
 

 

 

 

 

 

Uncovering the Mechanism Governing Initiating the 

Nucleation of Lead Sulfide Quantum Dots through a Hines 
Synthesis 

 

 

Journal: Journal of Materials Chemistry A 

Manuscript ID TA-ART-01-2018-000220.R1 

Article Type: Paper 

Date Submitted by the Author: 09-Mar-2018 

Complete List of Authors: Stevenson, James ; Cornell University, School of Chemical and 

Biomolecular Engineering 
Ruttinger, Andrew; Cornell University, Chemical and Biomolecular 
Engineering 
Clancy, Paulette; Cornell University 

  

 

 

Journal of Materials Chemistry A



Journal Name

Uncovering the Reaction Mechanism Initiating the Nu-
cleation of Lead Sulfide Quantum Dots in a Hines
Synthesis†

James M. Stevenson,a‡Andrew W. Ruttinger,∗a‡ and Paulette Clancya

Lead sulfide quantum dots remain the subject of considerable research interest due to their tun-
able quantum confinement, which leads to exciting photovoltaic and energy storage applications.
A major advantage arises from their low-cost fabrication by solution processing. High quality
quantum dots can be synthesized in small quantities via colloidal synthesis. However, despite
remarkable advances in the synthesis of highly monodisperse dots with precisely programmable
structure and composition, details of the mechanism involved in the transformation of molecular
precursors to nanoscale crystals remains poorly understood. Surprisingly little is known about the
early stages of nucleation, including the stoichiometry, structure, or crystallinity of the hypothe-
sized critical nucleus. Notably, these questions are beyond today’s experimental capabilities; the
best current technique, in situ X-ray scattering, still requires theoretical models to invert the exper-
imental data. Using accurate Density Functional Theory (DFT), coupled with the Nudged Elastic
Band (NEB) method for energy barrier construction, we have analyzed a previously posited re-
action mechanism, uncovered some energetically unfavorable aspects, and discovered a new
reaction mechanism with a lower energy pathway to PbS quantum dot formation. This new mech-
anism validates experimental results by Zherebetskyy et al. who revealed the important presence
of water molecules in these systems. We provide evidence that the growth of PbS dots occurs in
a polymerization-like process, rather than the reactants-to-surface mechanism proposed in earlier
work. We also uncover the significant role played by a hydrogen-bonded dimer of lead carboxylate
hydrate, which forms in non-polar solvents.

Introduction
Studies of chemical reaction mechanisms and their kinetics have
long been one of the pillars of chemistry. While traditionally such
studies have been the province of experimentalists through tech-
niques including the pulse method, isotope measurements, and
mass spectrometry,1 these mechanisms are notoriously hard to
uncover directly. Invariably, they require a series of creative, but
often indirect, experiments to test the details of a proposed mech-
anism.2 Single-molecule and -particle fluorescence microscopy
appears to be a promising; however, its application to chemistry
is still in its infancy.3 As innovations in chemical syntheses con-
tinue to discover new materials, the complexity of the chemical
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reactions is also impacted. However, understanding the true re-
action mechanism could provide the key to engineer the outcome
through a more precise control of external reaction conditions
or species.4 This provides considerable motivation to perform a
theoretical analysis that can provide missing, or perhaps unantic-
ipated, information. The growth of computational resources in
recent years has spurred the development of theoretical tools to
undercover reaction mechanisms with atomic-level precision and
considerable accuracy.5,6 More recent advances have even pro-
vided the means to automatically determine a reaction coordinate
with only knowledge of the reactants and products required.7

This has promoted the mutual advancement of both theoretical
and experimental work through productive collaborations.8

One such test case involves the study of lead chalcogenide
quantum dots (PbS, PbSe, etc.), with exciting opportunities for
optical and photovoltaic applications, as well as display technolo-
gies. These applications are facilitated by their controllable size
distribution, which allows properties to be engineered via tunable
quantum confinement.9 However, the properties of quantum dots
are very sensitive to their size, making a high monodispersity of
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quantum dot sizes highly desirable. This has proved non-trivial
to maintain as synthesis batches grow larger in scale.10 So far,
the processes that need to be harnessed to create monodispersity
are not fully understood, making them difficult to scale up while
maintaining structural fidelity.

