad multiplet centered
around 0.875ppm as well as two singlets around 0.975ppm. (C) Spectrum for 3.9 diameter
indium phosphide quantum dots capped with myristate (C14H27O2) after zinc chloride ad-
dition (black). Scaled spectra of THF (purple) and plastic pipette tip left in THF (orange)
relative to sample singlet at 0.975ppm.

Metal Carboxylate Characterization

Characterization of the indium myristate precipitate and synthesized indium myristate
was performed a Bruker Avance 700 instrument in tetrahydrofuran-d8. Characterization of
synthesized cadmium oleate was performed on a Bruker Avance 400.

B.3 Solid State Nuclear Magnetic Resonance

Quantum dot solutions were dried of solvent under vacuum to form a paste. The sample
that was treated with zinc chloride was diluted to the same concentration as the isothermal
titration calorimetry measurements and a proportional amount of zinc chloride ligand solu-
tion was added before drying. Samples were then packed in a ZrO2 rotor under an argon
atmosphere. For measurement, samples were spun at a speed of 10,000 to 40,000 RPM un-
der a flow of nitrogen gas. Cross polarization measurements were performed by exciting 1H
nuclei on the organic ligands and transferring that excitation to the surface phosphorous.
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A1 τ1 A1 τ2 A3 τ3 χ2

InP 4300 ± 234 5.656 ± 0.341 1999.0 ± 55.3 36.703 ± 0.860 308.8 ± 10.3 175.65 ± 3.86 1.180

InP + ZnCl2 4607 ± 193 6.545 ± 0.314 3938.1 ± 60.9 31.022 ± 0.409 648.5 ± 13.7 120.93 ± 1.63 1.076
InP + ZnBr2 4616 ± 198 7.240 ± 0.351 3720.3 ± 64.4 31.641 ± 0.455 451.1 ± 12.2 138.00 ± 2.46 1.094

InP + InCl3 4520 ± 187 6.052 ± 0.283 3444.1 ± 59.5 27.594 ± 0.402 507.7 ± 11.9 119.44 ± 1.88 1.067

Table B.2: Fitting parameters for fluorescent lifetimes of InP quantum dots. Units for the
A terms are given in counts and the time constant units are in nanoseconds.

B.4 Optical Measurements

Absorption Spectroscopy

Stock solutions of quantum dots were diluted in neat solvent by adding typically between
30 and 100 µL of the stock solution to 3 mL of the desired solvent in a 1 cm path length
quartz cuvette prepared in an argon glovebox. The cuvettes were sealed, and absorption
measurements were taken on a Shizmadu UV-3600 spectrometer with a slit width of 1.0 nm
and a scanning speed of 350 nm/minute with a resolution of 1.0 nm and were baselined
corrected to a matched cuvette of pure solvent.

Luminescence Spectroscopy

The luminescence of the quantum dots was measured by a Horiba Jobin Yvon TRIAX
320 Fluorolog or an Edinburgh FLS 980 Spectrometer. Solutions were prepared in an iden-
tical fashion as the absorption measurements and were generally done sequentially on the
same solution. For quantitative measurements of increases or decreases in luminescence
after treatments, the spectra were concentration corrected from absorption measurements,
assuming luminescence is linear with concentration over small changes in concentration.

Fluoresence Lifetime Measurements

Luminescence lifetime measurements were performed on these samples by a Picoquant
Fluotime 300 luminescence spectrometer. Excitation was performed with an LDH-P-C-
405 diode laser set at a wavelength of 407.7 nm, and luminescence was collected with a
PMA 175 detector. The slit width was 1.8 nm with a sample-dependent repetition rate of
876712, 1481481, 1207547, and 1523810 Hz for the untreated sample, sample treated with
zinc chloride, sample treated with zinc bromide, and sample treated with indium chloride,
respectively.

Fluorescent lifetimes were fit to a triple exponential decay of the form:

I(t) =
3∑

i=1

Aie
− t

τi
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Parameters are included in Table B.2, and χ2 values indicating goodness of fit are included
as well.

Photoluminescence Quantum Yield Measurements

Absolute quantum yield measurements were performed by a custom-built spectrometer,
the details of which have been published elsewhere,235 or in the case of the cadmium sulfide
nanocrystals, an Edinburgh FLS 980 Spectrometer equipped with an integrating sphere.
Solutions were transferred in an argon glovebox to a cylindrical, capped quartz cuvette for
measurement.

Fourier Transform Infrared Spectroscopy

Infrared absorption measurements of the metal carboxylates was performed by a Bruker
IFS 66v/S vacuum FT-IR between 1000 and 4000 cm-1. Several milligrams of sample were
dissolved in 2 mL of carbon tetrachloride and this solution was placed as a thin film between
CaF2 salt plates for measurement. Background measurements were performed on neat carbon
tetrachloride.

B.5 X-ray Photoelectron Spectroscopy

Quantum dot solutions recovered from isothermal titration calorimetry measurements
were cleaned in an argon glovebox by adding anhydrous acetone in a 2:1 acetone to solution
mixture to precipitate the nanocrystals, after which they were centrifuged and resuspended
to their original volume in anhydrous hexanes. This procedure was repeated to remove any
excess metal halides or organic ligands, both of which are soluble in the tetrahydrofuran/ace-
tone and hexane/acetone mixture. The solutions were then drop-cast onto small pieces of
silicon wafers that had been soaked the hexane, and then acetone, and then cleaned for 1
minute in a UV plasma cleaner in vacuum. Samples were measured on a Thermo Fisher
Scientific K-Alpha Plus XPS instrument and exposed to atmosphere only during sample
mounting. Samples were irradiated with aluminum K-α X-rays with an energy of 1.487 keV.
Survey spectra were collected with electron energies up to 1350 eV, and element specific spec-
tra were collected as well in narrow energy ranges. Unfortunately, due to measurement errors
in XPS and the very low concentrations of the metal halide salts quantitative information
about the elements was impossible.
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In:P Zn:In
InP 1.43 -

InP + ZnCl2 1.37 0.067
InP + ZnBr2 1.37 0.056
InP + InCl3 1.46 -

Table B.3: ICP-OES measurements on metal halide treated InP quantum dots.

B.6 Inductively Coupled Plasma Optical Emission

Spectroscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements were
performed using a Perkin Elmer ICP Optima 7000 DV Spectrometer. For measurements of
samples treated with metal halides, samples were washed twice with acetone and resuspended
in hexane after treatment to remove free indium myristate and excess metal halides. Samples
were then dried of hexane under vacuum and dissolved in Optima for Ultra Trace Elemental
Analysis 67–69% nitric acid, then diluted. Standard solutions of indium, phosphorus, zinc,
and cadmium ions were prepared at concentrations of 25, 5, 1, 0.5, and 0.1 ppm, and all
solutions were analyzed. For the cadmium oxide samples, the mass of dried nanoparticles
was recorded to measure mass percent cadmium.

The results of the measurement of indium phosphide treated with metal halides are
recorded in Table B.3 and show a slight decrease in the ratio of indium to phosphorus after
treatment with the zinc halide salts. The slight increase in the indium to phosphorous
ratio after treatment with indium chloride is attributed to the stronger binding strength of
indium chloride to the quantum dots than indium myristate, and indium myristate is likely
lost during the washing process. Results of measurements on samples used in the surface
and interface energy measurements are found in Table B.4.

B.7 X-ray Diffraction

Powder X-ray Diffraction

Quantum dot solutions were drop-cast onto a single crystal silicon wafer from high vapor
point solvents such as tetrahydrofuran and hexanes. Samples varied in thickness, but a visible
coating of material obscuring the underlying silicon was the goal. They were allowed to dry
quickly to prevent superlattice formation of the nanocrystal powder and instead produce
randomly oriented nanocrystals. Measurements were done on a Bruker D2 Phaser instrument
and samples were irradiated with copper K-α X-rays with a wavelength of 1.5418 Å. Spectra
were collected at angles between 10°and 70°2θ under ϕ angular rotation of 72°/s. Spectra
were baselined using a rubber-band baseline construction using a spectrum of the blank
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Sample In:P In:Zn Zn:S Cd:S Pb:S Cd%
InP 532 1.34 ± 0.01 - - - - -
InP 554 1.40 ± 0.09 - - - - -
InP 576 1.28 ± 0.04 - - - - -
InP 585 1.3 ± 0.1 - - - - -
InP 600 1.22 ± 0.03 - - - - -

InP/ZnS 493 1.35 ± 0.05 0.30 ± 0.01 1.86 ± 0.06 - - -
InP/ZnS 538 1.28 ± 0.03 0.364 ± 0.003 2.14 ± 0.08 - - -
InP/ZnS 548 1.24 ± 0.05 0.35 ± 0.01 2.17 ± 0.09 - - -
InP/ZnS 566 1.26 ± 0.07 0.37 ± 0.009 1.89 ± 0.06 - - -
InP/ZnS 608 1.11 ± 0.03 0.34 ± 0.01 1.66 ± 0.05 - - -

ZnS 253 - - 1.81 ± 0.09 - - -
ZnS 266 - - 1.64 ± 0.07 - - -
ZnS 274 - - 1.47 ± 0.06 - - -
ZnS 275 - - 1.57 ± 0.06 - - -
ZnS 282 - - 1.47 ± 0.05 - - -
CdS 358 - - - 1.8 ± 0.1 - -
CdS 363 - - - 1.7 ± 0.1 - -
CdS 369 - - - 1.71 ± 0.09 - -
CdS 384 - - - 1.62 ± 0.08 - -
CdS 393 - - - 1.55 ± 0.07 - -
PbS 787 - - - - 1.60 ± 0.01 -
PbS 896 - - - - 1.47 ± 0.08 -
PbS 1000 - - - - 1.40 ± 0.07 -
PbS 1271 - - - - 1.27 ± 0.05 -
PbS 1565 - - - - 1.16 ± 0.04 -
CdO 2.00:1 - - - - - 72.6 ± 0.9
CdO 1.00:1 - - - - - 77 ± 2
CdO 0.75:1 - - - - - 80.6 ± 0.8
CdO 0.50:1 - - - - - 80.3 ± 0.7
CdO 0.25:1 - - - - - 83 ± 1

Table B.4: Elemental ratios of samples used in dissolution calorimetry experiments. Sam-
ples are given labels based on the wavelength in nanometers of the first exciton peak in
the absorption spectrum except in the case of cadmium oxide nanocrystals, and instead the
ratio of bis(trimethylsilyl)amine to cadmium acetylacetonate is used. Count refers to the
number of nanocrystals whose area was measured. Note that the indium phosphide samples
for shelling with zinc sulfide were not measured by ICP-OES elemental analysis.
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silicon wafer as a guide. For the elevated temperature dependent powder X-ray diffraction,
a custom holder was built to fit the Bruker D2 Phaser instrument using a thermocouple and
heating element beneath the silicon wafer.

For the high temperature dependent powder X-ray diffraction, quantum dot solutions
were dried into a thick paste in the sample holder. The X-ray diffraction patterns of the
samples were collected using a Rigaku MiniFlex 6G X-ray diffractometer with a copper K-α
radiation (λ = 1.5418 Å). The voltage and current were 40 kV and 15 mA respectively. The
scanning rate was 5 °C/min in the range of 2θ from 10°– 40°.

