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Modern syntheses of colloidal nanocrystals yield extraordinarily narrow size distributions that are believed to
result from a rapid “burst of nucleation” (La Mer, JACS, 1950, 72(11), 4847-4854) followed by diffusion
limited growth and size distribution focusing (Reiss, J. Chem. Phys., 1951, 19, 482). Using a combination
of in situ X-ray scattering, optical absorption, and *C nuclear magnetic resonance (NMR) spectroscopy,
we monitor the kinetics of PbS solute generation, nucleation, and crystal growth from three thiourea
precursors whose conversion reactivity spans a 2-fold range. In all three cases, nucleation is found to be
slow and continues during >50% of the precipitation. A population balance model based on a size

dependent growth law (1/r) fits the data with a single growth rate constant (kg) across all three
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that the rate limiting step is not diffusion from solution to the nanoparticle surface. Several surface
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Introduction

Nanometer scale colloidal crystals of metal, metal oxide, metal
chalcogenide, and metal pnictide materials can be synthesized
with extraordinary size and shape uniformity. It is widely
assumed that monodisperse particle size distributions result
from a short burst of nucleation followed by diffusion
controlled growth.'® However, even in the case of colloidal
quantum dots (QDs) where the nanocrystal size, size distribu-
tion, and nanocrystal concentration are readily monitored with
optical spectroscopy, direct measurements of the nucleation
kinetics are challenging. Few experimental studies simulta-
neously achieve the necessary time resolution and precision to
monitor the nanocrystal concentration and size during the
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fit parameter are proposed to explain the results.

nucleation phase.*® It is therefore uncertain whether the
duration of the nucleation period explains the monodispersity.

In typical QD syntheses molecular precursors are injected
into hot surfactant solution at a temperature that converts them
to solutes. These solutes supersaturate leading to crystal
nucleation and growth. When the conversion reaction is very
rapid, nucleation can occur in a transient region of solution
with non-uniform temperature and concentration that is
impractical for mechanistic study. Slow and controlled
precursor conversion reactivity, on the other hand, allows
nucleation and growth to occur after mixing has eliminated
concentration or temperature gradients. In these syntheses, the
precursor conversion reaction is rate limiting and governs the
kinetics of solute supersaturation and nucleation.'®**

Among QD materials, lead sulfide produced from chalcoge-
nourea precursors and lead oleate form with extraordinarily
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narrow size distributions.” By modifying the chalcogenourea
substitution pattern, the kinetics of solute generation can be
precisely controlled over a wide range of temperatures.””**
These reagents have recently been used to study the tempera-
ture dependence of the crystal nucleation and growth steps,
where in situ X-ray pair distribution function analysis demon-
strated the formation of molecular solute intermediates.*
Moreover, the precisely controlled solute supply is orthogonal
to the crystal growth reaction and therefore ideally suited to
explore the connection between the solute concentration and
the kinetics of lead sulfide nucleation and growth.

High supersaturation and diffusion limited growth kinetics
are widely believed to cause size distribution focusing.>'® While
numerous studies argue for focusing on the basis of diffusion
limited growth kinetics, we are unaware of any direct evidence
for diffusion limited growth in colloidal QD formation, nor any
measurements of the solute concentration during growth.
Moreover, claims that size distribution focusing occurs during
the formation of colloidal QDs typically rely on the temporal
evolution of the absorption spectral linewidth.” That analysis,
however, does not properly account for the intrinsic width of
a single QD absorber nor its size dependence."*'”*® In addition,
arguments based on changes to the percent standard deviation
rather than changes to the absolute polydispersity are obscured
by the evolving nanocrystal size. Thus, the mechanistic origins
of size distribution focusing are unclear.

To probe the origins of monodispersity, we performed
a direct measurement of QD nucleation and growth kinetics
using in situ X-ray scattering. Coupled with measurements of
the solute supply kinetics using NMR spectroscopy and “C-
labeled thiourea precursors, we deduce the solute concentra-
tion throughout the reaction. These experiments reveal a slow
steady increase in the number of nanocrystals that continues
throughout a large fraction of the synthesis. Population balance
modeling and a weak dependence on the solvent viscosity
demonstrate that the canonical diffusion limited growth
mechanism cannot explain the size focusing.

