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olloidal semiconductor nanocrystals
or quantum dots (QDs) have opto-
electronic properties that strongly
depend on their size, structure, shape, and
composition.''* In addition, because they
are colloidal particles sterically stabilized by
ligands, wet chemical techniques can be
used to functionalize them through ligand
exchange,'* and the formation of QD mono-
layers or thin films is possible by various
wet-processing techniques such as spin coat-
ing, drop casting, layer-by-layer assembly,'*
or Langmuir—Blodgett deposition.'®'” This
unique combination of tunable opto-
electronic properties and a suitability for wet
chemical processing results in an exception-
ally broad potential for applications, which
extends from opto-electronic devices such
as photodetectors,'®'® LEDs,>*?' and solar
cells?>>~2* to biolabeling®® and sensing.2®
For the characterization of their material
properties and the development of these
applications, the synthesis of QDs with sharp
size distributions at desired mean sizes and
high reaction yields is necessary. Until now
two concepts, burst nucleation and focus-
ing, are mainly applied in colloidal synthesis
to achieve narrow size distributions.?” In the
hot injection synthesis, burst nucleation is
supposedly achieved by the injection of
reaction precursors at a high temperature,
which leads to a high degree of supersatura-
tion. This should result in a short nucleation
event, which is stopped by the resulting
drop of the supersaturation and the tem-
perature. Next, it is assumed that nuclea-
tion is followed by a continuous growth at a
lower temperature, thereby maintaining the
initial sharp size distribution during the
growth phase. In addition, it was shown that
specific reaction conditions can even im-
prove an initial size distribution.?® This so-
called focusing is based on the fact that
when growth is limited by the diffusion of
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We show that adjusting the reaction rate in a hot injection synthesis is a viable strategy to tune
the diameter of colloidal nanocrystals at the end of the size distribution focusing, i.e., the
postfocused diameter. The approach is introduced by synthesis simulations, which describe
nucleation and growth of colloidal nanocrystals from a solute or monomer that is formed
in situ out of the injected precursors. These simulations indicate that the postfocused diameter
is reached at almost full yield and that it can be adjusted by the rate of monomer formation.
We implement this size-tuning strategy using a particular CdSe quantum dot synthesis that
shows excellent agreement with the model synthesis. After demonstrating that the reaction
rate depends in first order on the Cd and Se precursor concentration, the proposed strategy of
size control is explored by varying the precursor concentration. This enables the synthesis of
colloidal nanocrystals with a predefined size at almost full yield and sharp size distributions. In
addition, we demonstrate that the same tuning strategy applies to the synthesis of CdS
quantum dots. This result is highly relevant especially in the context of reaction upscaling and
automation. Moreover, the results obtained challenge the traditional interpretation of the hot
injection synthesis, in particular the link between hot injection, burst nucleation, and sharp

size distributions.
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reagents to the QDs, the increase of the QD
radius, rqp, with time drops as 1/rqp. Since
smaller particles grow faster than bigger
particles under this condition, the initial par-
ticle size distribution narrows during growth.

The hot injection concept led to the
development of synthesis schemes where
QDs of different sizes are obtained by chang-
ing the reaction time.>?°~3* Although highly
successful, these procedures have an intrinsic

* Address correspondence to
capek@techunix.technion.ac.il;
Zeger.Hens@UGent.be.

Received for review May 27, 2011
and accepted December 1, 2011.

10.1021/nn204008q

©2011 American Chemical Society

VOL.6 = NO.1 = 42-53 = 2012

Published online December 01, 2011

N

WWwWW.acsnano.org

42



drawback: QDs with a size smaller than the size
reached after focusing (a size referred to as the
postfocused size dpg), which often coincides with a
reaction yield close to unity,?® are only obtained at the
expense of a reduced reaction yield and a suboptimal
size dispersion. This is problematic when small QDs are
targeted or in the context of reaction upscaling. There-
fore, the development of strategies enabling the pre-
paration of monodisperse batches of colloidal QDs with
different diameters at the end of the reaction is of key
importance. A number of literature examples indicate
possible approaches in this respect. Various authors
have shown for CdSe and CdS QDs synthesized in
noncoordinating solvents that a decrease of the con-
centration of carboxylic or phosphonic acids leads to a
reduction of the QD diameter.3%~*° Alternatively, in the
case of InP and CdSe, it was demonstrated that the
number of QDs***' and the final QD diameter* can be
tuned by the precursor concentrations. In addition to
these studies, recent work on the kinetics of the hot
injection synthesis showed that the actual solute or
monomer is formed in situ in the reaction mixture out
of the injected precursors.**** Although this has been
taken into account in rate equation based models for the
formation of colloidal nanocrystals,** there is as yet no
link between these models and the above-mentioned
strategies for size control. This hampers the development
of high-yield syntheses, which is an important limiting
factor for large-scale applications of colloidal nanocrystals.
In this work, we use a comprehensive model of
nucleation and growth that combines classical nuclea-
tion theory with the concept of monomer formation to
demonstrate that the formation rate of the solute can
be used to control dpr. Experimentally verifiable finger-
prints of this model synthesis are a three-stage devel-
opment of the size dispersion from defocusing to
focusing to defocusing, where the minimum in the
size dispersion is reached close to full yield, and a
reaction yield development that is determined by the
rate of solute or monomer formation. We show that the
time development of a CdSe synthesis, which is opti-
mized for small sizes,* is fully in line with the basic
features of this model synthesis. On the basis of this
correspondence, we explore the tuning of the post-
focused size by the reaction rate by varying the pre-
cursor concentrations and the reaction temperature.
We find that the postfocused size can be adjusted as
predicted by the modeling and show that the same
approach applies to the synthesis of CdS QDs. This
demonstrates that the reaction rate is a powerful reac-
tion variable to steer the outcome of a hot injection
synthesis at full yield and narrow size dispersion.