Despite profound recent advances in high quality PbX quan-
tum dot synthesis, significant knowledge gaps still persist with
regards to understanding the fundamental chemical interactions
at play prior to the initial nucleation. These knowledge gaps also
have important implications on our understanding of the detailed
nature of the nanocrystal surface and related electronic (trap)
states, which impact the performance of nanocrystal-based op-
toelectronic devices. Our paper addresses this knowledge gap,
namely, uncovering the chemical mechanism that governs the for-
mation of a PbS “monomer" that will initiate nucleation and quan-
tum dot growth using computational methods. We show how this
explains not only experimental observations but enriches our un-
derstanding and ability to control quantum dot nucleation and
growth.

Insight into PbS Quantum Dot Synthesis
A lead sulfide quantum dot is composed of a PbS core which ap-
proaches the bulk cubic lattice, with a less-ordered, passivated
surface. The currently favored method for synthesizing PbS quan-
tum dots is the Hines synthesis in which lead oleate is the source
of lead, and trimethyl silane sulfide (TMS2S) is the source of
sulfur.11,12 A stoichiometric excess of lead oleate is used in the
reaction, causing the surface passivation in this case to be per-
formed by complexes of Pb2+ and anionic ligands. As described
by Zherebetskyy et al., PbS quantum dot growth will proceed on
the passivated surface via surface-bound Pb2+ and TMS2S. As the
quantum dot grows, its surface area and the amount of passi-
vating Pb2+ increases, allowing the reaction to proceed quickly.
The sulfur source may be depleted by the reaction, but concen-
tration of the lead compounds and their complexes remains sig-
nificant throughout. Lead carboxylates have been synthesized for
millenia in aqueous solutions (most famously the first artificial
sweetener, “sugar of lead”),13 but understanding their complexa-
tion in a non-aqueous solvent is still surprisingly unclear.14,15 We
have discovered evidence that the Hines synthesis involves lead
carboxylates in an unexpected form, a dimer, as explained in the
Results and Discussion section of this work.

Zherebetskyy et al. greatly enhanced our understanding of the
role of lead carboxylate in the PbS synthesis with their ground-
breaking 2014 paper.12 This paper uncovered three important
facts. First, the lead oleate used in the Hines synthesis is, in
fact, a hydrate, with the water molecule so tightly bound to the
lead atom that it had not previously been detected. Second, this
newly-discovered bound water plays an active role in the PbS
nanocrystal synthesis. Third, the resulting nanocrystals now con-
tain hydroxide ligands, in addition to the oleate ligands. As sur-
prising as these revelations may have seemed initially, they re-
solved several outstanding questions. The oleate ligand is ter-
minated by a rather bulky carboxylate group; the resulting steric
hindrance prevents a surface composed of lead ions from bonding
with more than one carboxylate group each. However, one car-

boxylate group (oxidation state -1) is not sufficient to fully passi-
vate a lead ion (oxidation state +2). Further, we know that PbS
quantum dots have substantial numbers of excess lead atoms on
their surfaces.16 Zherebetskyy’s suggestion that hydroxide ions
are present at the quantum dot surface explains all these obser-
vations: each lead atom can have two anionic ligands, oleate and
hydroxide, without violating steric hindrance, as shown in Figure
1. Thus, excess lead atoms can passivate the whole surface and
be passivated themselves at a +2 oxidation state with no contra-
diction.

Fig. 1 Density Functional Theory-generated representations of the
ligand density surrounding a passivated PbS nanocrystal with (1) no
-OH ligands and (2) with -OH ligands as discovered by Zherebetskyy.
The state shown on the left exhibits a great deal of steric unfavorability
due to overlap between the oxygen atoms. Color key shown to the left of
the images.

The mechanism proposed by Zherebetskyy et al. is a substi-
tution reaction in which the central sulfur atom of TMS2S is ex-
changed with the central oxygen atom of lead oleate hydrate. The
two carboxylate groups then join and form (H33C17-CO)2O-H2O.
They propose that (H33C17-CO)2O-H2O later rearranges into a
hydrogen-bonded dimer of oleic acid (H33C17-COOH), leaving
PbS, as described by the equation:

(H33C17−COO)2Pb−H2O+(CH3)3Si−S−Si(CH3)3 (1)