Results and discussion

The kinetics of PbS nanocrystal formation were monitored in
situ using optical absorption and time resolved small angle and
wide angle X-ray scattering (SAXS and WAXS) on the ID02
beamline of the European Synchrotron Radiation Facility
(ESRF).* Several disubstituted thiourea (Fig. 1) derivatives were
selected whose conversion to PbS QDs (d = 3.1-7.5 nm) reaches
completion in 1-30 minutes at 110 °C. Following injection of
the thiourea (¢ = 0 s), the reaction solution is pumped through
a thin X-ray capillary and SAXS and WAXS patterns are recorded
every second (Fig. S17). In parallel, an optical probe records the
absorbance of the solution at A = 400 nm. Fig. 1B shows the
evolution of the absorbance at 400 nm, where an induction
delay is observed (21-56 seconds), following which the absor-
bance increases with kinetics that are well described by a single
exponential (koye"™® = 2.1-7.2 x 10° s~ ).

Fig. 2 shows the evolution of the SAXS and WAXS signal
during a synthesis. The increasing SAXS intensity at small wave-
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Fig. 1 (a) Standard conditions used to synthesize lead sulfide nano-
crystals from lead oleate. The corresponding N-oleoylurea and oleic
acid are produced in addition to lead oleate passivated lead sulfide
nanocrystals. (b) Absorbance at 400 nm measured in situ using a dip
probe. (c) The chemical structure of the different thiourea and the
corresponding kinetic constants measured by NMR, UV-Vis and SAXS
together with the final diameter determined by optical absorption
spectroscopy.

vectors (¢) and the appearance of oscillations at high ¢ are
characteristic of an ensemble of monodisperse nanoparticles
that grow in size.”*™ The SAXS patterns were fitted using
a quantitative model consisting of the sum of two terms, each
one having the form of a polydisperse distribution of spheres
(see ESIf for details). The first term captures the concentration,
mean radius and polydispersity of PbS nanoparticles. The
second term captures the concentration of lead oleate and is
based on the signal of a lead oleate solution measured sepa-
rately that is well fit to a spherical scatterer with radius of
0.13 nm. The lead oleate precursor was further probed using
small angle neutron scattering (SANS) in tetradecane-d;, solu-
tion. The strong scattering contrast between the hydrogenated
surfactant alkyl chains and the solvent produces a SANS signal
that can be fit to a spherical scatterer with radius of 1.74 nm and
polydispersity of 20%. Both measurements are consistent with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Evolution of the SAXS pattern during the course of the reaction: N-4-chloro-phenyl-N'-dodecylthiourea at 110 °C, 10.8 mM in lead

oleate, 9 mM in thiourea. Black lines correspond to fits to the data with a model of polydisperse spheres as described in the main text and ESI. t =
1, 20, 30, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1198. (b) Mean radius and (c) polydispersity evolution during the course of the
reaction determined by the fit of the SAXS patterns. (d) WAXS pattern showing the evolution of the [111], [002], [022], [113] and [222] reflections of
the PbS rock-salt structure at g = 18.33, 21.17, 29.94, 35.11 and 36.67 nm™~* respectively. t = 1, 20, 30, 50, 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1198. (e) Amplitude and (f) sigma parameter determined by the [022] peak shape fitting by a Gaussian. The amplitude is proportional to
the crystal volume fraction and the crystallite size is inversely proportional to the FWHM through the Scherrer formula (see ESIt for details).

a small molecular complex composed of one or two lead oleate
units (Fig. S77).

As the reaction proceeds the scattering from lead oleate
decreases while the scattering from the nanocrystals increases
(Fig. S207). Fits of the nanocrystal component provide the mean
radius of the size distribution, its polydispersity and the nano-
crystal concentration at each time point. The signal to noise
ratio of the data at very early times prevents precise measure-
ment of the polydispersity and concentration (see ESIT discus-
sion on this point) but following this period, oscillations in the
SAXS pattern appear at high g and allow a reliable fit. The
absolute value of PbS units within nanocrystals can be retrieved
from the size distribution and the overall concentration in
nanocrystals. A single exponential fit of PbS concentration
provides rate constants for PbS precipitation of Kope> = 2.4-4.3
x 107 s ! depending on the precursor used (Fig. S21 and $227).