Solution X-ray Diffraction

Indium phosphide quantum dot solutions were dried of anhydrous tetrahydrofuran in an
argon glovebox and resuspended to a concentration of approximately 0.5 mM in anhydrous
toluene. These solutions were loaded into 1 mm inner diameter/1.1 mm outer diameter
polyimide tubes that were sealed with tapered plastic plugs and mounted on top of the silicon
wafer using Scotch tape to adhere the ends of the tube to the wafer holder. Measurements
were performed on a Bruker D2 Phaser instrument and samples were irradiated with copper
K-α X-rays with a wavelength of 1.5418 Å. The air-scatter screen above the wafer was
set to 1 mm, which allowed it to sit directly on top of the parallel polyimide capillary.
Spectra were collected at angles between 5°and 70°2θ, and points were taken every 0.03°2θ
and measurements were averaged for 36.0 s at each point. Spectra were baselined using a
rubber-band baseline construction.

Due to significant scattering in the desired regions, careful background subtraction of
a sample of anhydrous toluene were performed using a custom least squares curve fitting
program. The spectrum of the anhydrous toluene was subtracted from the sample spectra
using a varying weight parameter, and Gaussian peaks centered at the inorganic reflections
were also fit. Consistently an additional fitting peak was required to get an optimal fit
around 17°2θ, which is attributed to the organic ligands on the surface of the quantum dots.

B.8 Drop Solution Calorimetry

Calorimetry measurements were performed on a Setaram C80 calorimeter with custom
built quartz reaction cells (Figure B.3). The sample and reference cells were filled with 5
mL of 37% hydrochloric acid each and were maintained at a temperature of 25 °C. After
approximately 10 hours of equilibration, samples were dropped into the sample chamber and
the heat flow recorded. Measurements were typically completed and the heat flow returned
to baseline after approximately 10 hours, depending on the sample. For the measurement
of bulk materials, samples were dropped as pieces or chunks, while for the nanocrystal
samples, solutions of the colloidal nanocrystals were dropcast onto a Teflon platform from
hexanes until approximately 5–10 mg had been deposited, and then the sample was placed
under a vacuum at 60 mTorr for 30 minutes before the final mass deposited was recorded.
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Figure B.3: Schematic of Setaram C80 calorimeter and using a Teflon platform to deposit
nanocrystals and dissolve them in hydrochloric acid.
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Sample Mass Mass OA Enthalpy Protonation Enthalpy Enthalpy MW Molar Surface Area Enthalpy

(mg) (mg) (mJ) (mJ) (J/g) (g/mol) (m2/mol) (kJ/mol)

InP 532 5.80 3.00±0.02 2800 78±7 760±80 158±2 56000±1000 120±10

InP 554 5.12 2.33±0.02 2600 60±5 680±80 160±10 54500±900 110±20

InP 576 5.78 2.88±0.02 2400 75±6 600±80 156±5 44000±1000 90±10

InP 585 4.05 1.79±0.02 1900 46±4 600±100 160±10 45000±1000 90±20

InP 600 5.56 2.55±0.02 2100 66±6 470±80 154±4 41300±800 70±10

InP/ZnS 493 4.99 1.89±0.02 5400 49±4 5300±300 158±6 69000±2000 830±60

InP/ZnS 538 4.97 1.90±0.02 4800 49±4 4000±200 156±4 53000±800 620±40

InP/ZnS 548 4.84 2.11±0.02 4700 55±5 4700±300 155±6 52000±2000 730±60

InP/ZnS 566 5.09 1.80±0.02 4400 47±4 3500±200 155±8 46000±600 540±50

InP/ZnS 608 4.61 1.49±0.02 3600 39±3 3200±300 150±4 35500±800 480±40

ZnS 253 8.43 5.79±0.03 3200 150±10 900±90 107±5 63000±1000 100±10

ZnS 266 4.67 2.98±0.02 2100 77±7 800±100 106±4 59000±1000 90±20

ZnS 274 6.06 3.86±0.02 2400 100±9 800±100 104±4 55000±1000 80±10

ZnS 275 6.01 3.68±0.02 2600 95±8 800±100 105±4 57000±1000 90±10

ZnS 282 9.19 5.15±0.04 3800 130±10 760±60 104±3 53900±800 79±7

CdS 358 5.36 3.32±0.02 2600 86±7 900±100 170±10 81000±2000 160±20

CdS 363 5.85 3.63±0.02 3000 94±8 1000±100 165±9 74000±3000 170±20

CdS 369 5.86 3.54±0.02 2500 92±8 800±100 166±9 73000±2000 130±20

CdS 384 5.18 2.98±0.02 2600 77±7 900±100 163±8 66000±1000 150±20

CdS 393 4.79 2.64±0.02 2200 68±6 700±100 162±7 62000±2000 120±20

PbS 787 5.72 2.41±0.02 2700 62±5 600±70 280±20 66000±1000 170±20

PbS 896 6.83 2.64±0.03 2400 69±6 420±60 270±10 54100±700 120±20

PbS 1000 6.40 2.35±0.03 2900 61±5 550±60 270±10 55900±700 150±20

PbS 1271 10.55 3.13±0.04 3000 81±7 320±30 260±10 39800±800 82±9

PbS 1565 11.86 2.36±0.05 3100 61±5 260±10 252±8 28200±800 65±7

CdO 2.00:1 8.02 1.49±0.03 -7300 39±3 -1220±40 140±20 11000±200 -170±20

CdO 1.00:1 5.00 0.76±0.02 -4000 20±2 -1080±60 140±40 10800±300 -150±40

CdO 0.75:1 7.59 0.65±0.03 -7500 17±2 -1160±30 130±10 7100±200 -150±10

CdO 0.50:1 6.02 0.66±0.02 -5900 17±2 -1210±40 140±10 4860±90 -170±20

CdO 0.25:1 12.95 0.74±0.05 -14400 19±2 -1230±20 130±10 2400±100 -160±20

Table B.5: Calorimetry data for the nanocrystal samples. Samples are given labels based
on the wavelength in nanometers of the first exciton peak in the absorption spectrum except
in the case of cadmium oxide nanocrystals, and instead the ratio of bis(trimethylsilyl)amine
to cadmium acetylacetonate is used. The mass recorded has an error of 0.01 mg, and mass
of oleate (OA) was determined by CHNS elemental analysis. The calculated error for the
enthalpy measurements is 165 mJ.

Background measurements of the Teflon platform dropped into 37% hydrochloric acid were
performed, measuring at an average of 600 mJ with a standard deviation of 165 mJ, and
these measurements were used for the error on individual measurements from the calorimeter.
Data on samples used for surface and interface energy measurements are found in Table B.5
and B.6, and measurements on bulk materials and references for thermodynamic cycles can
be found in Table B.7.

B.9 Electron Microscopy

Transmission Electron Microscopy

Imaging of nanocrystals was done on a FEI Technai T20 S-TWIN TEM operating at
200 kV with a LaB6 filament. Ultrathin or holey carbon TEM grids were typically used to
increase contrast in the images.
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Sample Mass ZnS QDs ZnS Shell ZnS QDs
(mg) (mJ) (mJ)

InP/ZnS 493 - 1020±50 -
InP/ZnS 538 - 990±40 -
InP/ZnS 548 0.111±0.009 820±40 70±6
InP/ZnS 566 0.23±0.01 950±50 159±8
InP/ZnS 608 0.27±0.01 760±30 147±7

Table B.6: Extra calorimetry data for the core/shell nanocrystal samples. Samples are
given labels based on the wavelength in nanometers of the first exciton peak in the absorption
spectrum. For the three largest indium phosphide/zinc sulfide core/shell nanocrystal samples
that had detectable zinc sulfide contamination, the calculated mass of the excess zinc sulfide
material is reported.

Material Mass Enthalpy Enthalpy Experimental ∆Hf Reference ∆Hf Reference
(mg) (mJ) (kJ/mol) (kJ/mol) (kJ/mol)

In(s) 167.7±0.1 -248600 -170.2±0.2 - - -
Zn(s) 42.1±0.1 -106300 -165.1±0.5 - - -
Cd(s) 178.1±0.1 -200700 -126.6±0.1 - - -
PH3(g) - - - - 5.47±0.4 236

H2S(g) - - - - -20.6±0.5 237

H2O(l) - - - - -285.83±0.04 237

InP(s) 243.6±0.1 -143700 -86.0±0.1 -78.7±0.4 -69±3 238

ZnS(s) 40.6±0.1 2100 5.0±0.4 -190.7±0.8 -207±4 239

CdS(s) 75.4±0.1 400 0.8±0.3 -148.0±0.6 -148±4 239

PbS(s) 37.2±0.1 -2800 -18±1 - -98±4 239

CdO(s) 62.3±0.1 -75600 -155.8±0.4 -256.6±0.5 -255.7±2 240

Zn(OAc)2(s) 71.29±0.01 -17100 -43.9±0.4 - -1078.6±0.1 241

Cd(OAc)2(s) 20.22±0.01 -6400 -73±2 -1011±2 - -
Cd(OA)2(s) 6.47±0.01 -700 -70±20 - - -
OAc-(aq) - - - - -486.01±0.1 242

HOAc(aq) - - - -478.7±0.3 - -

Table B.7: Calorimetry data for bulk materials measured and reference data used. The
calculated error for the enthalpy measurements is 165 mJ.
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Scanning Transmission Electron Microscopy

STEM imaging of the nanocrystals was performed on the FEI TitanX 60-300 microscope
at the National Center for Electron Microscopy, Lawrence Berkeley National Laboratory.
STEM was performed at 300 kV with a beam convergence semiangle of 10 mrad using a
Fischione HAADF detector with an inner collection half angle of 36 mrad.

High-Angle Annular Dark-Field Scanning Transmission Electron
Microscopy

Energy-dispersive X-ray spectroscopy imaging was done on a Zeiss LIBRA. Ultrathin
carbon TEM grids were used to increase contrast in the images.

B.10 Sizing Image Analysis for Surface Energy

Calculations

While some nanocrystal samples appeared fairly spherical, such as the zinc sulfide, cad-
mium sulfide, and lead sulfide nanoparticles (Appendix A), which made for easy sizing and
calculation of the radius, surface area, and volume of the nanoparticles, some indium phos-
phide samples, some indium phosphide/zinc sulfide core/shell samples, and the cadmium
oxide samples were less spherical (Appendix A). To accurately measure the surface area of
all of these particles, regardless of how spherical they were, the projected areas were mea-
sured free hand. Using Cauchy’s surface formula, it was assumed that the large number of
nanoparticles measured were equivalent to random orientations of a convex, non-spherical
object, and multiplying these areas by four gave an estimation of the surface area.243 From
this, a radius and volume was then estimated (see Table B.8). Although assumptions must
be made, and not all of the nanocrystals were convex (some of the indium phosphide/zinc
sulfide and cadmium oxide particles) based on the size distributions developed, the large
number of particles analyzed, and the surface energy fitting, we conclude that this method
is adequate. As the measurement of the enthalpy was done on an ensemble of particles, only
the average molar surface area was important, and as nearly all size distributions appeared
to follow a Gaussian distribution, the standard error in the average molar surface area is
equal to the standard deviation of the molar surface area divided by the square root of
the number of particles measured. However, for three of the indium phosphide/zinc sulfide
core/shell nanocrystal samples and one of the cadmium oxide nanocrystal samples, the dis-
tribution was not Gaussian. In some of the core/shell samples it was evident that secondary
nucleation of zinc sulfide had occurred, creating a second population of nanocrystals, and
one sample of cadmium oxide had two populations. For the cadmium oxide samples, the
actual molar surface area is relatively unimportant as the measured enthalpy does not signif-
icantly change with molar surface area, and so this was ignored. As can be seen from some
of the sizing measurements of the indium phosphide/zinc sulfide core/shell samples, there
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Sample Count Radius (nm) Surface Area (nm2) Volume (nm3)
InP 532 500 1.57 ± 0.01 31.8 ± 0.4 17.3 ± 0.3
InP 554 501 1.63 ± 0.008 33.9 ± 0.3 18.9 ± 0.3
InP 576 502 1.95 ± 0.01 49.1 ± 0.7 33.5 ± 0.7
InP 585 501 1.93 ± 0.01 47.6 ± 0.6 31.8 ± 0.6
InP 600 512 2.14 ± 0.01 58.2 ± 0.6 42.7 ± 0.7
InP 493 170 1.28 ± 0.01 21.0 ± 0.4 9.3 ± 0.3
InP 538 1087 1.656 ± 0.007 35.1 ± 0.3 20.1 ± 0.2
InP 548 215 1.68 ± 0.02 36.4 ± 0.7 21.3 ± 0.6
InP 566 1000 1.919 ± 0.008 47.1 ± 0.4 31.0 ± 0.3
InP 608 506 2.55 ± 0.02 83 ± 1 73 ± 1