→ (CH3)3Si−O−Si(CH3)3 +2(H33C17−COOH)+PbS

Zherebetskyy et al. tested their mechanism using Density Func-
tional Theory (DFT) studies, but focused solely on the equilibrium
states that determine ∆Grxn. In this paper, we shall use transi-
tion state DFT, described in the Computational Methods section
at the end of the article, and show that the reaction mechanism
proposed in Zherebetskyy et al.’s paper does not capture the Min-
imum Energy Pathway (MEP) for the Hines mechanism, particu-
larly during the formation of PbS monomers that precede quan-
tum dot nucleation. The MEP represents the lowest energy reac-
tion coordinate that connects two ground-state energy configura-
tions. This reaction coordinate will encounter an energy barrier
and pass through a first-order saddle point (transition state) at
its apex. By systematically mapping this MEP to the potential
energy surface, we will demonstrate that their proposed mecha-
nism would follow an unfavorable MEP and propose an alterna-
tive mechanism, with lower energy intermediates.
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Results And Discussion

Understanding the Lead Carboxylate Hydrate

Zherebetskyy et al.’s first key insight for the formation of PbS
monomers was that lead carboxylate in the Hines synthesis ap-
pears in the form of a hydrate.12 Our calculations fully support
this view. The binding energy of the water molecule to the lead
carboxylate molecule in toluene is large, 20 kcal/mol, and the re-
sulting Pb-O distance is 2.8 Å, only 0.3 Å greater than the average
bond length of the lead carboxylate bonds, 2.5 Å. Therefore, we
support their assertion that latent water will remain in lead car-
boxylate compounds in the hydrate state unless extreme attempts
are made to remove it, e.g., by heating or a vacuum.12

We find that lead carboxylate hydrate in a non-polar solvent has
three isomers which are close in energy, differing in how many
internal hydrogen-bonds are formed between the water molecule
and the carboxylate ions (Figure 2). Hydrogen bonding is frus-
trated in a lead carboxylate hydrate molecule because, in order
to form hydrogen bonds, the carboxylate ions have to weaken
their bonds to the Pb2+ ion.

Fig. 2 DFT-derived isomers of the lead carboxylate hydrate. These
contain (1) no hydrogen bonds, (2) one hydrogen bond, (3) two
hydrogen bonds. Their binding energies (relative to the case without
hydrogen-bonding) are (left to right), +0, +0.7, and +3.1 kcal/mol.
Despite the general favorability of hydrogen-bonding, the leftmost
isomer has the lowest energy because it interferes less with
maintenance of Pb-O bonds. Dotted lines represent hydrogen bonds.

As pointed out by Zherebetskyy et al., hydrogen-bonding of
the reactants is a strong driver of complexation in nonpolar sol-
vents.12 However, what was not taken into account is the fact
that the same might hold true for the complexation in the lead
carboxylate hydrate itself. The frustration of the internal hydro-
gen bonding in lead carboxylate hydrogen can be resolved if one
molecule of lead carboxylate forms a hydrogen-bond with an-
other. This produces the desired hydrogen bonds without other
unfavorable changes to the geometry (Figure 3).

Fig. 3 DFT-derived representation of the structure of a lead acetate
hydrate dimer, which we found to be the energetically preferred form of
lead acetate in a nonpolar solvent. Note that both hydrogen bonding
and the lead-oxygen bonds are fully satisfied in this configuration, with
no competition between them.

This result gives lead carboxylate hydrates a strong tendency
to dimerize in nonpolar solvents. We found that this dimeriza-
tion process has no significant energy barrier and a large binding
energy of -8.5 kcal/mol/monomer. Dimerization allows all of the
hydrogen-bonding of the system to be fully satisfied, while still al-
lowing all the oxygen atoms to bind to the lead. Furthermore, this
configuration results in the carboxylate carbon chains pointing in
opposite directions, producing no steric hindrance regardless of
their lengths. As a result, we believe that the monomer does not
play a significant role in the system. Our discovery implies that
the dimer form of lead carboxylate hydrate will be the dominant
form in nonpolar solvents, including in the Hines synthesis.

We also tested the likelihood of tetramerization, but found it to
have a binding energy of only -3.6 kcal/mol/monomer. Consider-
ing the entropic contribution of remaining in the dimer state, and
the steric hindrance which the tetramer will produce for longer
carboxylate carbons chains (Figure 4), this low binding energy
makes the lead carboxylate hydrate tetramer unlikely to be a com-
mon structure. This is understandable because, having satisfied
both lead-oxygen bonding and hydrogen bonding via dimeriza-
tion, there is no obvious driving force for lead carboxylate hydrate
to form tetramers, except for electrostatic and van der Waals in-
teractions. Therefore, we can confirm that most lead carboxy-
late in solution in nonpolar solvent, as in the Hines synthesis for
nanocrystals, will be found in the dimerized state.