WAXS patterns display five peaks characteristic of the PbS
rock salt crystal structure. By fitting the [022] peak to a Gaussian
model with a linear background we independently determine
the concentration of scattering material and the size of crys-
tallites. The decreasing full width at half maximum (FWHM) is
indicative of an increasing mean nanoparticle size that can be
extracted using the Debye-Scherrer relation. This estimate of
the crystallite size is systematically slightly smaller than the one
estimated from SAXS measurements. A single exponential fit of
the WAXS [002] peak area versus time provides a rate constant
for the precipitation of PbS which is equal to the one found by
SAXS (Fig. S227). After 50 s, good agreement between SAXS and
WAXS signals indicate that the PbS is crystalline rather than
amorphous throughout the reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The kinetics of nanocrystal formation were compared to the
kinetics of the precursor conversion reaction using 'H and **C
nuclear magnetic resonance (NMR) spectroscopy. The disap-
pearance of N-(p-X-phenyl)-N’-dodecylthiourea-"*C (X = Cl, H,
OMe) and the formation of the N-oleoyl-N(p-X-phenyl)-N'-
dodecylurea-'*C coproduct could be monitored by tracking the
integral of the thiocarbonyl and urea carbonyl carbons as shown
in Fig. 3. Both measures provide similar rate constants for the
conversion of each thiourea respectively (kopa: = 8.8-13.3 x
102 s7') (see ESIt and Fig. 3). The kinetics measured by NMR
are faster than those measured using UV-Vis absorption spec-
troscopy, which are both faster than those measured using SAXS
and WAXS. The differences between each measurement tech-
nique can be explained by the formation of PbS solutes that do
not contribute significant intensity to the SAXS or WAXS signal,
but do influence the absorbance at A = 400 nm. Spectroscopic
and X-ray scattering characterization of these solutes suggests
a molecular complex with formula [(PbS)(Pb(oleate),)],.**
Collectively, the NMR, UV-vis, and X-ray scattering kinetics data
support a stepwise process where the lead oleate and thiourea
are converted to solutes that accumulate and are then
consumed by nanocrystal growth.

The concentration of solute (Cgouee) can be determined from
the amount of precursor converted and the amount of PbS in
nanocrystals (Csolute = Ceonv — Csolia) Where Ceony = [thiourea]y(1
— exp[—kopatt]) and Cyo1ig = [thiourea]o(exp[—kopa t])- As can be
seen in Fig. 3c, the Cyoute for each thiourea peaks following
~50% conversion of the precursors with a maximum solute
concentration of ~4 mM or ~45% of the total sulfur. Both

Chem. Sci., 2022, 13, 4977-4983 | 4979
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Fig. 3 (a) “*C-Thiourea conversion kinetics measured by monitoring
(b) disappearance of *C-labeled thiourea (6 = 181 ppm) and formation
of 13C labeled N-oleoylurea (6 = 154 ppm) using *C NMR spectros-
copy. (c) Temporal evolution of the [PbS] and [precursor] for N-4-
chloro-phenyl-N'-dodecylthiourea (purple), N-phenyl-N’-dodecylth-
iourea (light blue), and N-4-methoxy-N'-phenyl-dodecylthiourea
(dark blue). The total PbS produced (empty circles) fit to a single
exponential growth function (dashed colored line), exponential fit
from SAXS (solid black line) and dip probe measurement (dotted black
line), and the calculated solute (solid colored line) are presented.

nucleation and growth to a larger average size occurs in parallel
with the rise in Coyte-