InP/ZnS 493 518 2.21 ± 0.01 61.7 ± 0.5 46.3 ± 0.6
InP/ZnS 538 503 2.34 ± 0.01 70.2 ± 0.7 56.5 ± 0.9
InP/ZnS 548 504 2.59 ± 0.01 85.2 ± 0.8 75 ± 1
InP/ZnS 566 905 2.59 ± 0.01 85.6 ± 0.7 76 ± 1
InP/ZnS 608 504 3.15 ± 0.02 125 ± 1 134 ± 2

ZnS 253 500 1.094 ± 0.007 15.3 ± 0.2 5.8 ± 0.1
ZnS 266 505 1.156 ± 0.008 17.1 ± 0.2 6.9 ± 0.1
ZnS 274 510 1.244 ± 0.008 19.8 ± 0.2 8.6 ± 0.2
ZnS 275 500 1.211 ± 0.007 18.7 ± 0.2 7.8 ± 0.1
ZnS 282 834 1.312 ± 0.006 22.0 ± 0.2 9.9 ± 0.1
CdS 358 509 1.069 ± 0.007 14.7 ± 0.2 5.5 ± 0.1
CdS 363 295 1.15 ± 0.01 17.2 ± 0.3 7.0 ± 0.2
CdS 369 317 1.185 ± 0.009 18.0 ± 0.3 7.4 ± 0.2
CdS 384 373 1.330 ± 0.009 22.6 ± 0.3 10.3 ± 0.2
CdS 393 312 1.41 ± 0.01 25.4 ± 0.4 12.3 ± 0.3
PbS 787 500 1.394 ± 0.007 24.7 ± 0.2 11.8 ± 0.2
PbS 896 584 1.717 ± 0.007 37.4 ± 0.3 21.8 ± 0.2
PbS 1000 814 1.654 ± 0.006 34.8 ± 0.3 19.6 ± 0.2
PbS 1271 501 2.30 ± 0.01 67.4 ± 0.8 53.3 ± 0.9
PbS 1565 298 3.23 ± 0.03 133 ± 2 149 ± 3

CdO 2.00:1 457 4.14 ± 0.03 220 ± 3 316 ± 6
CdO 1.00:1 208 4.24 ± 0.04 230 ± 4 335 ± 9
CdO 0.75:1 221 6.43 ± 0.06 530 ± 10 1180 ± 30
CdO 0.50:1 394 9.53 ± 0.05 1150 ± 10 3740 ± 60
CdO 0.25:1 175 18.8 ± 0.2 4500 ± 100 30000 ± 1000

Table B.8: Size characterization of samples used in dissolution calorimetry experiments.
Samples are given labels based on the wavelength in nanometers of the first exciton peak in
the absorption spectrum except in the case of cadmium oxide nanocrystals, and instead the
ratio of bis(trimethylsilyl)amine to cadmium acetylacetonate is used. Count refers to the
number of nanocrystals whose area was measured.
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was some contamination of zinc sulfide nanocrystals in three of the indium phosphide/zinc
sulfide core/shell nanocrystal samples. However, as the enthalpy of zinc sulfide nanocrystals
synthesized in a similar fashion as a function of size was previously computed, it was rela-
tively simple to correct for this heat effect. Using the molar masses estimated for the size
series of zinc sulfide and indium phosphide, the mass fraction of the zinc sulfide nanocrystals
was calculated and based on the size and surface area the heat of the dissolution of these
nanocrystals was subtracted from the total measurement, which resulted in a small number
(see Table B.6).

B.11 CHNS Elemental Analysis

Elemental analysis was performed by a Perkin Elmer 2400 Series II combustion analyzer.
A few milligrams of dried sample is weighed and then combusted in oxygen, yielding carbon
dioxide, water, nitrogen, and sulfur dioxide. This gas is passed through a chromatogram,
and the percent mass of each element is calculated. Elemental analysis data for the samples
used in the surface and interface energy measurements is found in Table B.9.

B.12 Other Ligand Exchanges

Hydrofluoric Acid

Treatment with hydrofluoric acid was adapted from the procedure by Kim et al.22 A stock
solution of myristic acid capped quantum dots not prepared with a hydrogen atmosphere
was diluted to 15 mL in hexanes to make a 20 µM solution. In a Teflon vessel, this solution
was added with 15 mL of dimethyl sulfoxide and 52 µL of hydrofluoric acid. The vessel was
sealed with a Teflon cap and a steel pressure vessel and shaken thoroughly for 1 minute. The
vessel was then placed in a boiling water bath for 30 minutes, after which it was allowed
to sit to cool to room temperature. The vessel was opened, and the contents transferred
to a separatory funnel where the solution separated into two layers, a reddish layer on the
bottom and a relatively clear layer on top. Additionally, a red mass formed at the interface of
the two layers, which was attributed to be myristic acid contaminated with residual indium
phosphide quantum dots. The lowest layer was drained and saved while the upper layer was
discarded. The lower layer was placed back into the separatory funnel and 15 mL of hexanes
was added. The funnel was capped and shaken, and the layers were allowed to separate.
After this the process of washing with hexanes was repeated an additional four times.

Oleylamine

For the exchange, 1 mL of the stock solution of indium phosphide quantum dots capped
with stearic acid synthesized in absence of a hydrogen atmosphere was treated with 20 µL
of oleylamine that had been degassed at 90 °C for one hour. The quantum dots were then
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Sample C% H% N% S%
InP 532 39.75 5.83 - -
InP 554 34.92 5.38 - -
InP 576 38.27 5.82 - -
InP 585 33.93 5.03 - -
InP 600 35.26 5.36 - -

InP/ZnS 493 29.04 4.42 - 11.20
InP/ZnS 538 29.36 4.46 - 8.85
InP/ZnS 548 33.52 4.98 - 8.11
InP/ZnS 566 27.22 4.24 - 10.59
InP/ZnS 608 24.87 3.71 - 13.04

ZnS 253 52.46 8.15 - 6.77
ZnS 266 49.04 7.56 - 8.32
ZnS 274 48.96 7.57 - 9.09
ZnS 275 47.06 7.30 - 9.23
ZnS 282 43.02 6.64 - 11.02
CdS 358 47.64 7.30 - 5.12
CdS 363 47.63 7.38 - 5.48
CdS 369 46.36 7.07 - 5.67
CdS 384 44.26 6.76 - 6.35
CdS 393 42.34 6.54 - 6.98
PbS 787 32.35 4.96 - 5.11
PbS 896 29.77 4.56 - 5.84
PbS 1000 28.22 4.33 - 6.29
PbS 1271 22.78 3.60 - 7.66
PbS 1565 15.30 2.44 - 9.42

CdO 2.00:1 14.28 2.08 - -
CdO 1.00:1 11.60 1.83 - -
CdO 0.75:1 6.61 0.97 - -
CdO 0.50:1 8.36 1.23 - -
CdO 0.25:1 4.41 0.65 - -

Table B.9: Elemental analysis of samples used in dissolution calorimetry experiments.
Samples are given labels based on the wavelength in nanometers of the first exciton peak
in the absorption spectrum except in the case of cadmium oxide nanocrystals, and instead
the ratio of bis(trimethylsilyl)amine to cadmium acetylacetonate is used. Count refers to
the number of nanocrystals whose area was measured. The results of the CHNS elemental
analysis for each element is reported, with an assumed error of 0.3%. Note that the indium
phosphide samples for shelling with zinc sulfide were not measured by CHNS elemental
analysis.
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Figure B.4: 1H NMR of indium phosphide quantum dots treated with oleylamine, taken
in toluene-d8. (A) Methyl peak showing little unbound ligand for native stearate capped
indium phosphide quantum dots. (B) Vinyl peak region showing an impurity in the 1H
NMR spectra. (C) Methyl peak showing little unbound ligand for stearate capped indium
phosphide quantum dots with 10% oleylamine exchanged. (D) Vinyl peak region showing
bound oleylamine peak.
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precipitated with 3 mL of acetone, and then resuspended in 1 mL of hexanes. An additional
20 µL of oleylamine was added and then the washing process was repeated 3 more times
without the addition of any more oleylamine.

1H NMR measurements of indium phosphide quantum dots capped with stearate (C18H35O2)
before and after they were washed with oleylamine (C18H37N) give insight to the extent of
the ligand exchange (Figure B.4). The integrations of the areas beneath the peaks with the
oleylamine exchange indicate that approximately 10% of the total ligand coverage is oley-
lamines, or bent ligands. This agrees nicely with the results by Balan et al., which indicate
that the phase transition between the more ordered and less ordered phase of ligands should
be below room temperature for a 10% bent ligand shell, while for 100% straight ligand shell
this transition should occur above room temperature.42
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Appendix C

On the Use of Nanocrystal Size and
Extinction Coefficient Calculators

C.1 Size and Extinction Coefficient Calculation

Background

When working with colloidal nanocrystals, it is essential to know the size of the nanocrys-
tals and the concentration of nanocrystals in a given solution for many applications. Unfor-
tunately, these simple properties of a solution of nanocrystals are less straightforward than
they initially would appear to be, as evidenced by the wide range of literature disputing
methods of calculating them.52,244–248 Perhaps the best method is take take a transmission
electron microscope (TEM) image of the nanocrystals to calculate the size of the nanocrystals
(for which there is invariable a size distribution rather than a uniform size), and then using
quantitative inductively coupled plasma optical emission spectroscopy (ICP-OES) to deter-
mine the concentration of metal ions in a solution, and from the size measurements (with
the density of the nanocrystal) it is possible to calculate the concentration of nanocrystals in
solution. However, beyond the enormous amount of work this method is to calculate these
properties for a single sample, there are significant errors with this method.

First, TEM imaging is not a trivial undertaking. Alignment of the TEM and proper
calibration is crucial, and many images of particles should be taken. Unfortunately it is
surprisingly easy to get a non-representative image of a sample (hopefully unintentionally
rather than intentionally), and people have spent significant time attempting to create au-
tomated image acquisition and analysis of hundreds of particles to alleviate this problem.249

Further, when working with small nanocrystals, particularly of those with low contrast such
as indium phosphide, it can be difficult to determine the edges of the nanocrystal and the
size might be calculated to be smaller than it is in actuality (due to lower density of atoms
at the edges of a spherical particle). An excellent paper by Jasieniak et al. suggest that this
error could be around 0.17 nm for cadmium selenide, and also discusses many of the other
difficulties with determining sizing and extinction coefficients in nanocrystals.244 Further, as
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much as it is convenient to discuss particles as spheres, they are not perfect spheres. While
some particles have better faceting than others,29,32,36,81,182 and many particles can be ap-
proximated as spheres, this assumption is not strictly true, so defining a diameter or a radius
also includes some ambiguity.