Fig. 4 DFT-generated representation of a lead acetate hydrate tetramer.
No more hydrogen-bonding is available, and steric hindrance is
beginning to become an issue, making this structure less favorable.

With the monomer-based mechanism proposed by Zherebet-
skyy et al., the stoichiometry of reactants has a theoretical expec-
tation of 1:1, Pb:S. From their DFT calculations, this ratio was
found to be 1.2:1, leaving an excess of lead.12 However, based on
the revelation that the lead is present in the form of a lead oleate
dimer, the theoretical stoichiometric ratio of Pb:S would be 2:1
instead. This implies that the 1.2:1 ratio suggested by Zherebet-
skyy would not leave an excess of lead; instead, lead is the limit-
ing reactant. When Hines synthesized lead sulfide quantum dots,
she used a ratio of 2:1 on the basis that the oleic acid concentra-
tion would be just enough to provide ligand stability. This ratio
was also found to increase lead oleate reactivity.11 However, we
know from Zherebetskyy’s work that there exists only one oleic
acid per two PbS surface pairs,12 so -in reality- only a 1:1 ratio is
required to satisfy the Hines condition for ligand stability. These
seemingly contradictory findings can be elucidated through our
discovery of the lead oleate dimer’s importance. Rather than hav-
ing a 2:1 Pb:S ratio for ligand stability, this ratio instead equates
to the required 2:1 ratio of lead oleate to sulfur precursor which
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Fig. 5 The Zherebetskyy initialization mechanism proceeding from a bound lead oleate monomer and TMS2S complex (1). The mechanism passes
through an intermediate (2) by the cleavage of a Si-S bond and the formation of a Si-O bond, before forming a PbS quantum dot and its by-products (3)
following another Si-S cleavage/S-O formation. Color key for the species is shown on the LHS. The circled species refer to those active in the reaction.

explains Hines’ observation of increased reactivity over lower lead
oleate concentrations. Moreover, excess oleic acid has been found
to improve reactivity. This can be interpreted as faster formation
of lead oleate leading to faster dimerization.17 Conversely, limit-
ing oleic acid limits the formation of lead oleate, which can slow
and control quantum dot growth. This can be explained by lead
oleate being a limiting reactant, inhibiting dimerization.

Binding to TMS2S

The next step in the reaction is the binding of the lead carboxylate
hydrate with the sulfur source, TMS2S. This binding, driven by a
simple electrostatic interaction between Pb and S, precedes any
reaction, but is important because it reduces the concentration of
free TMS2S. For a lead carboxylate hydrate monomer, the binding
energy is -15.8 kcal/mol, and for the dimer, -23.9 kcal/mol. These
large interaction energies shift the expected equilibrium so far
toward the bound state that no free TMS2S can be expected in the
solution once the excess of lead carboxylate is added. This shift in
equilibrium has implications for the nucleation and growth stages
of the reaction.

Growth Reaction Mechanism

Due to the excess of Pb to TMS2S in the system, and the strong
binding of the TMS2S to the lead oleate hydrate described above,
the initiation reaction would be expected to hold and then con-
sume all of the TMS2S in the system. This implies that the re-
action most likely does not proceed at the surface of the dot
as suggested in Zherebetskyy et al.’s paper.12 Instead, we be-
lieve it is likely to proceed using the small PbS complexes al-
ready formed (which could be considered as tiny embryonic PbS
dots), since they are the only remaining source of sulfur in the
solution. Therefore, the growth of the dots will occur through
a solution-based polymerization of PbS quantum dot monomers,
rather than the surface reaction mechanism suggested by Zhere-
betskyy et al.12 Our study of these pathways in the following sec-
tions evaluates the energy profile of the PbS monomer synthesis
that would precede this polymerization, rather than the less likely
surface reaction.

Zherebetskyy et al.’s Initiation Mechanism

Zherebetskyy et al. proposed the mechanism given in equation
1. This was suggested on the basis that it is energetically more
favorable for water to be bound to the lead oleate than for water
to remain free in solution.12 Then, the water molecule naturally
plays an active role in the formation of the PbS monomer (Figure
5). Here, synthesis is initiated by the close proximity of the water
molecule to the S atom as well as the affinity of the S atom to
leave the TMS2S and bind with the Pb. This process terminates
with the formation of a PbS monomer, with TMS2O and H33C17-
COOH as by-products.