RESULTS

Overview of the Hot Injection Model Synthesis. To under-
stand the development of a colloidal nanocrystal synthesis,
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it was usually assumed that the injected precursors are
the actual solutes.” As a result, theoretical descriptions
often used a static view of the solute concentration.
More recently, Steckel et al.*? and Liu et al.** demon-
strated that formation of the solute from the precursors
precedes the precipitation reaction. In line with these
results, the hot injection model synthesis developed
here assumes a two-step reaction where the injected
precursors P first react to form the solute or monomer M,
which leads to the nucleation and growth of nano-
crystals or QDs in a second stage:

P—M=0QD (1)

This makes the time-dependent concentrations of
precursors, monomers, and QDs the central quantities
of the simulation. These are obtained here by applying
the expressions of classical nucleation theory to the
monomers (see Supporting Information S1), in line
with the approach introduced in general terms by
Sugimoto*® and applied by Kwon et al.*’ to the heat-
ing-up synthesis of iron oxide nanocrystals. This means
that the critical radius, r., and the nucleation rate, Jy,
are defined in terms of a supersaturation, S, which is
defined as the ratio of the monomer concentration and
the monomer solubility (y: QD surface tension, vo: molec-
ular volume of the QD material, kg: Boltzmann's con-
stant, D: monomer diffusion coefficient, T: temperature):

re = _2yvo 2)

" kgTInS

D 1673 vo?
N = exX - 3
N = p< 3(ksT)*(In 5)° )

Figure 1 represents the outcome of a typical model
synthesis, representative of a fast reaction with a low
monomer solubility (see Supporting Information S2).
Apart from the nucleation stage, the time evolution of
the concentration distribution c(r,t) (Figure 1a) resem-
bles the result obtained by Rempel et al,** who kept
track of all possible n-clusters in the system. Looking
at the development of the QD concentration, [QD]
(Figure 1b), one sees that there are two main regions in
the reaction development: a first in which [QD] in-
creases because of nucleation of new QDs (region 1)
and a second where [QD] decreases due to Ostwald
ripening (regions 2a and 2b).

In the initial stage of the nucleation (region 1), the
generated monomers are mainly consumed by the
nucleation of QDs (Figure 1d). Importantly, this implies
that the initial nucleation rate and therefore Sand r. are
set by the rate of the monomer formation. As a result,
[QD] increases with time and the initial size distribution
is narrow and centered around a fixed radius. With the
rise of [QD], an increasing part of the generated mono-
mers is used for the growth of existing QDs at the
expense of nucleation. The dropping nucleation rate
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Figure 1. (a) Concentration distribution c(r,t) obtained with the initial parameters as given in the Supporting Information. The
color scale indicates an increase of c in the direction yellow—orange—red—black. The gray line marks the critical radius, r..
(b) Change of (red) QD concentration and (blue) reaction yield as a function of time. (c) Change of (full red) QD diameter,
(dashed red) critical radius, and (blue) size dispersion as a function of time. Indicated are (orange) the maximum and (green)
the minimum of the size dispersion. (d) (bold red line) Monomer generation rate, (dashed red line) monomer consumption
rate by nucleation, and (red line) monomer consumption rate by growth. All rates are given relative to the initial monomer
formation rate. (blue) Fraction of the monomer generation resulting from particle dissolution.

results in a reduction of S, and thus an increase of
rc (Figure 1c). When r falls within the concentration
distribution (Figure 1a), particles with a radius rqp
below r. will dissolve (Ostwald ripening). This results in
a maximum [QD], determined by a balance between
the dissolution of existing QDs and the nucleation of
new QDs. This indicates that Ostwald ripening may
occur in parallel with nucleation and is not limited to
the end of the reaction, when the monomer concen-
tration is depleted.?® Opposite of Kwon et al.,*” we find
no bimodal concentration distribution in the nuclea-
tion region. Since for radii close to r., the QD growth
rate drop/dt increases with rop (see Supporting Infor-
mation S1),*® the onset of QD growth leads to a strong
increase of the size dispersion, oy, defined here as the
ratio between standard deviation of the particle size
distribution and rqp (defocusing, Figure 1c).