The concentration of nanocrystals measured with SAXS
steadily increases to 0.9-4.4 pM over ~200 seconds and then
plateaus as the nanocrystals grow to their final size (Fig. 4 and
S237). The production of such a large concentration of crystal-
lites is in itself evidence of a homogeneous nucleation process.
No further evolution of the nanocrystal concentration or size is
observed after the plateau. We conclude that the nanocrystals
do not agglomerate or ripen following precursor conversion as
was previously reported."* The increasing number of nano-
crystals can be used as a measure of the nucleation kinetics
without considering the nucleus size or structure. The instan-
taneous nucleation rate is extracted from a polynomial fit to the
nanocrystal concentration as described in the ESI{ and shown
in Fig. 4b. These curves illustrate how the nucleation phase
continues across ~2 minutes, long after the induction delay
observed using optical spectroscopy and spanning more than
~10% of total reaction time (>50% of the precipitation). Reac-
tions performed at lower temperatures display even longer
nucleation times.**

Interestingly, the nucleation rate decays as the solute
concentration climbs to its maximum value. The inverse
correlation between nucleation rate and solute concentration is

4980 | Chem. Sci, 2022, 13, 4977-4983
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Fig. 4 (a) Evolution of the concentration in PbS nanocrystals during
their formation for each of three thiourea precursors (N-4-chloro-
phenyl-N'-dodecylthiourea (purple), N-phenyl-N'-dodecylthiourea
(light blue), and N-4-methoxy-N’-phenyl-dodecylthiourea (dark blue))
(see also ESIT). A polynomial fit of the evolving nanocrystal concen-
tration is used as an input for the population balance modeling. An
induction delay at early times prior to the appearance of nanocrystals is
more clearly displayed in the ESI.T (b) The rate of nucleation (colored,
solid line), taken from the derivative of the polynomial fit shown in a, is
compared to the solute concentration (colored, dashed line). Note
that the nanocrystal concentration during the induction delay is zero.
Data points during this period were not used when fitting the nucle-
ation rate shown in (b).

counterintuitive, however, a variety of factors may directly or
indirectly influence the nucleation rate. For example, conver-
sion of the thiourea precursor consumes lead oleate, which may
impact the nucleation or growth rates. High lead oleate and lead
chloride precursor concentrations are known to increase the
extent of PbS nucleation and narrow the size distribution.”>**
Nanocrystal coalescence could also cause an apparent reduction
in the nucleation rate, but we do not observe ripening or
reduction of the nanoparticle concentration over long periods
of time at the reaction temperature.

While it is not yet clear why a decrease in the nucleation rate
accompanies the increase in solute concentration, this behavior
may be related to the prolonged nucleation period observed. On
the other hand, the burst of nucleation postulated by LaMer
occurs when the nucleation rate is a stronger function of solute
concentration than the growth rate,* a condition that is not met
in our experiments. Thus, the prolonged nucleation period and
the inverse relation between nucleation and solute concentra-
tion are perplexing but possibly related observations that
warrant further study.

The size distributions obtained here cannot be explained by
a short nucleation phase that is separate from growth. Instead,
a size focusing mechanism is needed to achieve the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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characteristically narrow size distribution. We use population
balance modeling to probe the size dependence of the crystal
growth rate and determine the magnitude of the size focusing
effect. The particle size distribution n(r, ¢) during nucleation
and growth evolves according to the population balance equa-
tion (PBE, eqn (1)).

on(r, t)  0(G(r, t)n(r, t))
a ar

=B(n, r, 1) (1)