To properly model this complex system, care must be taken
to ensure the transition states we locate through our calcula-
tions correspond to one chemical transition (i.e. bond cleavage,
bond formation). Based on this approach, Zherebetskyy et al.’s
posited reaction mechanism can be naturally divided into three
main steps: 1) binding of a lead oleate monomer to TMS2S; 2)
cleavage of a first S-TMS bond and formation of a first O-TMS
bond; 3) cleavage of a second S-TMS bond and formation of a
second O-TMS bond. Each step was evaluated separately through
determination of its corresponding transition state. Even in sim-
ple systems, the search for the desired transition state can be ar-
duous without proper methodology. In our study, we used our
custom Nudged Elastic Band (NEB) algorithm to systematically
uncover reaction coordinates and predict their transition states,
based on the work of Jónsson et al.18 As outlined in the subse-
quent methods section, we first calculated the MEP at the compu-
tationally less intensive B97-D3/def2-TZVP level of DFT theory.
This reaction profile is presented in Figure 7 for qualitative com-
parison with our alternative mechanism. Critical points provided
by this reaction profile were then recalculated at the PWPB95-
D3/def2-TZVP level of DFT theory for proper quantitative com-
parison of more physically accurate energies (Figure 8). Details
and justification for the necessity of this approach are described
in the ESI, along with a comparison of the relative energies of
the stationary points at both levels of DFT theory. Through this
mechanism, we found a heat of reaction, ∆Hrxn, for Zherebetskyy
et al.’s mechanism of -35.9 kcal/mol, which is favorable, and a
maximum activation energy Ea of 32.7 kcal/mol. Even though
this transformation has a favorable ∆Hrxn, it involves the creation
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Fig. 6 Our alternative initialization mechanism. The bound lead oleate dimer and TMS2S (1) react via a carboxylate ion and a TMS group to form a
stable intermediate (2). Then, the second carboxylate ion and TMS group react to form a PbS species, along with its by-products (3). Color key for the
species is shown on the LHS.

of a high-energy intermediate in which the TMS+ ions, S2 – ion,
and O2 – ion form an unstable cluster. This arises largely from
the fact that the sulfur and oxygen atoms must switch places to
transform from TMS2S to TMS2O, with both TMS+ ions leaving
the sulfur and joining the oxygen.

We also observe that, as the water molecule dissociates in the
presence of TMS+ ions, it strongly prefers to form (TMS)OH
rather than TMS2O. This happens even though the O-H bonds
in the water molecule are allowed to, and in fact do, break one
at a time during the reaction. The formation of TMS2O is ap-
parently not likely to occur. A further problem for this reaction
mechanism is that it relies on non-dimerized lead carboxylate. As
we have shown, lead carboxylate monomers will be rare, making
a mechanism which relies on their existence less likely.

The formation of (H33C17-CO)2O-H2O (oleic anhydride) de-
scribed in the Zherebetskyy mechanism does not appear to be
likely. The formation of oleic acid is not a limiting step in the
reaction; it is formed by a simple proton transfer from H2O to
oleic acid, while the formation of oleic anhydride would require
further reactions. Furthermore, the acid is more stable than the
anhydride+water complex by 13.5 kcal/mol.19 For these reasons,
we believe that the reaction pathway does not include (H33C17-
CO)2O-H2O.

To redress these shortcomings, we present an alternative mech-
anism, which we will demonstrate offers a more kinetically fa-
vored route than that originally proposed by Zherebetskyy et al.

An Alternative Initiation Mechanism

Our proposed initiation mechanism is given by:

[(H33C17−COO)2Pb−H2O]2 +(CH3)3Si−S−Si(CH3)3→ (2)

[PbS][(H33C17−COO)2Pb− (H2O)2]+2(H33C17−COO)−Si(CH3)3

This hypothesis arises naturally from the geometry of the com-
plex formed by our discovery of the importance of the lead car-
boxylate dimer and the TMS2S. In this complex, the carboxylate
ions are very close to the silicon atoms of TMS2S (Figure 6). This
suggests that the easiest reaction route is for the TMS2S silicon to
react with a carboxylate oxygen, not with the oxygen atom in the
water molecule.