After the concentration maximum, the contribution
of nucleation to the consumption of monomers be-
comes negligible and the reaction enters a regime in
which the monomer generation mainly drives nano-
crystal growth (region 2a). This results in a pronounced
increase of rqp and a reduction of g4 (focusing, be-
tween orange and green lines in Figure 1c), which is
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linked to an increasing difference between rqp and r.
(Figure 1c). Opposite of the original description of size
distribution focusing,?® Ostwald ripening is not absent
during focusing, but its effect is small and [QD] is
almost constant. With increasing reaction time, the
monomer generation rate drops, which results in a
reduction of the QD growth rate and a progressive
decrease of S. Therefore, the difference between rqop
and r. goes down again (Figure 1¢) and Ostwald ripen-
ing becomes the dominant growth process (region 2b).
Hence, o4 reaches a minimum and further QD growth
occurs only at the expense of defocusing and a drop in
[QD] (Figure 1b,c). Importantly, the minimum of oy
corresponds to a reaction yield of 90%. In view of size
control at almost full yield, this is an ideal point to stop
the reaction, especially since the transition from reac-
tion-driven growth to Ostwald ripening shows a rela-
tively wide time span in which the reaction has reached
almost full yield, rqp rises slowly, and oy is close to its
minimum. This shows the relevance of strategies to
tune the diameter at the end of the focusing, i.e., the
postfocused diameter dpg.

The connection between size distribution focusing
and the difference between rqop and r. that follows
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Figure 2. (a) (bold lines) Monomer generation rate; (full lines) rate of monomer consumption by growth; (dashed lines) rate of
monomer consumption by nucleation for three different values of the first-order rate constant of monomer generation. Red:
the value used in Figure 1 (k;). Green: k,/2. Black: 2k,. (b) (full lines) Change of the QD concentration and (dashed lines) the
average QD diameter as a function of time. (c) (blue bars) QD diameter and (red bars) QD concentration at the end of the

focusing regime.
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Figure 3. (a) Development of the absorption spectrum of CdSe QDs during a standard synthesis (ncq,0 = 0.2 mmol, nge o = 2
mmol, 245 °C/230 °C injection/growth temperature). (b) Time development of (red circles) the QD diameter d and (blue
squares) the size dispersion. (c) Time development of the number of QDs (nqp, red circles) and the amount of CdSe formed
(Ncases blue squares). The full lines are guides to the eye. The horizontal blue line indicates the 100% yield level.

from the modeling (Figure 1c) has been proposed
before by Sugimoto®® and was the subject of a recent
theoretical study on focusing during nanocrystal growth
by Clark et al.* Briefly, these authors argue that focus-
ing will occur when rqp/r. exceeds 2. As shown in the
Supporting Information (54), also in the model synthe-
sis proposed here, the ratio rqp/r. is a good indicator of
focusing. However, the critical value of 2 is not re-
trieved, possibly due to the different expression for the
growth rate used here.*®

Controling the Postfocused Diameter by the Monomer For-
mation Rate. Figure 1d represents the three terms con-
tributing to the change of the monomer concentration:
monomer generation (Gy, bold line) and monomer
consumption by growth (Jg, full line) and by nucleation
(Jn, dashed line). One sees that for the fast reaction
modeled here, the sum of Jy and Jg is always equal to
G- Returning to the model, this implies that the super-
saturation S is quasi-stationary; thatis, dS/dt is small with
respect to these three rates. Therefore, the initial nuclea-
tion rate is set by the initial monomer generation rate.
This implies that the latter may be used to adjust the
total number of particles nucleated and, therefore, dp.

ABE ET AL.

Figure 2a shows Gy, J, and Jg for different mono-
mer generation rates (i.e., different first-order rate con-
stants k; for the monomer generation reaction). As
expected, Gy, drops faster for higher reaction rates and
the initial nucleation rate changes proportionally to k;.
However, changing k; has only a minor effect on the
moment that Ostwald ripening exceeds nucleation.
This results from the extreme dependence of the
nucleation rate on S (see Supporting Information S1),
which implies that a change of Gy hardly affects the
initial supersaturation and, thus, the initial r.. Therefore,
not only Jy but also the number of particles formed by
nucleation is proportional to Gy. This implies that also
monomer consumption by growth scales proportion-
ally to Gy, and, thus, that the takeover of nucleation by
growth hardly changes. The net effect is an increase of
the QD concentration during the reaction-driven growth
regime with increasing k; (Figure 2b). As the total
amount of precursor stays constant, this implies that
dpr decreases if k; is raised. Since a 4-fold increase of k;
leads to a significant reduction of dpr in the model
synthesis, this clearly is a potentially powerful tuning
strategy.
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Figure 4. (a) Time evolution of the amount of (red) CdSe (ncgse), (blue) TOP-Se (n1op_se), and (green) the sum of both (ncq o,
0.4 mmol; nse0, 1 mmol, 245 °C/230 °C injection/growth temperature). The red and blue fitting lines are guides to the eye,
whereas the green line indicates the number of moles of TOP-Se effectively injected (0.86 mmol). The horizontal red line
shows the 100% yield level. (b) Time evolution of the amount of CdSe (ncgse) for reactions with a ncg,0:nse o ratio of 1:10, ncq,0
ranges from (green) 0.1 mmol to (red) 0.2 mmol to (blue) 0.4 mmol, 245 °C/230 °C injection/growth temperature. The full lines
through the data points represent best fits to eq 4. The horizontal lines indicate the respective 100% yield levels. (c) Fitting
parameters, (red) ncqo and (blue) k;, obtained from a best fit of the data shown in (b) to a first-order buildup curve.