Beyond TEM imaging, ICP-OES is more straightforward in terms of measurement, but
the interpretation and use of the data is still challenging in terms of calculating a concentra-
tion of nanoparticles, particularly when the nanocrystals are no longer stoichiometric. For
II-VI and III-V quantum dots, such as cadmium chalcogenides and indium pnictides, they are
often capped with ligands such as carboxylates (or, viewed differently, metal carboxylates)
and thus the metal ion is in greater concentration than the chalcogenide or pnictide.122 How-
ever, the spacing between atoms in a nanocrystal remain the same as bulk crystals,250,251 and
thus the density of the nanocrystal as a whole will be greater than that of the bulk material,
assuming the metal ion is more massive than the chalconide or pnictide. This can potentially
cause error in the determination of the mass of the nanocrystal from the volume calculated
by TEM if the non-stoichiometry is not taken into account.244 Additionally, samples must
be significantly purified of excess ligand that is universally present in the crude synthesis of
nanoparticles, as well as other byproducts,233,246 else the mass calculations will be inaccurate,
and if ligands such as metal carboxylates are present, the metal ion concentration will be
artificially inflated.156,244,246

Due to these difficulties, for quantum dots, the most common method used is simply
take an absorption spectrum of the nanocrystals and use a size and extinction coefficient
calculator to determine the size and concentration of the nanocrystals. These calculators
have been provided in the literature ad nauseam.51,52,99,132,165,244–248,252–254 While it may seem
that this wealth of data would be welcome, disagreement between the calculators are often
significant244–246,255 and it can become difficult to determine which should be used.

Herein lies a discussion and justification on indium phosphide size calculators and cad-
mium sulfide concentration calculators used which proved to be the most relevant for the
work discussed.

C.2 Indium Phosphide Size Calculators

One of the most commonly used size calculators for indium phosphide is the one provided
by Reiss et al.99 In this review paper, size calculators are provided for cadmium sulfide,
cadmium selenide, and cadmium telluride from data reported by Yu et al.,51 and a size
calculator for indium phosphide is provided referencing Dr. Dmitri V. Talapin’s Ph.D.
dissertation.232 The indium phosphide sizing calculator is given as

D = (−3.7707 × 10−12)λ5 + (1.0262 × 10−8)λ4 − (1.0781 × 10−5)λ3

+ (5.4550 × 10−3)λ2 − (1.3122)λ + 119.9

where D is the diameter of the nanocrystal and λ is the wavelength of the first exciton peak
in nanometers, while the equation for the molar extinction coefficient is given as
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ε = 3046.1(D)3 − 76532(D)2 +
(
5.5137 × 105

)
(D) −

(
8.9839 × 105

)
where ε is the molar extinction coefficient. However, these equations are not found in Dr.
Talapin’s Ph.D. dissertation. Rather, there are two plots containing the molar extinction
coefficient as a function of the wavelength of the first exciton peak and as a function of
nanocrystal size.232 A similar plot can be found in the data reported by Adam et al.,83 and
these values also appear to be reported by Talapin et al.231 By extracting the data from
these plots, a sizing curve can be constructed, but this does not match the sizing curve given
by Reiss et al.99 (Figure C.1).

From examining the reported data from multiple sources, including those extracted from
this work (Appendix A.2), it is evident that there are large discrepancies in the reported data,
sometimes by nearly doubling the nanocrystal size based on the wavelength. For this reason,
selection of an appropriate sizing curve is a nontrivial task. As has been observed (Chapter
2), the ligands on the surface of the nanocrystal can shift the first exciton peak absorption
wavelength, but likely only by a few nanometers. Additionally, not all sizing data also
provide extinction coefficient data (Cho et al.,254 Mićić et al.,256 Guzelian et al.257), leaving
fewer options. The calculator provided by Ministro132 seemed to be the superior calculator
as it was the most consistent with the compiled data (including size determination in this
work), myristate was used as the capping ligand, it has been supported by other theoretical
work,248 and as it had both concentration and sizing information. The size calculator is

Eg = 1.35 +
1

(0.119 ± 0.003)D2

where Eg is the energy of the first exciton peak absorption in eV, and D is the diameter of
the quantum dots. The accompanying extinction coefficient calculated used was

ε410 = (1.29 ± 0.06) × 104D3

where ε410 is the extinction coefficient at 410 nm.
Unfortunately, the initial studies on the metal halide treatments with indium phosphide

(Chapter 3) and the ligand length dependence of inter-ligand interactions (Chapter 4) used
the calculator by Reiss et al.99 as this discrepancy had not been detected before publication.
As the work on the size of the nanocrystal influencing inter-ligand interactions (Chapter 4)
and the surface and interface energy measurements (Chapter 6) had not been published, these
studies used the calculator provided by Ministro.132 Significant debate occurred regarding
whether the analysis of the older works should be retroactively corrected for publication of
this dissertation, which this author believes would be more correct but may lead to confusion
as data presented would be different. As the XRD diffraction work only used the size in only
one figure (Chapter 5) and the exact size was not a critical component (rather it was more
of an empirical trend), this figure was corrected to reflect the preferred calculator. As a
compromise for the other published work, the data from the original metal halide work was
reanalyzed for the reaction of indium phosphide with zinc chloride. The Ising models was
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Figure C.1: Indium phosphide sizing data. The data points represent reported experimen-
tally determined sizes by transmission electron microscope (TEM) or scanning tunneling
electron microscope (STEM) imaging as a function of wavelength of the first exciton peak.
Data reported by Cho et al.,254 Xie et al.,252 and Ministro132 also provide fit equations for
the data, while data sets extracted from Mićić et al.,256 Guzelian et al.,257 and Talapin232 do
not provide fit equations. The fit line provided by Reiss is also given.99 Due to the nature
of the empirical curve fitting, curves are not extrapolated past the experimentally provided
data sets.
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∆Hhead ∆HtailAB ∆HtailBB T∆Shead T∆StailAB T∆StailBB
Reiss et al.99 -40.18 13.06 22.78 -25.86 8.90 7.39
Ministro132 -40.46 13.81 22.76 -25.83 9.47 6.72

Table C.1: Comparison of Ising model parameters for different nanocrystal calculators.
Energies given in kJ/mol.

the most critical thing that would change, although ligand coverages were also found to be
fairly different although variable across syntheses (Chapter 4), and thus the difference in
parameters of the Ising model using both calculators is given in Table C.1, and it is observed
the the parameters are not strongly significantly different, so the original published work
was not changed for this dissertation. Additionally, the calculated ligand coverage for the
indium phosphide quantum dots used in Chapter 3 with the calculator from Reiss et al. was
found to be 4.1 ± 1.1 indium myristates/nm2, while the calculated ligand coverage from the
same data using the calculator by Ministro was found to be 3.3 ± 1.0, so at least from an
error standpoint these measurements agree with each other.

C.3 Cadmium Sulfide Concentration Calculators

Regarding the molar extinction coefficient of cadmium sulfide nanocrystals, there is some
ambiguity in the exact value. Several concentration calculation curves have previously been
published by Yu et al.,51 Hamachi et al.,245 and Li et al.246 that yield different results, and
it is difficult to know which is most accurate, particularly as there are significant discrepan-
cies in the published works. For example, raw data published by Hamachi et al.245 in the
supplemental information did not match their initially published concentration calculation
curve or the data presented graphically in the main text, however, a subsequent correction
to the raw data does align with the presentation in the main text although no indication
for why the original data was incorrect was given. However, it appears that the data may
not be significantly different from each other, although with such few data points used the
extinction coefficient fit varies significantly. Additionally, Hamachi et al.245 assumed that
100% of the thiourea was converted to cadmium sulfide nanocrystals during synthesis to
calculate their extinction coefficient, but if this conversion was less than 100%, more cad-
mium sulfide nanocrystals would be assumed than truly present. In the work by Li et al.,246

rather than the absorption value at the first exciton peak, the integrated half peak area
of the first exciton peak is used to account for differences in size distributions in the con-
centration calculator, making the comparison between the different concentration calculator
curves difficult. However, presented data in the supplemental for the extinction coefficient as
a function of wavelength was published, and these data points were converted to a function
of size using their published size calculator. Unfortunately, from our absorption measure-
ment of our particles (Chapter 3) and using the sizing calculator presented in Li et al.,246 we
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calculate a predicted diameter of 2.8 nm for particles whose first exciton peak corresponds
to 428 nm, but this value is different from the ones previously predicted by Yu et al.51 of
4.4 nm and similar previously measured values,51,245 as well as TEM measurements of the
particles synthesized in this work (Appendix A.3), which were measured to be on average
4.3 nm with a sample size of 47 particles. Due to this discrepancy, we chose not to use this
concentration calculator. A complilation of data for calculating the extinction coefficient of
cadmium sulfide nanocrystals can be found in Figure C.2.

Due to this significant uncertainty and comparing the different published results, we
opted to use the sizing and concentration calculator determined by Yu et al.,51 as we did
not notice any significant errors in the presented data and the authors used many data
points (eighteen) in determining the concentration curve rather than the five in the report
by Hamachi et al.245 The sizing correlation function is given as

D = (−6.6521 × 10−8)λ3 + (1.9557 × 10−4)λ2 − (9.2352 × 10−2)λ + 13.29

where D is the diameter of the nanocrsytals and λ is the wavelength of the first exciton
peak. The extinction coefficient calculator is given as

ε = 21536(D)2.3

where ε is the extinction coefficient at the first exciton peak. However, we would like to
emphasize once again the inherent uncertainty in the concentration of nanocrystal solutions,
particularly with smaller quantum dots, and this uncertainty (10%) has been carried through
in the calculations of the data in the main text.
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Figure C.2: Cadmium sulfide extinction coefficient data. This data was published by Yu et
al.,51 Hamachi et al.,245 and Li et al.246 and and included are the extinction coefficient curves
published by Yu et al.,51 Hamachi et al.,245 and Li et al.246 Additionally, the calculated
extinction coefficient of the cadmium sulfide nanocrystals with a 10% error as presented
in this work (Chapters 3 and 4) is included. Note that the original and corrected raw
datasets published by Hamachi et al.245 are included with similarly calculated fits, and
that the concentration curve from Li et al.246 were manipulated from data presented in the
supplemental information with their published sizing calculator to be in the same format as
the other data.
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Appendix D

Theoretical and Computational
Chemistry Methods

Reproduced in part with permission from Calvin, J. C.; Swabeck J. K.; Sedlak, A. B.; Kim,
Y.; Jang, E.; Alivisatos, A. P. “Thermodynamic Investigation of Increased Luminescence in
Indium Phosphide Quantum Dots by Treatment with Metal Halide Salts” J. Am. Chem.
Soc. 2020, 142 (44), 18897–18906. Copyright 2020 American Chemical Society.71

Reproduced in part with permission from Calvin, J. C.; O’Brien, E. A.; Sedlak, A. B.; Balan,
A. D.; Alivisatos, A. P. “Thermodynamics of Composition Dependent Ligand Exchange on
the Surfaces of Colloidal Indium Phosphide Quantum Dots” ACS Nano 2021, 15 (1), 1407–
1420. Copyright 2021 American Chemical Society.121

Reproduced in part with permission from Calvin, J. C.; Kaufman, T. M.; Sedlak, A. B.;
Crook, M. F.; Alivisatos, A. P. “Observation of Ordered Organic Capping Ligands on Semi-
conducting Quantum Dots via Powder X-ray Diffraction” Nat. Commun. 2021, 12, 2663
under a Creative Commons license CC BY 4.0.135