To correctly map the MEP, we again divided up the mechanism,

this time into eight steps: 1) cleavage of a first hydrogen bond
within the lead oleate hydrate; 2) cleavage of a second hydrogen
bond within the lead oleate hydrate; 3) binding of two lead oleate
monomers together; 4) dimerization of lead oleate monomers; 5)
binding of the lead oleate dimer to TMS2S; 6) transfer of the first
TMS to the first carboxylate ion; 7) rotation of a second TMS to-
wards a second carboxylate ion; 8) transfer of the second TMS to
a second carboxylate ion. Using our step-by-step NEB method,
we calculated a reaction profile for our proposed mechanism
in the same fashion as Zherebetskyy et al.’s mechanism: using
the B97-D3/def2-TZVP level of DFT theory (Figure 7). We then
recalculated the important stationary points with the PWPB95-
D3/def2-TZVP level of DFT theory for more accuracy. Again, the
relative energies of the mechanism at the B97-D3/def2-TZVP and
PWPB95-D3/def2-TZVP levels of DFT theory are compared in the
ESI to highlight their quantitative differences.

With the more accurate PWPB95-D3/def2-TZVP level of DFT
theory, we found an overall heat of reaction, ∆Hrxn, of -35.5
kcal/mol for our mechanism, which is favorable, and an acti-
vation energy, Ea, of 32.4 kcal/mol, comparable to that for the
Zherebetskyy mechanism (Figure 8). The value of ∆Hrxn for this
pathway is almost identical to the Zherebetskyy mechanism (-
35.9 kcal/mol) and, since DFT was only used to determine the
start and end states in Zherebetskyy et al.’s paper, their mech-
anism may appear to be preferable at first glance. However,
once the reaction pathways are taken into account (not described
in Zherebetskyy’s paper), the alternative mechanism we propose
here will kinetically dominate the Zherebetskyy mechanism (Fig-
ure 7). Neither reaction has a small enough ∆Hrxn to be triv-
ially reversed, and the alternative mechanism follows a reaction
coordinate through much lower-energy intermediates. Zherebet-
skyy’s mechanism only reaches a minimum relative energy of -
35.9 kcal/mol at the completion of the reaction. Our alternative
mechanism, however, reaches energies as low as -56.4 kcal/mol,
and its stable intermediates remain below -35.9 kcal/mol from
the dimerization step until the final product is formed.

Microkinetics of PbS Monomer Formation

Using the MEP and corresponding transition states of both the
Zherebetskyy et al. pathway and our alternative pathway, we
quantified the importance of each pathway through the kinet-
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Fig. 7 Comparison of reaction mechanisms between the Zherebetskyy mechanism and the proposed alternative mechanism at the pure DFT level
with the B97-D3 functional. Each numbered section corresponds to a single energy barrier and consequently, an individual NEB simulation. The
curves represent actual energies along the reaction coordinate.

ics of PbS monomer formation. Knowing the activation energy
and vibrational frequencies of each energy barrier, we can apply
Transition State Theory (TST) for the barriers of interest.20 The
rate constant for each energy barrier is then given by the Eyring
equation:

k =
kbT

h
QT S

QR e−Ea/kbT (3)

Here, kb is the Boltzmann constant, T is temperature, h is

Planck’s constant, and Q is the partition function for either the
reactants or the transition state. The partition function we used
takes into account individual contributions from translational, ro-
tational, and vibrational partition functions. The electronic par-
tition function was assumed to be unity for both reactant and
transition states.

To determine the most kinetically favorable pathway, we looked
at likely rate-limiting steps in each pathway. For the Zherebetskyy
et al. mechanism, this corresponded to barriers 2 and 3; while, for

Fig. 8 Comparison of energies between the Zherebetskyy mechanism and the proposed alternative mechanism at the more accurate double hybrid
level using a PWPB95-D3 functional. The significant energy barriers for each mechanism (in kcal/mol) are labeled. Only the energies of the minima
and transition states were determined at the double hybrid level. Hence the dotted lines are only intended as a guide to the eye, unlike the curves in
Fig. 7, where many points were sampled to obtain energies along the entire reaction coordinate.
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our alternative mechanism, this corresponded to barriers 6 and 8
(Fig. 7). We do not expect the other barriers to affect the overall
kinetics of the reaction due to their relatively small activation en-
ergies. All rate constants were calculated at a temperature of 423
K.11,12 The results are summarized in Table 1.

Table 1 Rate constants for the likely rate-limiting steps in the
Zherebetskyy et al. mechanism and our alternative mechanism.

Mechanism Rate constant s−1 Fig. 7 Barrier
Zherebetskyy et al. 11300 2

2.75×10−7 3
Present Work 53.8 6

1.58×10−4 8

Comparing the rate constants of these rate-limiting steps it is
clear that our alternative mechanism dominates the kinetics. This
is due to the relative stability of the rate-limiting transition state
for our mechanism, compared with the unfavorable complex that
forms during the substitution mechanism in the Zherebetskyy et
al. scheme. Coupled with the low energy intermediates found
in our mechanism, these kinetics provide strong justification for
the importance of the lead oleate dimer and its subsequent PbS
monomer formation.