Overview of the (dSe Synthesis Used. To verify the pre-
dictions of the simulations, we use a synthesis for
zincblende CdSe QDs, based on the injection of trioc-
tylphosphine selenide (TOP-Se) in a solution of Cd
stearate (Cd(StA),), hexadecylamine (HDA), and stearic
acid (StA) in octadecene (ODE).*® The typical develop-
ment of the absorption spectra during the synthesis is
shown in Figure 3a. A relatively sharp absorption peak
corresponding to the first exciton transition (15.1s) is
observed even in the beginning of the reaction. With
increasing reaction time, 4,s_;s shifts to longer wave-
lengths, reflecting QD growth. Figure 3b gives the
corresponding change of dqop and o4 with time. In line
with the model synthesis, the growth almost stops
after o4 has reached its minimum. Further, a pro-
nounced increase of nqp is observed in the beginning,
accompanied by an increase of g4. When this defocus-
ing turns into focusing, nqp remains largely constant
within the errors of the measurement, in line with the
reaction-driven growth regime that appeared in the
model synthesis. Moreover, at the end of the focusing
regime, the reaction has reached almost full yield. With
such a high yield at the postfocused diameter and the
almost perfect agreement with the model synthesis, this
particular reaction is well suited to investigate the mod-
eling results in terms of tuning dpr by the reaction rate.

(dSe Formation Rate. A key element of the modeling
work is that a change of the monomer formation rate
enables a tuning of dp. Hence to implement and under-
stand this tuning strategy, the kinetics of the monomer
formation reaction must be known. In the model
synthesis, the rate at which CdSe is formed (the CdSe
formation rate) equals the rate of monomer generation.
To verify this for the experimental synthesis, Figure 4a
plots the amount of TOP-Se (ntop_se)—as determined
using >'P NMR—and CdSe (ncgse) in the reaction
mixture as a function of time. Since the sum of both
is a constant, the disappearance of TOP-Se is balanced
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by the formation of CdSe. This means that the mono-
mer concentration is quasi-stationary, in line with the
model synthesis, and that the time development of
Ncgse reflects the kinetics of the monomer generation
in the experimental synthesis. Figure 4b shows ncys. as
a function of time for three different combinations of
Ncqo and nse o under conditions of a 10-fold excess of
Se. The thin horizontal lines indicate the 100% yield
level for the different reactions (Cd-based), confirming
that the Cd precursor is almost completely converted
into CdSe for all three reactions. The full lines represent
best fits of the experimental data to a model where the
formation of CdSe depends in first order on ncq (see
Supporting Information S5):

Nedse(t) = Neg,0(1 —e K1) (4)

The correspondence between this simple build-
up model and the experimental data is surprisingly
good.

A closer look at the fitting parameters represented
in Figure 4c shows that the fitted value of ncq o almost
corresponds to the experimental one, as expected for a
yield close to 100%. More importantly, we find that
the rate constant k; increases proportionally to the
precursor concentration. Since the ratio ncq:nse o Was
kept constant during these experiments, this suggests
that the formation of CdSe is determined by a second-
order monomer generation rate, which is proportional
either to ncy® or to Ny X Nse.

To investigate this more closely, the development
of ncygse With time was determined at two different
temperatures and for various combinations of ncqo
and nse o (Figure 5a and b). For these experiments, the
concentration of StA and HDA was adjusted propor-
tionally to ncqo. As demonstrated in the Supporting
Information (S6), the reaction rate does not depend on
the concentration of StA or HDA. Thus, differences in

VOL.6 = NO.1 = 42-53 = 2012 @%\\

L~

\

)

WWww.acsnano.org

46



Ngyse (MMoOI)
Ngyse (MMoOI)

0.0

0.5

0.4

0.3

0.2

0.1

0.0

+HO-EH—

Neq,0:Nse,0
e 044
e 04:1
e 022

0.2:0.5
e 0.1:1

1 1 1 1 Im
0 200 400 600 800 1000
t(s)

1 1
200 400

t(s)

Figure 5. (a) Time evolution of the amount of CdSe formed (nc4s.) for reactions with initial amounts ncq o and nse ¢ as indicated
in the legend (all numbers in mmol), 245 °C/230 °C injection/growth temperature. The horizontal lines indicate the respective
100% yield levels. The full lines through the data points represent best fits using a monomer generation rate that is first order
in Pcg and Ps.. (b) The same as in (a) using 280 °C/260 °C as injection/growth temperature. Note the different scale in the
horizontal axis. The squares and the circles indicate different runs of the same experiment.

the yield development between different experiments
directly reflect the influence of the precursor concen-
tration on the reaction rate. Figure 5a and b show that
reactions where the product ncgp X Nseo is the same
(purple and red data, orange and green data) have a
coinciding slope dncgse/dt at t = 0 and, thus, an iden-
tical initial reaction rate. Furthermore, for reactions
with the same ncqy, the initial rate dncyse/dt increases
proportionally to nse o (see Figure 5a, b and Supporting
Information S5). Both elements point toward a rate
equation that depends in first order on ncq and nse.