D.1 Ising Model Simulations

Metal Halide Ligand Exchange

To simulate the 1H NMR and isothermal titration calorimetry results, a modified Ising
model was used.10 For this model, the initial conditions were set so that every grid point was
given an organic ligand designation, in a square or rectangular grid such that the number
of sites was close to the number of sites determined by 1H NMR, with a given number of
organic ligands being designated as free also determined by the experimental 1H NMR results.
Periodic boundary conditions ensured that each lattice point had four nearest neighbors.
Some amount of inorganic ligand was introduced to the system (e.g., 100 inorganic ligands),
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and a random point on the grid was selected. After the point was selected, the ligand that the
attempted exchange would occur with was selected randomly from the pool of free ligands.
For a ligand exchange, the difference in ∆G was calculated as

∆G = ∆Hhead + ∆Htail + ∆HPT − T∆Shead − T∆Stail − T∆SPT

where ∆Hhead was the difference in binding energy for the head group, ∆Htail was the dif-
ference in nearest-neighbor interactions, T∆Shead was the entropy gain from the organic
ligand becoming free in solution, and T∆Stail was the difference in nearest-neighbor order-
ing. For the metal halide exchange with stearate capped indium phosphide nanocrystals, the
phase transitions terms (∆HPT and T∆SPT) were also included. The probability of a ligand
exchange was given by

P = e−∆G/kBT

if ∆G was positive. If ∆G was negative, the exchange was accepted. If the ligand at the
grid point was identical with the attempted exchange (e.g., ∆G was zero), there was no
change to the grid for that attempt. For each simulation, 10,000 ligand exchanges were
attempted to simulate the system being at thermal equilibrium, and for each amount of in-
organic ligand the simulation was run 100,000 times. After the simulation was run, the total
enthalpy change was computed for the grid and then averaged across all grids run with the
same amount of inorganic ligand. Next, the change in enthalpy between subsequent groups
of grids was computed (e.g., the enthalpy change between the average of grids having 110
inorganic ligands and 100 inorganic ligands) to mimic isothermal titration calorimetry titra-
tions. These enthalpy changes were then divided by the difference in amounts of inorganic
ligands to compute the enthalpy measured in kJ/mol and plotted as a function of inorganic
ligands/nanocrystal. The fraction of unbound organic ligand was found similarly, where the
fraction of free organic ligands after the simulation was averaged across the 100000 runs.

Cadmium Oleate Ligand Addition

A modified Ising model simulation was used to fit thermodynamic parameters of the
ligand addition. A 15x14 grid of lattice sites was used to represent the nanocrystal surface
for a total of 210 lattice sites, similar to the maximum cadmium oleate ligand density cal-
culated from 1H NMR measurements of 211 ± 21 per quantum dot for the cadmium sulfide
nanocrystals. Periodic boundary conditions ensured that each lattice point had four nearest
neighbors. At the beginning of the simulation, each lattice point was designated to be empty,
and a certain number of ligands was introduced to the system free pool, representing ligands
free in solution. As the exchange continued, the concentration of free ligands decreased,
and this was represented by replacing ligands in the free pool with empty values. A Monte
Carlo algorithm was used to randomly select a lattice site on the grid and a random ligand
from the free pool, and the Gibbs free energy of the addition (or removal) of the ligand was
calculated. If a site on the nanocrystal was selected and the ligand from the free pool was
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the same designation, no exchange occurred. If these values were different, the change in
Gibbs free energy was computed by the following equation:

∆G = ∆Hhead + ∆Htail − T∆Shead − T∆Stail

The values for ∆Hhead and T∆Shead are the change in the enthalpy and entropy for adsorption
or removing a ligand, while the values of ∆Htail and T∆Stail were computed from the local
environment of four nearest neighbors and represent the inter-ligand interaction enthalpy
and entropy. The probability of the ligand exchange happening is given by:

P = e−∆G/kBT

and after the exchange occurs or is rejected, another site is selected. Each nanocrystal
surface was iterated over 10,000 times to simulate thermal equilibrium with a given number
of ligands. At this point, the change in the enthalpy and Gibbs free energy of the surface with
respect to the empty lattice was calculated, as well as the total number of adsorbed ligands.
These calculations were then averaged 100,000 times for a given number of exchange ligands.
To simulate the isothermal titration calorimetry data, the change in enthalpy between a given
number of exchange ligands was calculated and plotted. The values for the thermodynamic
parameters were optimized to match the observed isothermal titration calorimetry and 1H
NMR data.

Carboxylic Acid Exchanges

To model the surface of the nanocrystals to gain insight from the 1H NMR and isothermal
titration calorimetry measurements, a modified Ising simulation was used. For this simula-
tion, a 20x20 grid was used with periodic boundary conditions to represent the surface of
the nanocrystal, and for the simulations for the palmitate and myristate, each grid point was
given the designation of having a straight-chain ligand bound to the surface. To simulate
the lower ligand coverage for the quantum dots capped with stearate, 120 empty sites were
randomly distributed to the grid, with the remaining sites designated as having a stearate
bound to them. To match the NMR results, free straight-chain ligands were also added to
the initial pool of free ligands and represent the bound/free equilibrium between indium
carboxylates in solution and on the surface of the quantum dots. This number of initial
free ligands was determined by the concentration of free ligands from the methyl peak of
the 1H NMR before any exchange ligands had been added. Because empty binding sites
on the native stearate surface are filled via X-type binding, the number of free ligands was
not allowed to drop below this minimum for the stearate simulation. For each simulation,
a certain number of exchange ligands were introduced to the system (e.g. 100 free oleate
ligands). Using a Monte Carlo algorithm, a random spot on the grid was selected as well as a
random ligand from the pool of free ligands, accounting for back reactions as a straight-chain
ligand could be selected. If the grid point selected and the free ligand selected had the same
ligand, no reaction occurs. The Gibbs free energy change for the ligand exchange is given by
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∆G = ∆Hhead + ∆Htail − T∆Shead − T∆Stail

where ∆Hhead is the difference in binding energies of the head groups, ∆Htail is the difference
in van der Waals interactions between the ligands, T∆Shead is the difference in entropy of the
head groups, and T∆Stail is the difference entropy caused by interactions between nearest
neighbor ligands. The probability of the ligand exchange happening is given by

P = e−∆G/kBT

and the surface is iterated over 10,000 times to simulate the reaction being at equilibrium.
After the surface is at equilibrium, the fraction of unbound ligands was calculated as well as
the net change in energy from the natively passivated surface, and this process was averaged
100,000 times for a given number of exchange ligands. To simulate the data obtained from
isothermal titration calorimetry, the difference in energy of averaged simulations for a given
number of initial ligands was calculated and plotted to mimic titration measurements.

D.2 Restriction of Internal Rotations of Aliphatic

Chains

From the Ising model simulations, it was evident that a entropic inter-ligand tail inter-
action was needed to effectively fit the model. The initial justification for this was that if
the ligands on the surface were packed tightly then they would likely lose some entropy due
to their motion being restricted. To test this hypothesis, structures were built in Gaussian
16. To simulate the close packing of ligands on a nanocrystal surface, a lattice of indium
atoms was created and fixed in place. Three myristate ligands were bound to each indium
atom, and the indium myristate structures were brought as close as possible together without
overlapping bonds or atoms; then, the myristate ligands were placed parallel to each other.

Using Maestro, the indium myristate clusters were subjected to a conformational search
using universal force field (UFF) while fixing the positions of the indium atoms. After
the potential energy of the structure had been optimized to a minimum, the structure was
imported back into Gaussian 16 for calculations. For the free ligand structure, the structure
was optimized using the ωB97XD DFT method with def2-SVPP basis sets for the aliphatic
carbons and hydrogens, def2-SVPD basis set for the carbons and oxygens in the carboxylate,
and the def2-TZVP basis set with an effective core potential for the indium. For the clustered
indium myristate, the indium atoms were fixed in place as well as all of the myristates
except the central indium myristate structure (see Figure D.1 for images of structures). The
structure of the central myristate was optimized using the same method and basis sets. From
the optimized structures, the entropy of the structures was calculated by DFT vibrational
analysis.
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Figure D.1: Gaussian 16 images of indium myristate. (A) Free indium myristate and (B)
constrained indium myristate.
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D.3 Powder X-ray Diffraction Simulations

To test the hypothesis that the observed peak around 1.4 Å-1 in the powder X-ray diffrac-
tion data of the indium phosphide nanocrystals could be attributed to ordered ligands on
the surface of the quantum dots, models of indium phosphide nanocrystals were built and
their powder X-ray diffraction patterns simulated. First, the crystal structure of indium
phosphide was downloaded (Crystallographic Information File, or CIF) from the Cambridge
Crystallographic Data Centre (CCDC), although the Materials Project Database (MPD)
was typically used to find the Inorganic Crystal Structure Database (ICSD) identification
number. As a side note, the CIF can be directly downloaded from MPD quite easily, but
this structure is wrong. It is wrong because the crystal structure is computed using DFT,
but due to limitations with DFT, it does not accurately calculate the bond lengths, and
while qualitatively the structure is correct, this inaccuracy will lead to a significant shift in
the X-ray diffraction pattern.

This CIF file can be opened in a program like Visualization for Electronic and Structural
Analysis (VESTA), and using boundary restrictions with cutoff planes for crystal indices,
nanocrystals with faceted structures can be created of various sizes. For ease, tetrahedrons
of indium phosphide were made, although from TEM and STEM images (Appendix A.2)
they are obviously not perfect tetrahedrons. Once the structure was created, it was imported
into Gaussian 16 where myristate (C14H27O2) ligands could be arranged on its surface at a
density of 8 myristates/nm2 where the chains were straight and the ligands evenly spaced.
This density of ligands created a peak around 1.4 Å-1, and it had reasonable good agreement
with the previously determined ligand coverage of 12.3 ± 3.3 myristates/nm2 from 1H NMR
measurements in conjunction with sizing and extinction coefficient calculators. Of course, it
was later determined that the sizing and extinction coefficient calculator used99 was grossly
incorrect (Appendix C.2), and it was rather found that the ligand coverage was closer to
9.9 ± 3.5 myristates/nm2 using the the extinction coefficient and sizing calculator provided
by Ministro,132 and fortunately this makes the density of ligands that used for the X-ray
diffraction simulations appear more reasonable.

Once this structure was made, it was saved as an XYZ type file and run in the Python
program DebyeByPy written by Trigg and available on GitHub.258 From there the structure
could be modified and the impacts observed on the X-ray diffraction pattern. Intensities (I)
as a function of the scattering length vector (q) in units of Å-1 were calculated using the
Debye formula

I(q) =
∑
i

∑
j

fi(q)fj(q)
sin (qrij)

qrij

where the sums are over all of the atoms, f is the angle-dependent scattering factor calculated
by Hartree-Fock wavefunctions by Cromer and Mann, and r is the distance between atoms
in Å.142,250 The scattering length vector was converted to 2θ using the formula
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2θ = 2 arcsin

(
qλ

4π

)
where λ is the wavelength of incident X-rays (1.541 Å) for plotting against experimental
data. One note about the program is that the computational time scales exponentially
with the number of atoms in the structure, as with each atom added the sum must contain
N (where N was the original number of atoms) more terms, so larger structures will take
considerably more time. Attempts were made to simulate powder X-ray diffraction patterns
of larger nanocrystals as part of a project centered around determining shape distributions
using X-ray diffraction simulations that was ultimately abandoned, and this was successfully
done in a reasonable time frame by using a different program.259

D.4 Molecular Dynamics Simulations of Aliphatic

Chains

Closely related to the powder X-ray diffraction simulations were the molecular dynamics
simulations of the organic ligand shell. When the ligands were originally placed on the sur-
face, they were perfectly ordered with uniform density. The molecular dynamics simulations
attempted to determine if a more physically realistic system would also result in a simu-
lated X-ray diffraction peak around 1.4 Å-1. The structure was imported into Maestro using
Desmond. Unfortunately, molecular dynamics simulations on the entire structure were un-
successful, and this was attributed to the indium atoms and possibly the phosphorus atoms
in the structure. The next attempt was to remove these atoms and lock the oxygen atoms in
place and run molecular dynamics simulations, but this was also unsuccessful, attributed to
the proximity of the oxygen atoms to each other and the unbalanced charges. The final and
successful attempt involved removing all of the oxygens and replacing the carboxylate group
with a methyl group, and then fixing those terminal carbon atoms in place. Under these con-
ditions the molecular dynamics simulations could run, albeit only at certain temperatures,
reasons for this being unknown.