Conclusions
We have provided new atomic-scale insight into the reasons un-
derlying Zherebetskyy et al.’s significant finding that water plays
a pivotal role in the formation of PbS quantum dots, which had
previously been asserted to be anhydrous. However, the reaction
mechanism they suggested is incomplete in two significant ways.
First, it assumes that lead carboxylate hydrate in nonpolar solu-
tion will exist as a monomer. Second, it involves a high-energy
intermediate in the exchange of sulfur for oxygen in (TMS)2S be-
coming (TMS)2O, with an activation energy of 32.7 kcal/mol. We
have shown that the dominant form of lead carboxylate hydrate
in nonpolar solvents is actually a hydrogen-bonded dimer. The
tetramer form is not favored over the dimer because it does not
produce any new hydrogen bonds. Addressing the second issue,
we provide an alternative pathway in which (TMS)2O forms the
carboxylate 2(TMS)COO with an energy barrier of 32.4 kcal/mol,
but through much lower energy intermediates. The kinetics of
the rate-limiting step for each mechanism support our proposed
mechanism, with TST providing a rate constant of 1.58×10−4s−1

compared to 2.75× 10−7s−1 for Zherebetskyy’s mechanism. Us-
ing our new customized NEB method, we provide an atomically
detailed energy landscape that was previously unknown.

We find that the lead oleate dimer binds to TMS2S with a bind-
ing energy of -23.9 kcal/mol and no significant barrier. As a result
of this facile binding, and the fact that lead oleate is added in ex-
cess, the amount of unbound TMS2S will rapidly drop to zero.
This rapid depletion of TMS2S implies that the growth mecha-
nism proposed by Zherebetskyy et al., based on TMS2S reacting
with the surface of a quantum dot, will not be a significant con-
tributor to dot growth. By the time a quantum dot has grown
to a substantial size, TMS2S concentrations will be low. Instead,
the quantum dot growth must proceed via smaller dots joining
with larger ones in an polymerization-like process. These small

nuclei, rather than the TMS2S, should be considered to be the
“monomers" of the reaction. The need for small dots to partici-
pate can be expected to slow and stabilize dot growth, since the
passivating surface groups of the reacting dots must move out of
the way before the monomers can bond. Thus, our assertion of
a solution-based polymerization mechanism helps to explain why
dots from the Hines synthesis achieve their impressive monodis-
persity.

This new overall reaction mechanism provides information that
will help us achieve thermodynamic control over the reactions
that lead to the synthesis of PbS and other chalcogenide quantum
dots. It should also aid the scale-up of quantum dot synthesis to
an industrial scale in which the fidelity of the structure is main-
tained with molecular-scale precision.

Computational Methods

DFT Calculations

Metal complexes, like the ones at the heart of quantum dot syn-
thesis, present particular challenges for theoreticians to model.
First, metal reactions typically require a high level of ab initio
theory, with large basis sets for isolated systems and large en-
ergy cut-offs for periodic systems.21 Second, because of their
many accessible electronic and bonding states, metal complexes
have a large number of possible structures, which makes them
a challenge to optimize geometrically. Nonetheless, the study of
metal complexes is tractable using a combination of fast pure-
DFT geometry optimization, hybrid or double-hybrid DFT for en-
ergy evaluation,22 and triple- or even quadruple- zeta basis sets
with effective core potentials.23 Our particular implementation of
these techniques is described below.

In this study, we employed two types of DFT calculations. The
first type is plane-wave DFT, in which the electron wavefunction
is represented by a sum of periodic plane wave basis functions.
In plane-wave DFT, users select a functional, which provides the
approximations necessary to calculate the energy of a given elec-
tron state, and a pseudopotential, a representation of the nuclei
and core electrons, over which the plane wave basis adds the
outer electrons. Following Zherebetskyy et al., we selected Pro-
jector Augmented Wave (PAW) pseudopotentials. We used the
commonly used PBE functional24 and performed our plane-wave
calculations using the Quantum Espresso25 DFT package; details
of our implementation are given in the ESI. These calculations
were used to validate our second approach, which has substan-
tially faster performance for non-periodic systems such as our PbS
monomer formation.