To corroborate this conclusion, we have fitted the
experimental development of ncyse(t) to a buildup
curve based on a formation rate that is proportional
t0 Ncgo X Nseo (see Supporting Information S5). In
these fits, a single value is used for the second-order
rate constant k, and ncqp is taken as an adjustable
variable to compensate for reaction yields slightly
different from 100%. As shown in Figure 5a and b,
the agreement between the data and the best fit is
remarkable and results in second-order rate constants
of 0.14 4+ 0.01 L/(s mol) at 230 °Cand 0.56 4= 0.05 L/(s mol)
at 260 °C. The fact that the formation of CdSe with time
follows this simple second-order rate law, which is
independent of the QD size and concentration,
confirms that the CdSe formation is dominated by a
monomer generation in solution and barely by a sur-
face reaction of the separate precursors. Moreover, the
first-order dependence of the CdSe formation rate on
Nncq and nse excludes the possibility that the monomers
are in quasi-equilibrium with the precursors. Indeed, if
this would be true, the rate of CdSe formation can be
proportional to ncqo X Nseo only if the rate of
monomer consumption by nucleation and growth
depends in first order on the monomer concentra-
tion, which is not the case (see eq 3 and Supporting
Information S1) .

Steckel et al. and Liu et a proposed a possible
mechanism for the monomer formation in reactions
similar to the one used here, involving the formation of

l.42'43
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a cadmium selenide complex (binding reaction), which
decomposes further to a CdSe monomer (cleavage
reaction):

Cd(OOCR); + SePR3 :‘——‘b [Cd(OOCR)(SePR3)1T[OOCR] ~
(5)

[Cd(OOCR)(SePR3)] " [OOCR] ~ ke, CdSe + OPR; + O(OCR),
(6)

In line with this mechanism, we find that the
disappearance of TOP-Se results in the formation of an
equivalent amount of TOPO (see Supporting Informa-
tion S7). Hence, assuming that the above reaction
scheme applies, the experimentally observed second-
order rate equation indicates that the concentration
of the complex is quasi-stationary, which leads to
an effective second-order rate constant, k efr = Kckp/
(ke + k_p). In the limit k. > k_,, this implies that the
binding reaction is rate determining, while if k. <k_y,
the binding reaction (5) is in rapid, quasi-equilibrium
and the cleavage reaction is rate determining. A similar
result was found by Owen et al. for cadmium phos-
phonate/TOPSe-based hot injection reactions.® How-
ever, the fact that the CdSe formation rate does not
depend on the concentration of added carboxylic acid
or alkyl amines (see Supporting Information)—which
are both nucleophiles that can enhance the cleavage
reaction—suggests that in this case the binding reac-
tion is rate limiting.

With the monomer formation rate depending in
first order on both precursors, the particular CdSe
synthesis used here represents an ideal system for
investigating the tuning of dpr by the reaction rate. In
the case of a Se excess for example, the pseudo-first-
order rate constant of the monomer formation reac-
tion is proportional to nse o (Figure 4). Therefore, chang-
ing nse o suffices to analyze the predicted link between
the monomer formation rate and dpg.
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Figure 7. (a) Concentration of QDs formed as a function of ncqo and the nse o:ncq,0 ratio; 280 °C/260 °C injection/growth
temperature. (b) Postfocused diameter obtained as a function of ncq o and the ns o:ncq o ratio. Note that the direction of each
axis is swapped with respect to (a). (c) Absorption spectrum corresponding to the samples as indicated in (b).

Tuning dp; by the Reaction Rate: Role of the Precursor
Concentration. Figure 6 shows the development of nqp
and oy for three reactions with constant ncqo, while
Nse,0:Ncd,o is increased from 2.5 to 5 to 10. All reactions
follow the general behavior of the model synthesis,
with g4 reaching its minimum at almost full yield.
Moreover, in line with the model predictions (Figure 2),
Ngp goes down when nse is decreased, and a larger
dpr is hence obtained for lower reaction rates (Figure 6c).
Obviously, the time at which dpf is reached increases
when the reaction rate is reduced (Figure 6b).

As shown in Figure 7 and Table 1, this result can be
generalized to different initial precursor concentra-
tions. Doubling ncq o and nse o roughly leads to a 3-fold
increase of the number of QDs. As expected from
the CdSe formation kinetics, a separate increase of
the cadmium, or the selenium precursor, leads to an
increase of the number of nuclei as well, which is more
pronounced when increasing the cadmium concentra-
tion. However, since the selenium precursor was kept
in excess during this study, the absolute reaction yield
goes up as well when the cadmium precursor concen-
tration is increased. This makes size control by adjusting
the selenium precursor concentration more efficient.
Overall, changing the product ncgo X Nseo by a factor
of 64 allows us to vary the QD diameter from 2.8 to
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TABLE 1. Summary of the Reaction Time, Wavelength of
the First Exciton Transition, Postfocused Diameter, and
Number of QDs Formed for Different Combinations of
Ncg,0 and the nge oincq,0 Ratio at 280 °C/260 °C Injection/
Growth Temperature®

Ngg,0 (mmol)
Nse,0:Ncd 0 0.4 0.2 0.1

10:1 time (min) 1 2 8
Atsas (nm) 5288 £29 5509 +02 579.5 4 3.8
d (nm) 285+ 004 3194005  3.65 4 0.07
L) (10 mol) 1334005 056+ 0.1 0.20 £ 0.01

5:1 time (min) 8 32

Atsas (nm) 5717 £34 5982 4 0.6
d (nm) 351+ 006  4.02 4 0.01
ngp (1078 mol) 043 +0.02 0.14 & 0.01

2.5:1 time (min) 8 32 128
Atss (nm) 569.2 + 0.5 585+ 1.1  601.4 0.2
d (nm) 346 +0.01 3754002 410 £ 0.01
ne (107 mol) 0864004 031002 01440010

“For all reactions, the yield amounts to 85—95%.