here, n is the number density of particles, r is the particle
radius, ¢ is the time and G = 7/(¢) is the growth rate of particles.
B is the net generation of particles through events like aggre-
gation, break-up, and nucleation. The PBE framework can
describe different nucleation and growth processes by incor-
porating different B(n, r, t) and G(r, t) models, respectively.>*>*
In the absence of agglomeration and secondary nucleation we
can omit the B(n, r, t) term and account for nucleation with
a boundary condition: n(0, t)G(0, ¢) = J(¢). The nucleation rate
expression (J(t)) comes directly from the time derivative of the
nanoparticle concentration (Fig. 4). Using J(t) and Csoee(?) as
experimental inputs, we used the PBE to test different growth
rate models of the form G(r, t) = VinkgCsoluee(t)/r(t)* where kg is
a kinetic prefactor, vy, the molar volume (v, = 31.5 x 10°° m?
mol '), and « is a parameter corresponding to different limiting
resistances. Numerical methods for solving the PBE are
described in the ESLt
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Fig. 5 (a) Mean radius and (b) standard deviation in radius versus time
for each thiourea. The solid lines are the prediction from the pop-
ulation balance model using egn (2). A single growth rate constant is
found that is consistent across all three thioureas.
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PBEs with growth models where o = 0-4 were fit to the radius
evolution with time by optimizing the corresponding kg, the
only adjustable parameter for each growth model (Fig. S157). An
example particle size and size distribution predicted by the PBE
is shown in Fig. 5. Specific values of correspond to different
limiting resistances in the attachment of PbS. A model with size
independent growth kinetics (¢ = 0) was unable to fit the
observed evolution in average radius for any value of kg
(Fig. S1371). Moreover, the standard deviation in diameter ob-
tained from the SAXS data is much smaller than that predicted
from the length of the nucleation phase followed by a linear
growth rate. Thus, our results cannot be explained by a size
independent growth rate, nor by a brief “burst” of nucleation
followed by growth.

Models with & = 1-1.5 are sufficient to describe the mean
particle size and polydispersity as a function of time (Fig. S157)
and the total amount of solid PbS (Fig. S161) across all
precursors using a narrow range of kg. An inverse dependence
of G on radius (« = 1) is consistent with a diffusion controlled
growth process in which kg = D so that G = v,DCyouce(t)/7-
However, the fitted value of kg corresponds to a solute diffusion
constant (D = 3.46 x 10~ m?® s™!) on the same order as the
diffusivity of a 10 nm nanocrystal. '"H nuclear magnetic reso-
nance diffusion order spectroscopy (DOSY NMR) of lead oleate
in hexadecane at 110 °C gives a diffusivity of 3.6 x 10" m?s ™7,
an order of magnitude faster than the diffusivity from the G =
VYmDCsotuee(t)/r model fit. Thus the fitted value of D is too slow to
be explained by diffusion of surfactant stabilized monomers
through the solvent.

To further test whether diffusion through the bulk solution
limits the growth kinetics, PbS syntheses were performed in
several n-alkane solvents (C8 to C20), whose viscosity varies
from 0.24 to 1.41 N m s> at 100 °C.>® The viscosity increase
causes a small reduction (~25%) in kuys " and slightly reduces
the final nanocrystal size (Fig. S19t). If the growth is limited by
diffusion under these conditions, the seven-fold increase in
viscosity should cause an approximately seven-fold decrease in
the diffusion coefficient and a corresponding increase in the
nanocrystal volume. As seen in Fig. S19,} the increase in solvent
viscosity slightly decreases the final size, contrary to this
prediction. Instead, the increased viscosity correlates with
a slight increase in the growth rate. These observations are
inconsistent with a growth process that is limited by diffusion
through bulk solution. Thus, another mechanism is required to
explain the size dependence of the growth rate.

Each of the microscopic steps during the surface reaction
may depend on the nanoparticle size, including ligand pene-
tration, surface binding, migration, and facet nucleation. Any or
all of these steps could be influenced by size dependent struc-
tures, such as: (1) strain,**** ligand coverage and binding
strength,®*** and the ratio of atoms on corners, edges, and
facets, (2) transitions between magic sizes with kinetics that are
governed by 2D facet nucleation,* and (3) attachment kinetics
that are limited by penetration of a surfactant ligand layer,
among others.

Mechanisms (2) and (3) are amenable to simple phenome-
nological models based on the nanoparticle size and geometry.

Chem. Sci., 2022, 13, 4977-4983 | 4981
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The central idea in mechanism (2), for example, is that nano-
crystal shapes with completed facets constitute highly stable
magic clusters.** Each facet represents a confined region where
2D-nucleation and growth must occur to make the transition to
the next size. Models suggest that the transitions from one
magic cluster size to the next become more difficult as the
nanoparticle grows larger.* It is not yet clear whether the magic
cluster mechanisms are important for quasi-spherical metal
chalcogenide nanocrystals.