Structures were prepared via the System Builder using the OPLS2005 force field. For the
simulation, terminal methyl carbons near the interior of the structure were fixed with a force
constant of 100 kcal mol-1 Å-1. Simulation temperature was selected, and the simulation was
run for 1.2 nanoseconds with a recording interval of 4.8 picoseconds. After simulation, the
resulting structure was exported into Avogadro, the carboxylates were reinstated as well as
the indium phosphide core for powder X-ray diffraction simulation.

D.5 Thermodynamics of Cadmium Complexes

Correcting the experimental isothermal titration calorimetry data to yield the binding
enthalpy of cadmium oleate to the surface of cadmium sulfide quantum dots required the use
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TZ SCF QZ SCF Infinite SCF TZ Corr. QZ Corr. Infinite Corr. Total Energy

CdOAc2 -623.928860 -624.146738 -624.176749 -2.351931 -2.545045 -2.688092 -626.864841

CdOAc2THF2 -1088.105863 -1088.454153 -1088.502126 -4.368026 -4.671497 -4.896290 -1093.398415

CdOAc2THF4 -1552.247743 -1552.725353 -1552.791138 -6.397799 -6.810832 -7.116783 -1559.907921

THF -232.063247 -232.128922 -232.137968 -0.996088 -1.051048 -1.091758 -233.229726

Table D.1: Raw CCSD(T) energy calculations of metal complexes and THF used to calcu-
late dative bond energies with the automatic extrapolation energies to an infinite basis set.
Corr. stands for correlation. Energies in Hartrees.

of computational calculations. Molecules of cadmium oleate, cadmium acetate, cadmium ac-
etate di-tetrahydrofuran, cadmium acetate tetra-tetrahydrofuran, and tetrahydrofuran were
built in IQmol. The CCSD(T) (coupled cluster single-double and perturbative triple) com-
putational method was selected to calculate the energies due to its high accuracy, but for the
geometry optimization and cadmium oleate structure these methods were too time consum-
ing, so structures were then geometrically optimized in ORCA using density functional theory
(DFT) with the ωB97X-V functional, the def2-QZVPD basis set, and Grimme’s empirical
dispersion correction. Once the structures were optimized, separate CCSD(T) calculations
were performed in ORCA on the structures, with the exception of cadmium oleate, using the
def2-TZVPP and def2-QZVPP basis sets, and the results were automatically extrapolated
to the basis set limit.260,261 Raw energies of these calculations can be found in the Table D.1,
and the error in these calculations is estimated to be less than 1 kcal/mol.261,262

While the algorithm to compute the energy of the complex is recorded in the ORCA
program manual, it is repeated here. First, the infinite self-consistent field (SCF) energy is
calculated by solving the system of equations

E
(X)
SCF = E

(∞)
SCF + Ae(−α

√
X)

where X is the cardinal number of the basis set calculated (TZ being 3 and QZ being 4).
The value for α is provided in the ORCA manual based on basis sets used, and for def2 this
value is 7.88 when using TZ and QZ. The unknowns that need to be solved are E

(∞)
SCF and A,

hence two basis sets are needed to create a system of two equations.
To calculate the correlation energy for the infinite basis set, the equation

E(∞)
corr =

XβE
(X)
corr − Y βE

(Y )
corr

Xβ − Y β

is used. X and Y are the cardinal number of the basis sets used (TZ being 3 and QZ being
4, respectively). The value of β is provided in the ORCA manual based on basis sets used,
and for def2 this is 2.97 when using TZ and QZ. By adding the infinite basis set SCF and
the infinite basis set correlation energy, the total energy of the structure is calculated.

Finally, these structures were transferred into Gaussian 16, and DFT frequency calcula-
tions were performed on these structures using the ωB97XD functional and the def2-SVPP
basis set for the hydrogen atoms, the def2-SVPD basis set for the carbon and the oxygen
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Translational Rotational Vibrational Total
CdOA2 56.655 52.892 292.679 402.226
CdOAc2 52.675 36.962 30.870 120.506

CdOAc2THF2 54.472 42.511 91.439 188.422
CdOAc2THF4 55.678 44.834 131.389 231.900

THF 48.328 31.032 13.050 92.409

Table D.2: Calculated entropies of metal complexes and tetrahydrofuran from Gaussian
16. Entropies given as TS at 298.15 K in kJ/mol.

atoms, and the def2-TZVP basis set with an effective core potential for the cadmium atoms.
The resulting entropies can be found in Table D.2.

With sufficient thermochemical data, a correction to the gas phase entropies can be
performed that result in the coordination entropies of ligands in solution.114 First, the entropy
of vaporization from the liquid phase to the gas phase must be known. For tetrahydrofuran
this value is equal to 87.91 J mol-1 K-1 at 339.1 K, the boiling point of tetrahydrofuran.263

Next, the entropy of cooling the liquid from the boiling point to 298.15 K must be known,
and has been measured to be -16.1 J mol-1 K-1.264 Combining these two values together, the
entropy change from going from the gas phase to the liquid phase at 298.15 K is -104.0 J
mol-1 K-1, or T∆S of -31.01 kJ/mol at 298.15 K. This correction was then applied to the
change in gas phase entropies calculated.
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Appendix E

Ising Model Simulation Code

E.1 On the Ising Model Simulation

Included here is the Python code used to simulate the Ising model. This code was orig-
inally adapted from code from CHEM 220A “Thermodynamics and Statistical Mechanics”
taught by Dr. David T. Limmer during the Fall 2018 semester at the University of Califor-
nia, Berkeley, and was based on the Ising model simulation described in “Introduction to
Modern Statistical Mechanics” by Dr. David Chandler.10 It was further modified to model
nanocrystal surfaces in a variety of conditions, including free ligands, two different ligands,
empty sites, and phase transitions in the ligand shell. Further, an optimization routine was
added to the simulation to find fit parameters for the thermodynamic variables. The code
included here has been compiled in an attempt to generalize the individual scripts for all
code that was used to simulate the various experiments described.

While the Ising model has proven itself useful for understanding reactions on the surfaces
of nanocrystals, it is certainly not correct. While efforts have been made to be rigorous, there
are certainly approximations, assumptions, and compromises that have been made. In this
section these shortcomings will be addressed.

First, periodic boundary conditions on the Ising model have been applied to the model. In
many respects this approximation used to simulate infinite lattices is preferable for studying
nanocrystals; the nanocrystal surface is not infinite. Further, if it is assumed that the
nanocrystal is spherical, these periodic boundary conditions are almost certainly one of
the best approximations for the surface of the nanocrystal. However, this model is likely
not applicable to faceted nanocrystals, and this also assumes no clumping of ligands on the
nanocrystal surface. Additionally, multiple types of sites were not incorporated in any model.
The application of an Ising model for faceted surfaces should hopefully not be too challenging,
but this has not been attempted here, and for all models described the assumption was made
that the nanocrystal was spherical.

Next, nearest neighbor interactions were implemented on a square grid, assuming that
each site had four nearest neighbors. This is almost certainly incorrect. While attempts
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could have been made for other shapes of grid and different numbers of nearest neighbor
interactions, it was not clear if any had more merit than the other, and implementation of a
square grid was by far the simplest. For faceted nanoparticles such as cubes or tetrahedrons,
the shape of the grid may become more important and significant care and effort will be
needed to be made on the coding and implementation of a different shape to the grid. A
rectangular grid was adopted for nanocrystal surfaces that had numbers of ligand sites that
were not perfect squares, but even so exact numbers of ligand sites (to the nearest integer)
were not possible, but rather the closest integer multiple between perfect squares was used
(e.g. 8X8, 8X9, or 9X9).

Additionally, only nearest neighbor interactions were accounted for. It is reasonable to
assume that next-nearest neighbor interactions could impact the surface of the nanocrystal,
either through organic ligand chains or through “empty” space. Both of these types of next-
nearest neighbor interactions are possible, and both would likely have to be accounted for
separately. However, no implementation of this was done in the models used.

The implementation of empty sites on the nanocrystal is not rigorous. The presence of
empty sites can be observed in isothermal titration calorimetry data from the reaction of oleic
acid with indium phosphide nanocrystals capped with stearate (Chapter 4, Section 1). Note
that the signal from the isothermal titration calorimetry is not monotonic but becomes more
endothermic quickly before becoming subsequently less exothermic. This signal, combined
with the increase in total ligand coverage observed from 1H NMR, indicates that there were
sites on the nanocrystal that ligands can add to rather than exchanging with native ligands
on the surface. Implementing sites on the nanocrystal that are empty is easily achieved, but
using them in the free ligand pool is less straightforward. An option would be to make it such
that once the site is filled it can no longer be empty in the simulation, while another option
would be to allow that empty site to be placed into the free ligand pool. In the original
published model, these empty sites were simply placed into the free ligand pool. However,
this decision is not wholly satisfactory. Additionally, there is no mechanism to decide if a
ligand should simply pop off the surface of nanocrystal, without any exchange implemented.
Further, in the simulation based on cadmium sulfide nanocrystals (Chapter 3, Section 2),
the cadmium carboxylate crystals can “exchange” with empty sites, but the total number of
empty sites is only the number of sites on the nanocrystal as determined from the full ligand
coverage values.

Next, the phase transition aspect of the model is somewhat difficult to implement. From
the powder X-ray diffraction data, we can see that an exchange to 10% of the organic ligands
being eighteen-carbon bent chains from 100% eighteen-carbon straight chains induces a phase
transition in the packing of ligands in the ligand shell (Chapter 5, Section 2), and this was
also indicated from the model studying the temperature dependence of the phase transition
using optical measurements.42 However, with only four nearest neighbors, determining when
a phase transition should happen is limited. The implementation was that when there are
not four nearest eighteen-carbon straight chain ligands next to a site (so 75% or less of the
nearest neighbors), there is a phase transition, because the only other option would have
been even less nearest-neighbors to trigger the transition or no phase transitions at all.
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Other things to discuss about the Ising model simulations are somewhat practical. In
general, noise in the modeled results is worse for the isothermal titration calorimetry data
than the 1H NMR data, likely because the isothermal titration calorimetry data requires sub-
tractions of the overall enthalpies from each other to build a titration curve. Averaging each
simulation with a different number of exchange ligands is critically important, and usually at
least 100 averages per number of exchange ligands is necessary to get usable data. For fine
tuning the parameters and optimization, usually 10,000 averages were used, and for publica-
tion data, 100,000 averages provided nice smoothness to the isothermal titration calorimetry
curves. However, with more averages the computational time increases significantly.