4.1 nm and the position of the first electronic tran-
sition (1,5.1s) from 529 to 601 nm with reaction yields in
the range of 90% and low size dispersions (Figure 7,
Table 1). Hence, this approach represents a simple
yet powerful strategy to tune dpr in a hot injection
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Figure 8. Size tuning in the CdS synthesis, showing (a) the evolution of the absorption spectra as a function of time (ncq0 =
0.4 mmol, ns o =4 mmol). (b) Evolution of the amount of CdS formed as a function of time for reactions with ncq ¢:ns o of (blue)
0.4:4, (green) 0.4:2, and (red) 0.4:1 (numbers in mmol). The horizontal line shows the 85% yield level. (c) Postfocused diameter
of the different reactions. For all reactions, 280 °C/260 °C was used as injection/growth temperature, respectively.

synthesis, albeit at the expense of an increased reac-
tion time and a reduction of the amount of material
produced for larger sizes.

In the simulations, reducing k; by a factor of 4
increases dpr by about 50% from 3.0 to 4.6 nm. Experi-
mentally, a more moderate increase from 2.8 to 4.1 nm
is achieved by changing nseo and ncqo over a range
that approximately corresponds to a 16-fold increase
of the pseudo-first-order rate constant. This more
limited tuning in the experimental system can be linked
to the duration of the nucleation. Opposite of the sim-
ulations, Figure 6a and b indicate that the rise of nqp
and the initial defocusing last longer if the monomer
generation rate is reduced. For example, the moment
the maximum in the size dispersion is reached in-
creases from 15 s up to 1 min when nse is reduced
from 2 to 0.5 mmol. This prolonged nucleation implies
that a reduction of the monomer formation rate re-
duces nqp less than predicted by the modeling, which
leads in turn to a smaller than expected increase of dpf.
Within the logic of the simulations, the experimentally
observed prolonged nucleation indicates that the
dependence of the nucleation rate on S is less extreme
than expressed by eq 3, an expression typically used to
describe the nucleation event in a hot injection syn-
thesis.?*7=° According to classical nucleation theory,
the nucleation rate is linked to the free energy barrier
ANG for nucleation:

16my°ve® 4w

ANG = Vo _ A%
N T SkeT2(nS)? 3

yre? 7

Hence, the experimentally observed persistence of
the nucleation at larger r. (or lower supersaturation)
implies that AyG increases less strongly than assumed
with increasing r.. Following eq 7, this could for
example result from a reduction of the surface tension
with increasing QD diameter, which is not unexpected
given the strong reduction of the surface curvature
that accompanies QD growth. The occurrence of a
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Figure 9. Postfocused diameter obtained for different in-
itial concentrations at two different combinations of injec-
tion and growth temperature.

prolonged nucleation also indicates that hot injec-
tion followed by burst nucleation is not required to
obtain narrow size distributions, opposite of what is
often proposed in the description of the hot injection
synthesis.?”

Size Tuning in the CdS Synthesis. Since the model syn-
thesis is not material specific, the proposed tuning
strategy should not be limited to a particular CdSe
synthesis. To demonstrate this, Figure 8 represents a
study on CdS QDs, where we again explore size tuning
by changing the initial precursor concentrations. As
shown in Figure 8a, the absorption peak corresponding
to the first exciton transition can be used to determine
the average particle diameter. Regardless of the pre-
cursor concentration, the synthesis runs to almost full
yield—the black line in Figure 8b indicates the 85%
yield level—and we find again that lowering the con-
centration of the S precursor slows the CdS formation.
In line with the model synthesis, a reduction of the CdS
formation rate leads to an increase of the nanocrystal
diameter (Figure 8c). This result indicates that adjusting
the postfocused size of colloidal nanocrystals by the
reaction rate could be a general strategy to obtain
colloidal nanocrystals with a predefined diameter and
a narrow size dispersion at close to full yield. This con-
clusion is further supported by the results on wurtzite
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CdSe presented by Owen et al.>® who demonstrate that

an increase of the amount of TOP-Se injected raises the
QD concentration.