The second type of DFT that we used represents the electron
wavefunction with localized orbitals, which Stowasser and Hoff-
man describe as “a natural language for an aufbau of the complex
reality of the molecules of the inorganic and organic world.”26

We performed these non-periodic DFT studies, which constitute
the bulk of our calculations, using the DFT package Orca,22 with
some initial work in Gaussian 09.27 Orbital-based methods re-
quire a functional, as in plane-wave DFT, and a basis set, which
specifies how the orbitals are to be represented in Gaussian-curve
basis functions. Details for the initial calculations can be found in
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the ESI.

For the final calculations in Orca, we used the fast B97-D3
functional for geometry optimizations, and the double-hybrid
PWPB95-D3 functional for the final single-point energy calcula-
tions, both recommended in Grimme’s DFT benchmark study.23

We used the RIJK approximation for all integrals.22 We per-
formed all calculations in Orca with Ahlrichs’ def2-*VP family of
basis sets,28–30 which is more accurate than the cc-pV*Z fam-
ily we used for the initial calculations, at the cost of not being
designed to calculate the basis set limit for properties by extrap-
olation.31,32 Since we did not use such extrapolation, Ahlrichs’
basis sets were more efficient for our application than the cc-
pV*Z basis sets. We used the Stuttgart Effective Core Potential
(ECP) for lead atoms,33 as in our initial Gaussian 09 calcula-
tions.34 We represented the solvent using the “COnductor-like
Screening MOdel” (COSMO).35 All of the final energies presented
in this work were calculated at the following level of DFT theory:
PWPB95-D3/def2-TZVP in COSMO toluene solvent.

To reduce the computational resource demands of the system,
we removed the carbon “tails” of the oleate ions after the first
C-C single bond, turning them into ethanoates. Past the non-
conductive C-C single bond, we have found that the electronic
states of the reactive site are essentially unaffected by the pres-
ence of the remaining carbon chain, so it can be safely truncated
for most purposes.36 The long carbon chain is necessary in ex-
perimental syntheses to improve the solubility, but this is not an
issue in our DFT calculations.

Minimum Energy Pathway Determination

In order to determine the activation energy, Ea, of each step of the
reaction, we must find all the transition states that are involved.
Our chosen method is the popular Nudged Elastic Band (NEB)
method for generating reaction pathways.18 In this method, mul-
tiple geometry optimizations between the reactants and products
are performed in parallel, each optimization being coupled to the
adjacent ones by harmonic constraints which keep the structures
geometrically linked. Because neither Orca nor Gaussian 09 sup-
port NEB natively, we created a custom NEB driver for both pro-
grams.37 For our justification for selecting the NEB method, as
well as an in-depth description of our implementation of the NEB
method to find the MEP, refer to the ESI.

To apply the NEB method correctly, the complex PbS monomer
formation mechanism was broken down into simple steps, cor-
responding to the translation of one degree of freedom per en-
ergy barrier. Then, each energy barrier was studied separately.
This careful approach ensured that no energy barriers were be-
ing overpredicted. After the transition state of each barrier was
located and optimized, the validity of the transition states gen-
erated via NEB were confirmed through a meticulous approach.
The first-order saddle point was confirmed through the existence
of one imaginary vibrational frequency, corresponding to an un-
constrained degree of freedom. Next, we performed geome-
try optimizations from either side of each peak and confirmed
that these led back to the expected start and end points.18 The
orca_pltvib command provides these initial geometries on either

side of the peak by visualizing the vibrational mode at the saddle
point. Once confirmed, final single point energies were used to
predict binding energies, heats of reaction, and activation ener-
gies. To prepare our final reaction coordinates, we used an NEB
curve-smoothing algorithm described in a recent publication by
Kolsbjerg et al..38

Conflicts of Interest
The authors declare no competing financial interest.

Acknowledgements
The authors gratefully acknowledge the financial support of NSF
GK12 award number DGE-1045513 to Cornell’s “Grass Roots: Ad-
vancing education in renewable energy and cleaner fuels through
collaborative graduate fellow/teacher/grade-school student in-
teractions.” The Cornell Institute for Computational Science and
Engineering (ICSE) is thanked for the provision of computational
resources.

References
1 J. Ross, I. Schreiber and M. O. Vlad, M. O. Vlad, Oxford Uni-

versity Press, 2005, pp. 1–6.
2 J. Ross, Annu. Rev. Mater. Res., 2008, 77, 479âĂŞ494.
3 T. Cordes and S. A. Blum, Nat. Chem., 2013, 5, 993–999.
4 Y. Zhou and X. Zhuang, J. Phys. Chem. B., 2007, 111,

13600âĂŞ13610.
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