Here we elaborate on model (3), i.e. attachment limited by
penetration of the surfactant ligand shell. We construct a model
based on three key assumptions: (i) that PbS units in the bulk
solution diffuse to the outer edge of the ligand shell with
negligible resistance, (ii) that the ligand shell has approximately
uniform thickness around the nanoparticle, and (iii) those PbS
units that penetrate to the inner edge of the shell are immedi-
ately incorporated into the PbS nanoparticle. According to this
mechanism, the key parameters that control the attachment
rate are the thickness of the oleate ligand shell, the partition
coefficient of PbS to the oleate ligand shell from the bulk
solution, and the effective diffusivity of PbS through the ligand
layer. The predicted growth rate is

G= VmCsolute(t)DshellK(r + l)/(rl) (2)

here [ is the ligand shell thickness, v is the molar volume of
solid PbS, K is the partition coefficient of PbS from bulk solution
to the ligand shell, and Dgpey is the diffusivity of PbS through
the ligand shell. The derivation of this equation can be found in
the ESL.{ Fig. S17f shows how our assumptions determine
boundary conditions on the PbS concentration at the inner and
outer edges of the ligand shell.

For large radii (where r > [), the growth rate becomes
proportional to the ligand shell permeability (G = v, Csolute(t)
Dgnenk/l). At small sizes (I > r) the growth rate approaches vy,
DghetKCsolute(t)/7. Note that the oleate ligand shell thickness is
about 2 nm, which is similar to the diameter of nanocrystals
produced during the nucleation period shown in Fig. 3 and 4. In
our calculations, v and / are known quantities, and Csojyute(t) was
experimentally determined as described above. Only the
distribution of radii (7) is being predicted and DK is a fitting
parameter. Fig. 5 shows that the model based on eqn (2) accu-
rately predicts the experimental mean radius and polydispersity
data across all three precursors using a narrow range of the
lumped adjustable parameter Dy, K. The ability to fit our
results using a single parameter across a factor of two in solute
supply kinetics highlights the reproducibility of our reaction
conditions and the reliability of our model.

The binding strength and coverage of ligands was recently
proposed to cause size dependent growth kinetics and size
distribution focusing of Pd nanocrystals.*® Population balance
modelling and density functional theory calculations demon-
strated that phosphine ligands bind small Pd nanocrystals with
lower affinity and can thereby induce size dependent growth
kinetics and size distribution focusing. Another computational
study on the growth mechanism of indium phosphide nano-
crystals*> demonstrated size dependent surface reactivity
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including tighter binding of carboxylates and less favorable
attachment of phosphide to large crystallites. These findings
were proposed to explain the well-known reluctance of InP
nanocrystals to grow beyond a few nanometers in size.*>* Simi-
larly, the binding of lead oleate to PbS is known to be weaker for
small crystallites.’” Moreover, increasing the concentration of
lead oleate and lead chloride during the synthesis of PbS
nanocrystals,*?* or phosphines in the synthesis of Pd nano-
crystals®® decreases the final size and size distribution. These
effects are consistent with slower, more size dependent growth
kinetics at higher ligand coverages. Finally, it has been
demonstrated that increasing the chain length of carboxylate
surfactants decreases the size and size distribution of colloidal
CdSe nanocrystals.*® These results clearly illustrate how ligand
binding, coverage, and structure can induce size dependent
growth kinetics. Together they point to a new picture of size
distribution focusing that can be addressed using surface
coordination chemistry.

The slow nucleation observed here clearly demonstrates that
the burst of nucleation inherent in LaMer's proposal®® is not
applicable to this canonical colloidal crystalline material.
Neither is the diffusion limited size focusing mechanism
described by Reiss.” Several recent studies on platinum,*
cadmium selenide,** indium phosphide,*® and palladium®
nanocrystals reach a similar conclusion. These results require
a reinvention of the core principles used to explain the size
distributions of colloidal crystals. More detailed investigations
of the rate limiting attachment process and its structural origins
are important opportunities to advance the rational design of
crystalline materials.
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