Tuning dp; by the Reaction Rate: Role of Temperature. A
classical description of the hot injection synthesis is
that the rapid injection of precursors into a hot
(surfactant) solution produces a high degree of
supersaturation, resulting in a burst nucleation by
relieving the excess free energy of the supersatu-
ration.?” Looking at the expression for the critical
radius and the nucleation rate, this should result in
the formation of more and smaller nuclei at higher
temperature and, thus, a decrease of dpg. A similar
conclusion could follow from the viewpoint that the
nucleation rate is set by the monomer generation
rate, since the second-order rate constant of this
reaction increases with temperature. Opposite of
this expected trend, Figure 9 shows that the reaction
temperature has no significant effect on dpr and
thus on the QD concentration. Similarly, Joo et al.
observed that in the case of the PbSe synthesis,
increasing the injection temperature leads to a
decrease of the QD concentration during growth
and an increase of the QD diameter.’° These contra-
dictions are hard to reconcile with the classical
description linking hot injection to burst nucleation.
On the other hand, they can be understood by
considering that, next to the monomer formation
rate, also the rate of QD nucleation and growth
depend on temperature. For example, if an in-
crease of the temperature significantly enhances the
growth rate, eg., linked to an increase of the mono-
mer solubility, the time span of nucleation will be
reduced. Since the total number of particles formed
during the nucleation stage depends on both the
nucleation rate and the time span of nucleation, the
net effect of a temperature change on the final QD
concentration and diameter is difficult to predict.
For the present synthesis, it appears that the net
effect of the change of nucleation rate and nuclea-
tion time span is that dpf is almost insensitive to a
change in temperature. Importantly, this lack of tem-
perature dependence explains the high reproducibility
of the postfocused diameter for given conditions as

METHODS

Numerical Modeling. Modeling of the QD synthesis was done
by implementing the equations outlined below directly into
COMSOL Multiphysics, a commercially available finite-element
partial differential equation solver. The parameters used for all
simulations are given in the Supporting Information.

Chemicals. Methanol and 2-propanol were purchased from
VWR BDH Prolabo and were Rectapur grade. Toluene was also
purchased from VWR BDH Prolabo and was technical (for
workup) and Normapur grade (for spectroscopy). Oleic acid
(90%) and cadmium oxide (CdO; 99.99+%) were purchased
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shown in Table 1. Clearly, this is an important advan-
tage of the reaction presented here.

CONCLUSION

This work discusses the tuning of the QD diameter at
which the size dispersion is lowest during synthesis,
defined as the postfocused diameter, dpf, by the reaction
rate. The study combines a simulation of the hot injec-
tion synthesis by a rate equation model, which provides
the time development of the number of nuclei, the mean
particle size, and the size distribution, with an experi-
mental study mainly based on a particular synthesis for
CdSe QDs. Both simulation and experiment differ mark-
edly from the traditional hot injection/burst nucleation
description. We find that the rate of nucleation is con-
trolled by the rate of in situ monomer or solute forma-
tion, while its time span depends on the takeover of
nucleation by Ostwald ripening. In addition, the change
of the critical radius with respect to the mean QD radius
leads to a characteristic defocusing—focusing—defocus-
ing development of the size distribution. The insight in
the factors controlling nucleation provides a straightfor-
ward strategy for tuning dpg by the rate of the monomer
formation reaction. After showing that the CdSe forma-
tion rate depends in first order on the Cd and the Se
precursor, we explore this strategy by adjusting the
precursor concentrations. In line with the simulations,
we find that an increase of the monomer formation rate
leads to a decrease of dpr and vice versa. Similar results
are obtained with a synthesis of CdS QDs, indicating that
the proposed strategy is not limited to a particular QD
synthesis and may be more generally applicable. On the
other hand, a change of the injection and growth tem-
peratures has little effect on dpg. This indicates that
obtaining narrow size distributions by arresting nucleation
using a specific temperature program is not required nor
possible, since a change of the temperature also directly
influences the growth rate. This enhanced understanding
supported by a combination of simulations and experi-
ments provides a conceptual basis for developing alter-
native tuning strategies for the hot injection synthesis.
Since this postfocused diameter, dpr, is reached at almost
full yield, this is a highly relevant issue with respect to up-
scaling and automation of the hot injection synthesis.

from Aldrich. Selenium (99.999%) and 1-octadecene (ODE; tech.)
were purchased from Alfa Aesar. Stearic acid (98%) and hexa-
decylamine (HDA, 90%) were purchased from Merck. Trioctyl-
phospine (TOP, 97%) and sulfur (99.999%) were purchased from
Strem. Oleylamine (OLA; approximate C18-content 80—90%)
was purchased from Acros Organics.

Precursor Preparation. Cadmium stearate (cadmium to stearic
acid ratio 1:3) was prepared by mixing CdO and stearic acid in a
1:3 molar ratio, degassing for 1 h at 100 °C under a nitrogen
flow, and dissolving the cadmium oxide under a nitrogen atmo-
sphere between 250 and 300 °C until the mixture became clear.
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Cadmium oleate (cadmium to oleic acid ratio 1:3) was prepared
with a similar procedure starting from CdO and oleic acid. TOP-
Se solutions (solutions of trioctylphosphine selenide in TOP)
were prepared by dissolution of elemental selenium in TOP at
room temperature under a nitrogen atmosphere. TOP-S solu-
tions (solutions of trioctylphosphine sulfide in TOP) were simi-
larly prepared by dissolution of elemental sulfurin TOP at 110 °C
under a nitrogen atmosphere.