Other parameters that increased computational time was the number of grids needed to
simulate. A significant time saver would be to not run the isothermal titration calorimetry
simulations and 1H NMR simulations separately, but rather to calculate both parameters
for a given number of exchange ligands. The issue with this is that the mole ratio for
the isothermal titration calorimetry data and the 1H NMR data does not line up due to the
overflow nature of the isothermal titration calorimetry (Chapter 2, Section 1). For optimizing
the model, the mole ratio values need to align themselves, and so running separate grids for
isothermal titration calorimetry data and 1H NMR data was preferable. As a note, the mole
ratio from the isothermal titration calorimetry or 1H NMR will not be an integers, but for
the simulation integer values for ligands are required.

Getting the model to thermal equilibrium is also less well defined. For all of the models
reported, 10,000 random sites were selected for an attempted exchange, and this seemed
to perform well for the models. However, changing this number can modify the results
obtained. Performing more exchanges should get closer to thermal equilibrium, but will take
more time, where computational time is linear with the number of attempted exchanges.

Significant time can be saved optimizing the model by allowing some parameters to not
vary or only vary slightly. First, the zero point of the model should be defined as all the
parameters are relative to each other. For example, it is possible to calculate thermodynamic
parameters for all of the possible nearest neighbor interactions, however, the model will not
change if all of those thermodynamic parameters are adjusted by a scalar addition. The
same is true for the head binding enthalpies and entropies. Thus, in a two ligand system,
only one head binding enthalpy, one head binding entropy, two nearest neighbor enthalpy
terms, and two nearest neighbor entropy terms need to be optimized, as the other terms can
be defined as zero. In the case that empty sites need to be used, the empty site values are
considered the zero point values, and so 10 parameters need to be optimized rather than
the 6 listed above. Note, however, that the optimization routine performs better for a two
ligand system when the native ligands are defined as the zero point, rather than the exchange
ligands, although it can be more informative to report the exchange ligands as the zero point
(Chapter 4, Section 3).

For fine tuning the model and optimization, running high numbers of averages is helpful,
but more so the variation in the parameters is critical. As the number of parameters increases
and smaller changes are neccessary for the fitting, the varation in parameters should decrease.
In general, ± 0.1 kBT was effective at finding best fits for the range in parameters. For
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the optimization routine, 100 attempts at optimization with 20 random guesses seemed
to perform well. The sum of squares error was used to determine goodness of fit, but to
optimize both the isothermal titration calorimetry and 1H NMR data where the magnitude
of these values was very different, each sum of squares error was divided by the variance in
the experimental dataset to normalize the two residuals, and this was then added together
to create the minimization parameter.

It is almost certainly true that this model can be improved significantly, not only in
increasing the speed at which it runs but also in modifying it to better reflect reality. The
experimental dataset and parameters for the initial measurements of the additional of zinc
chloride to indium phosphide quantum dots were used in the provided code below, after
the correction to the sizing and molar extinction coefficients was applied (Appendix C.2).
Included are graphs of the experimental and simulated results as well as the map of the
ligand shell generated from the code provided.

E.2 Python Script

1 #!/usr/bin/env python3

2 # -*- coding: utf -8 -*-

3 """

4 Created on Wed Feb 2 09:26:17 2022

5

6 @author: jasoncalvin

7 """

8

9 import numpy as np

10 import numba

11 from skopt import gp_minimize

12 import matplotlib.pyplot as plt

13 plt.style.use(’classic ’)

14

15 # Ising model parameters

16 # Size of the lattice

17 Nx = 10

18 Ny = 9

19 N = Nx * Ny

20 # Temperature

21 kT = 1

22 # Initial thermodynamic parameters

23 # Assume for empty site models that vacuum parameters are zero

24 # If no empty sites , set zero point to the native ligand grid

25 optimize = False

26 iHA = 0

27 iHB = -16.32

28 iHAA = 0

29 iHAB = 5.52

30 iHBB = 9.18
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31 iTSA = 0

32 iTSB = -10.42

33 iTSAA = 0

34 iTSAB = 3.79

35 iTSBB = 2.71

36 # Sign of phase transition term matters based on zero point energy

37 iPTH = 0

38 iPTTS = 0

39 # If running optimization , specify the variation on each parameter

40 VHA = 0.001

41 VHB = 0.1

42 VHAA = 0.001

43 VHAB = 0.1

44 VHBB = 0.1

45 VTSA = 0.001

46 VTSB = 0.1

47 VTSAA = 0.001

48 VTSAB = 0.1

49 VTSBB = 0.1

50 VPTH = 0.001

51 VPTTS = 0.001

52 # Determine total optimization call number and random call number

53 calls = 100

54 random_calls = 20

55 # Initial free ligand pool

56 IA = 12

57 IB = 0

58 empty_sites = 0

59 # Ligand B populations

60 # Add a zero value to the beginning of the ITC values

61 # Often first injection is disregarded , create another set of x-values

62 BITC = np.array

([0,4,9,13,18,23,27,32,37,42,47,52,57,62,67,72,77,82,88,93,98,

63 104 ,109 ,115])

64 BITC2 = np.array ([9,13,18,23,27,32,37,42,47,52,57,62,67,72,77,82,88,93,98,

65 104 ,109 ,115])

66 BNMR = np.array

([0,4,7,11,14,18,21,25,28,32,35,39,43,46,50,53,57,60,64,67,71,

67 74 ,78 ,81])

68 # Fraction of free ligands measured

69 ANMR = np.array

([0.113365972 ,0.135959049 ,0.156215517 ,0.171891453 ,0.182991316 ,

70

0.197485239 ,0.209202063 ,0.211083536 ,0.228212992 ,0.253100943 ,

71

0.248019232 ,0.245877937 ,0.25573964 ,0.270196763 ,0.269933602 ,

72

0.264020406 ,0.274845408 ,0.274463757 ,0.281595397 ,0.295057978 ,

73 0.290130163 ,0.28939703 ,0.288274268 ,0.293250229])

74 # Enthalpy measured
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75 H = np.array ([7.305680795 ,6.14815699 ,5.497401237 ,4.743350349 ,3.899592366 ,

76

3.209654712 ,2.792299362 ,2.409014862 ,2.082214662 ,1.825116315 ,

77

1.644341129 ,1.46762532 ,1.326554383 ,1.24433166 ,1.121890046 ,

78

1.104998208 ,1.064707361 ,0.962262716 ,0.949990324 ,0.893206194 ,

79 0.782429932 ,0.691143947])

80 # Determine number of exchange attempts to try

81 Nsweep = 10000

82 # Number of times to run each number of exchange ligands

83 M = 1000

84

85 # Randomly select a surface site and free ligand and attempt to exchange

86 # numba.jit helps the program run faster

87 @numba.jit(nopython=True)

88 def Monte_Carlo(sites , free_array , HA , HB , HAA , HAB , HBB , TSA , TSB , TSAA ,

TSAB ,

89 TSBB , PTH , PTTS):

90 # Attempt Nsweep random exchanges

91 for step in range(Nsweep):

92 # Draw random site and free ligand

93 ii=int(np.random.rand()*Nx)

94 jj=int(np.random.rand()*Ny)

95 kk=int(np.random.rand()*len(free_array))

96 # Attempt to exchange

97 # If there are no free ligands , no exchange is attempted

98 if len(free_array !=0):

99 Metropolis(sites ,ii,jj,kk,free_array , HA, HB, HAA , HAB , HBB ,

TSA ,

100 TSB , TSAA , TSAB , TSBB , PTH , PTTS)

101

102 # Determine if the ligands will exchange

103 # numba.jit helps the program run faster

104 @numba.jit(nopython=True)

105 def Metropolis(sites ,ii ,jj ,kk ,free_array , HA , HB , HAA , HAB , HBB , TSA , TSB ,

106 TSAA , TSAB , TSBB , PTH , PTTS):

107 # Define 1 as ligand A, -1 as ligand B

108 # Ligands must have different identities to exchange

109 if sites[(ii),(jj)] != free_array[kk]:

110 # Define the neighbors with periodic boundary conditions

111 up = sites[(ii+1)%Nx][jj]

112 down = sites[(ii -1)%Nx][jj]

113 left = sites[ii][(jj -1)%Ny]

114 right = sites[ii][(jj+1)%Ny]

115 # Set initial conditions of the 5 squares

116 dG = 0

117 A = 0

118 B = 0

119 # Count the nearest neighbors
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120 if up == 1:

121 A += 1

122 if up == -1:

123 B += 1

124 if down == 1:

125 A += 1

126 if down == -1:

127 B += 1

128 if left == 1:

129 A += 1

130 if left == -1:

131 B += 1

132 if right == 1:

133 A += 1

134 if right == -1:

135 B += 1

136 # Compute the energy of the exchange

137 if (sites[ii][jj] == 1 and free_array[kk] == -1):

138 dG = ((HB + (B * HBB) + (A * HAB) - HA - (A * HAA) - (B * HAB)

) -

139 (TSB + (B * TSBB) + (A * TSAB) - TSA - (A * TSAA) -

140 (B * TSAB)))

141 if (sites[ii][jj] == -1 and free_array[kk] == 1):

142 dG = ((HA + (A * HAA) + (B * HAB) - HB - (B * HBB) - (A * HAB)

) -

143 (TSA + (A * TSAA) + (B * TSAB) - TSB - (B * TSBB) -

144 (A * TSAB)))

145 if (sites[ii][jj] == 1 and free_array[kk] == 0):

146 dG = ((- HA - (A * HAA) - (B * HAB))- (- TSA - (A * TSAA) -

147 (B * TSAB)))

148 if (sites[ii][jj] == -1 and free_array[kk] == 0):

149 dG = ((- HB - (B * HBB) - (A * HAB)) - (- TSB - (B * TSBB) -

150 (A * TSAB)))

151 if (sites[ii][jj] == 0 and free_array[kk] == 1):

152 dG = (HA + (A * HAA) + (B * HAB)) - (TSA + (A * TSAA) + (B *

TSAB))

153 if (sites[ii][jj] == 0 and free_array[kk] == -1):

154 dG = (HB + (B * HBB) + (A * HAB)) - (TSB + (B * TSBB) + (A *

TSAB))

155 # Think carefully about this assignment based on PT sign

156 if (sites[ii][jj] == 1 and A == 4):

157 dG = dG + (PTH - PTTS)

158 if (free_array[kk] == 1 and A == 4):

159 dG = dG - (PTH - PTTS)

160 #Probability of accepting exchange

161 if dG < 0:

162 prob_accept = 1

163 else:

164 prob_accept = np.exp(-dG/kT)

165
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166 # Counts number of non -empty site ligands

167 freeLigands = 0

168 i = 0

169 for i in range(len(free_array)):

170 if free_array[i] == 1:

171 freeLigands +=1

172 if free_array[i] == -1:

173 freeLigands += 1

174 # Determine if exchange is accepted , swap identities

175 # Maintains minimum number of free ligands

176 if (np.random.rand() < min(prob_accept ,1) and freeLigands > IA +

IB):

177 oldSite = sites[ii][jj]

178 sites[ii][jj] = free_array[kk]

179 free_array[kk] = oldSite

180

181 # After simulation completes , calculate enthalpy change of the grid

182 def calculate_enthalpy(sites , HA , HB , HAA , HAB , HBB , TSA , TSB , TSAA , TSAB ,

183 TSBB , PTH , PTTS):

184 # Set starting enthalpy at zero

185 enthalpy_calc = 0

186 # Get enthalpy change for each grid site

187 for ii in range(Nx):

188 for jj in range(Ny):

189 A = 0

190 if sites[ii][jj] == 1:

191 enthalpy_calc += HA

192 # Calculate up and right to avoid double counting

193 if sites [(ii+1)%Nx][jj] == 1:

194 enthalpy_calc += HAA

195 A += 1

196 if sites [(ii+1)%Nx][jj] == -1:

197 enthalpy_calc += HAB

198 #right

199 if sites[ii][(jj+1)%Ny] == 1:

200 enthalpy_calc += HAA

201 A += 1

202 if sites[ii][(jj+1)%Ny] == -1:

203 enthalpy_calc += HAB

204 if sites [(ii -1)%Nx][jj] == 1:

205 A += 1

206 if sites[ii][(jj -1)%Ny] == 1:

207 A += 1

208 if sites[ii][jj] == -1:

209 enthalpy_calc += HB

210 # Calculate up and right to avoid double counting

211 if sites [(ii+1)%Nx][jj] == -1:

212 enthalpy_calc += HBB

213 if sites [(ii+1)%Nx][jj] == 1:

214 enthalpy_calc += HAB
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215 #right

216 if sites[ii][(jj+1)%Ny] == -1:

217 enthalpy_calc += HBB

218 if sites[ii][(jj+1)%Ny] == 1:

219 enthalpy_calc += HAB

220 if A != 4:

221 enthalpy_calc += PTH

222 return enthalpy_calc

223

224 # This function runs the simulation

225 def simulation_function(parameters):

226

227 HA , HB , HAA , HAB , HBB , TSA , TSB , TSAA , TSAB , TSBB , PTH , PTTS =

parameters

228

229 # Arrays to save simulated data for each datapoint

230 enthalpy=np.zeros(len(BITC))

231 ligandsA=np.zeros(len(BNMR))

232 ligandsB=np.zeros(len(BNMR))

233 ligandsTotal=np.zeros(len(BNMR))

234 fracligandsA=np.zeros(len(BNMR))

235

236 # Simulation for different amounts of ligands for the ITC data

237 for step in range(len(BITC)):

238 step_enthalpy = np.zeros(M)

239 for m in range(M):

240 # Given initial conditions , add exchange ligands

241 free_pool = np.array ([IA,IB])

242 free_pool [1] = free_pool [1] + BITC[step]

243 # Initialize grid

244 # This randomly assigns the empty sites to the surface

245 sites = np.array ([0 ,1])

246 sites = np.repeat(sites , [empty_sites , N - empty_sites],axis

=0)

247 np.random.shuffle(sites)

248 sites = sites.reshape ([Nx,Ny])

249 # We add all the free ligands into one array

250 free_array = np.zeros ([ free_pool [0]+ free_pool [1]]) - 1

251 i = 0

252 for i in range(free_pool [0]):

253 free_array[i] = 1

254 i += 1

255 # Run the simulation

256 Monte_Carlo(sites ,free_array , HA, HB, HAA , HAB , HBB , TSA , TSB ,

257 TSAA , TSAB , TSBB , PTH , PTTS)

258 # Save the results

259 step_enthalpy[m] = calculate_enthalpy(sites , HA, HB, HAA , HAB ,

HBB ,

260 TSA , TSB , TSAA , TSAB ,

TSBB ,
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261 PTH , PTTS)

262 # Average the results

263 enthalpy[step] = step_enthalpy.mean()

264

265 for step in range(len(BNMR)):

266 step_sitesA = np.zeros(M)

267 step_sitesB = np.zeros(M)

268 step_sitesTotal = np.zeros(M)

269 for m in range(M):

270 # Given initial conditions , add exchange ligands

271 free_pool = np.array ([IA,IB])

272 free_pool [1] = free_pool [1] + BNMR[step]

273 # Initialize grid

274 # This randomly assigns the empty sites to the surface

275 sites = np.array ([0 ,1])

276 sites = np.repeat(sites , [empty_sites , N - empty_sites],axis

=0)

277 np.random.shuffle(sites)

278 sites = sites.reshape ([Nx,Ny])

279 # We add all the free ligands into one array

280 free_array = np.zeros ([ free_pool [0]+ free_pool [1]]) - 1

281 i = 0

282 for i in range(free_pool [0]):

283 free_array[i] = 1

284 i += 1

285 # Run the simulation

286 Monte_Carlo(sites ,free_array , HA, HB, HAA , HAB , HBB , TSA , TSB ,

287 TSAA , TSAB , TSBB , PTH , PTTS)

288 # Count number bound of each ligand and total ligand coverage

289 boundA = 0

290 boundB = 0

291 for ii in range(Nx):

292 for jj in range(Ny):

293 if sites[ii][jj] == 1:

294 boundA += 1

295 if sites[ii][jj] == -1:

296 boundB += 1

297 boundLigands = boundA + boundB

298 step_sitesA[m] = boundA

299 step_sitesB[m] = boundB

300 step_sitesTotal[m] = boundLigands

301 # Average the results

302 ligandsA[step] = step_sitesA.mean()

303 ligandsB[step] = step_sitesB.mean()

304 ligandsTotal[step] = step_sitesTotal.mean()

305 # Calculate fraction free

306 fracligandsA[step] = (N + IA - ligandsA[step])/(N + IA)

307

308 # Construct enthalpy results into a titration and convert to kJ/mol

309 enthalpy_results = np.zeros(len(enthalpy))
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310 for i in range(len(enthalpy)):

311 # For the first injection calculate the initial enthalpy

312 if i == 0:

313 enthalpy_results[i] = (2.479* enthalpy[i])

314 # Calculate the change in enthalpy with added ligands

315 else:

316 enthalpy_results[i] =(2.479*( enthalpy[i] -

317 enthalpy[i-1]))/(BITC[i] - BITC[i

-1])

318 # Create a dataset to fit the ITC experimental results to

319 enthalpy_results_fit = np.zeros(len(BITC2))

320 enthalpy_results_fit [0] = enthalpy_results [0]

321 for i in range(len(enthalpy_results_fit)):

322 enthalpy_results_fit[i] = enthalpy_results[i+2]

323 # Normalized error from simulation results compared to experimental

324 ANMR_ss = (1/np.var(ANMR))*np.sum(( fracligandsA - ANMR)**2)

325 H_ss = (1/np.var(H))*np.sum(( enthalpy_results_fit - H)**2)

326

327 if optimize == False:

328 # Plot the data on a single graph

329 fig = plt.figure ()

330 ax1 = fig.add_subplot (1, 1, 1)

331 ax2 = ax1.twinx()

332 # Simulated results are dark colors

333 ax1.scatter(BITC2 ,H, color=’skyblue ’,label = "Exp ITC")

334 ax1.scatter(BITC ,enthalpy_results , color=’b’,label = "Sim ITC")

335 ax2.scatter(BNMR ,ANMR ,color=’pink’, label = "Exp NMR")

336 ax2.scatter(BNMR ,fracligandsA , color = ’r’, label = "Sim NMR")

337 # Set limits of the graph to zoom in on regions

338 ax1.set_ylim (-1,11)

339 ax2.set_ylim (0.1 ,0.35)

340 ax1.set_xlim (-3,118)

341 # Set the ticks and labels for the graph

342 ax1.tick_params(labelsize =24, length =12, width =2)

343 ax2.tick_params(labelsize =24, length =12, width =2)

344 ax1.set_xlabel(’Mole Ratio (A ligands/NC)’, size = 24)

345 ax1.set_ylabel(’Enthalpy (kJ/mol)’, size = 24)

346 ax2.set_ylabel(’Fraction A Bound’, size = 24)

347 ax1.set_xticks ([0 ,20 ,40 ,60 ,80 ,100])

348 ax1.set_yticks ([0,2,4,6,8,10])

349 #ax2.set_yticks ([0 ,20 ,40 ,60 ,80 ,100])

350 # If you want a legend here is the code

351 ’’’ax1.legend(loc=’best ’, fontsize=’20’,prop={’size ’: 18},ncol=1,

352 scatterpoints =1)

353 ax2.legend(loc=’best ’, fontsize=’20’,prop={’size ’: 18},ncol=1,

354 scatterpoints =1) ’’’

355 # Often convenient to plot the zero enthalpy line

356 x = [ -10 ,150]

357 y = [0,0]

358 ax1.plot(x,y, color =’gray’, linewidth=4, linestyle = ’dashed ’)
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359

360 # This helps your graph look nice

361 ax1.spines[’right’]. set_linewidth (4)

362 ax1.spines[’left’]. set_linewidth (4)

363 ax1.spines[’top’]. set_linewidth (4)

364 ax1.spines[’bottom ’]. set_linewidth (4)

365 plt.tight_layout ()

366

367 # This plots the surface map after the final simulation

368 fig2 , ax = plt.subplots(1, 1,figsize =(6 ,6))

369 ax.set_aspect(’equal’)

370 ax.set_xlim (-.5, Nx -1/2.)

371 ax.set_ylim (-.5, Ny -1/2.)

372 plt.setp(ax , xticks =[], yticks =[])

373 img = ax.imshow(sites ,cmap=’winter ’,interpolation=’None’)

374 plt.draw()

375

376 # This is the error we would like to minimize

377 return ANMR_ss + H_ss

378

379 # This defines the function we want to minimize

380 def sim_wrapper(parameters):

381 HA , HB , HAA , HAB , HBB , TSA , TSB , TSAA , TSAB , TSBB , PTH , PTTS =

parameters

382

383 result = simulation_function ([HA , HB , HAA , HAB , HBB , TSA , TSB , TSAA ,

TSAB ,

384 TSBB , PTH , PTTS])

385

386 # Returning error

387 return result

388

389 # This returns the results of the simulation for your initial parameters

390 print(simulation_function ([iHA ,iHB ,iHAA ,iHAB ,iHBB ,iTSA ,iTSB ,iTSAA ,iTSAB ,

iTSBB ,

391 iPTH ,iPTTS ]))

392

393 if optimize == True:

394 # This optimizes your parameters based on your experimental data

395 res = gp_minimize(sim_wrapper ,[(iHA -VHA ,iHA+VHA),(iHB -VHB ,iHB+VHB),

396 (iHAA -VHAA ,iHAA+VHAA) ,(iHAB -VHAB ,iHAB+

VHAB),

397 (iHBB -VHBB ,iHBB+VHBB) ,(iTSA -VTSA ,iTSA+

VTSA),

398 (iTSB -VTSB ,iTSB+VTSB),

399 (iTSAA -VTSAA ,iTSAA+VTSAA),

400 (iTSAB -VTSAB ,iTSAB+VTSAB),

401 (iTSBB -VTSBB ,iTSBB+VTSBB),

402 (iPTH -VPTH ,iPTH+VPTH),

403 (iPTTS -VPTTS ,iPTTS+VPTTS)],
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404 x0 = [iHA ,iHB ,iHAA ,iHAB ,iHBB ,iTSA ,iTSB ,iTSAA ,iTSAB ,

iTSBB ,

405 iPTH ,iPTTS],n_calls=calls ,

406 n_random_starts=random_calls , verbose = True)

407

408 # This prints the optimized parameters

409 print(res.x)
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Figure E.1: Ising model simulation generated graph example. The simulation was done
on data generated by titrating zinc chloride (B ligand) into a solution of indium phosphide
quantum dots capped with indium myristate (A ligand). The pink data points represents the
experimentally determined fraction of free A ligand, while the red data points represents the
simulated fraction of free A ligand. The light blue data points represents the experimental
isothermal titration calorimetry data while the blue data points represents the simulated
data. The error reported for the fit from the Ising model was 0.69 units.

E.3 Ising Model Generated Graphs
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Figure E.2: Ising model simulation generated map example. Green squares represent the
native indium myristate ligands (ligand A) while blue squares represent the zinc chloride
exchange ligands (ligand B). Green squares represent organic indium myristates while blue
squares represent inorganic metal halides. The coverage maps are representative of the
surface of the nanocrystal where each individual square represents a binding site on the
nanocrystal. Note that this simulation was done on a 10X9 grid, and thus the map is not
square.