Synthesis of (dSe QDs. CdSe QDs were synthesized similar to a
recently published procedure:** a mixture of cadmium stearate,
stearic acid, and HDA (molar ratio 1:2:8) was filled up to a total
volume of 10 mL at room temperature in a 25 mL three-neck
flask. The reaction mixture was degassed for 30—60 min at room
temperature and 60 min at 100 °C under a nitrogen flow. Still
under nitrogen, the temperature was raised to the injection
temperature (280 or 245 °C), 2 mL of a solution of TOP-Se was
injected, and the reaction was performed at a growth tempera-
ture of 260 or 230 °C, respectively. Care was taken to avoid any
degradation of the Cd precursor in the reaction mixture prior to
TOP-Se injection.* Aliquots were taken after particular reaction
times, dissolved in a 1:5 mixture of oleic acid and toluene, and
precipitated with methanol or a 1:1 mixture of methanol and
2-propanol. The precipitate was redissolved in toluene, preci-
pitated a second time with methanol, and again redissolved in
toluene. In the article, reactions are characterized by the initial
amount of Cd and Se precursor used in mmol, indicated as ncq o
and nse o, respectively. Precursor concentrations in mol/L can be
obtained by multiplying these numbers with a reference con-
centration, ¢y = 1/V, with V the volume of the reaction mixture
in mL. Neglecting the volume change with temperature, ¢, was
taken as 1/12 mol/L for the calculation of reaction rate con-
stants. The structural characterization of the resulting QDs,
including X-ray powder diffraction and transmission electron
microscopy, has been presented before.”'

Synthesis of (dS Quantum Dots. For the synthesis of CdS QDs we
used a procedure similar to the CdSe QD synthesis: a mixture of
cadmium stearate, stearic acid, and HDA (molar ratio 1:2:8) was
filled up to a total volume of 10 mL at room temperature in a
25 mL three-neck flask. After degassing the reaction mixture for
half an hour at room temperature and one hour at 100 °C under
a nitrogen flow, the temperature was raised to the injection
temperature (280 °C). Then 2 mL of a solution of TOP-S was
injected, and the reaction was performed at a growth tempera-
ture of 260 °C. The whole synthesis was performed under N,,
and care was taken to avoid any degradation of the Cd pre-
cursor in the reaction mixture prior to TOP-S injection. Aliquots
were taken and purified in the same manner as during the CdSe
QD synthesis. In the article, reactions are characterized by the
initial amount of Cd and S precursor used in mmol, indicated as
Nca0 and ns o, respectively.

Optical Characterization. UV—vis absorption spectra were re-
corded with a Perkin-Elmer Lambda 950 spectrometer. Three
different investigations were performed. First, the development
of the absorption spectra during a reaction was followed until a
degradation of the samples was observed. Aliquots were taken
after certain times, dissolved in toluene, and investigated by
UV—vis spectroscopy without further workup. Second, to de-
termine the yield at the end of the reaction typically three
aliquots were taken for the postfocused time, weighted, pur-
ified, and quantitatively investigated. Third, for yield develop-
ment investigations, consecutive aliquots were taken at specific
times after the injection until the reaction reached the post-
focused size, which were all weighed, purified, and quantita-
tively analyzed by UV—vis.

Quantitative Data Analysis. The mean QD diameter, d, is calcu-
lated from the peak wavelength of the first exciton transition
using the zb-CdSe sizing curve.®' Using the same sizing curve,
the size distribution is estimated from the half-width at half-
maximum of the absorption peak of the first exciton transition.
This procedure probably overestimates the size dispersion,
since it assumes that the broadening of the first exciton peak
is caused only by a distribution of QD sizes. The amount of CdSe
formed is obtained from the average absorbance of a diluted
aliquot at 300, 320, and 340 nm,>" which is directly proportional
to the volume fraction of CdSe and, hence, ncgyse. This implies
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that the major sources of error on ncyse comes from a possible
error on the absorption coefficients and the limited reproduci-
bility of sampling. This error is estimated at 10%. From d and
Ncgser the quantum dot concentration, nqp, is calculated. Hence,
contrary to Ncyse, the determination of this latter quantity is
sensitive to errors in the sizing curve. For CdS QDs we obtained
Ncgs from the diameter and the concentration of QDs following
the sizing curve and the extinction coefficients published by
Yu et al*>*

3P NMR Analysis. We prepared NMR samples by taking ali-
quots (200—300 uL) during the synthesis and diluting these
without further purification with 300 uL of toluene-dg under N,.
The CdSe QD synthesis used for NMR measurements differs
from the other syntheses in the use of cadmium oleate, oleic
acid, and OLA instead of cadmium stearate, stearic acid, and
HDA, respectively, while keeping all other chemicals and para-
meters identical (e.g., the 1:2:8 molar ratio). This made quanti-
tative NMR measurements of the unpurified samples at room
temperature possible because no turbidity was present (as
would be the case with the standard synthesis using stearic
acid and HDA). NMR data were collected using a Bruker DRX 500
spectrometer ("H and '3C frequency of 500.13 and 125.76 MHz,
respectively) equipped with a 5 mm TBI probe (maximum
Z-gradient strength of 0.535 T m™") to record *'P NMR spectra
at 202.457 MHz. The quantitative >'P spectra were recorded
using a 3 s interscan delay, a spectral width of 398.35 ppm, and
87 248 time domain data points. This delay was calculated
to allow over 96% recovery of original magnetization when
applying 30° *'P pulses. The temperature was set to 298.16 K.
3'p resonances were attributed according to previous published
31P measurements on pure TOP, pure TOP-Se, and TOPO in
toluene-dg.>*
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