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ABSTRACT: Nucleation has been generally acknowledged as a rapid
but uncontrollable process that is difficult to decouple from the
subsequent growth phase. Here, we report our finding that nucleation
of semiconductor magic-size clusters (MSCs) can be well-regulated,
without a subsequent evolution in size. Colloidal semiconductor CdS
MSCs were synthesized by a two-step approach intentionally designed,
without the simultaneous formation of nanocrystals of other sizes. The | &
nuclei MSCs exhibit a sharp optical absorption peaking at 311 nm and are
thus denoted by MSC—311. We prepared the immediate precursor for Reaction
MSC—311 denoted by IP311 which is liquid-like, through a reaction
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which was normally performed to grow CdS conventional quantum dots

(QDs), but at a different temperature (180 °C) prior to the nucleation and growth of CdS QDs. We demonstrate that the
nucleation of MSC—311 from IP311 followed first order kinetics remarkably well, and the presence of a small amount of
methanol accelerated this process effectively. Moreover, the liquid-like prenucleation cluster IP311 and the nuclei MSC—311
have similar masses. Accordingly, we propose that the intramolecular reorganization of IP311 results in the nuclei MSC—311, the
formation of which features a two-step nucleation pathway. The present study introduces methodology via absorption
spectroscopy to monitor the nucleation kinetics of semiconductor MSCs from their immediate precursors. The repeatable,
predictable, and controllable nucleation process investigated here brings a deeper insight into nucleation of other semiconductor
nanocrystals and contributes to the foundation for the future development of advanced theoretical models for crystal nucleation.

C rystallization is fundamental to many processes in nature
and in industry.' "> Nucleation in solution, the process of
which consists of a phase transformation, plays a decisive role in
regulating the resulting crystal properties (such as size and size
distribution). A two-step model,' " instead of the one-step
model employed in the classical nucleation theory (CNT),"~"*
has recently been applied to understand the fundamentals of
nucleation in various systems, such as proteins,”” small organic
molecules,” biominerals,*” and noble metals.” The two-step
process accounts for the existence of prenucleation clusters
which are liquid-like. However, to the best of our knowledge,
for all experimentally reported materials which have con-
tributed to the development of the two-step model, it is yet
uncertain how to assess the progression from prenucleation
clustering to the nucleation stage and further to the
postnucleation growth which takes place rapidly. Accordingly,
it has been a grand challenge to understand nucleation kinetics
even with the aid of the advanced two-step mechanism that has
been published.'™ The present study endeavors to explore
nucleation kinetics in a different material system, in which the
nucleation period is decoupled from the prenucleation cluster
stage and the growth phase (as shown by Scheme S1).
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Colloidal semiconductor quantum dots (QDs) are of great
utility for their size-dependent absorption properties and have
received considerable attention since the 1990s in view of their
technological potential.*~>° Much effort has been directed
toward the synthesis of conventional, regular quantum dots
(RQDs), in particular attempting to control their size and size
distribution.”' > Much less attention has been paid to the
formation of semiconductor magic-size clusters (MSCs), which
are single-sized and consist of a discrete number of atoms.”*~>”
The bandgap absorption of the former (RQDs) is much
broader than that of the latter (MSCs), due to the unavoidable
size distribution of RQDs. In a specific synthesized batch,
RQDs are sometimes produced along with MSCs. Studying
MSCs should be able to improve our understanding of the
nucleation and growth of QDs in a synthetic batch.

For the cadmium sulfide (CdS) MSCs reported to date, they
were usually produced together with CdS RQDs.*">%?%3032%7
The first report on the observation of CdS MSCs, which were
present along with RQDs from a reaction mixture of
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Scheme 1. Schematic Drawing Illustrating the Two-Step Approach to CdS Magic-Size Nanoclusters (MSCs) in a Single-Size

Form without the Presence of Other Size Nanocrystals®
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“The MSCs exhibit a sharp absorption peaking at 311 nm and are thus denoted as MSC—311. When the reaction mixture consisting of the Cd and S
precursors is heated, Cd—S bonds form at ~160 °C. After the reaction is kept at 180 °C for about 20 min, the mixture of the MSC—311 immediate
precursor (IP311) is cooled to room temperature and dispersed into a solvent such as toluene or cyclohexane. Slowly, nucleation took place and
MSC—311 developed with a first order reaction rate as monitored by UV—vis absorption spectroscopy. When the reaction is kept at 180 °C for
longer periods or at higher temperatures, conventional QDs (RQDs) form. The formation of MSC—311 follows a two-step nucleation model.

Cd(ClO,),-6H,0 and H,S in water or alcohol, was in 1984.”'
However, the relation between the growth of the MSCs and
RQDs was not addressed.”" In 2008, a two-phase synthesis in a
mixture of toluene and water was presented to generate CdS
RQDs together with MSCs which exhibited an optical
absorption peaking at 311 nm.”> The MSCs were claimed to
be the critical nuclei of the RQDs in that work.>

However, there does not appear to be a consensus with
regard to the relation between the growth of MSCs and RQDs.
In addition to the conjecture that MSCs were the actual nuclei
of RQDs,” it was suggested that MSCs provided key
intermediates for the growth of existing RQDs*** or that
MSCs were essentially a “dead end” product in equilibrium
with monomers.”’ The definition of monomers (such as Cd,S,
or Cd,S,) can be found elsewhere.””™** Very recently,* a study
was conducted on the induction period prior to nucleation and
growth of cadmium telluride (CdTe) RQDs. This study
suggested that CdTe MSC precursors were formed in the
induction period. Yet, there was a lack of data regarding the
mass of both the precursor proposed and the MSC detected by
absorption; furthermore, the kinetics of the evolution of the
MSC from the precursor has not been dealt with. Such
information would provide a more in depth insight regarding
the transformation of the precursor into the MSC.

Here, we report our investigation on the nucleation of CdS
MSCs that exhibit a sharp absorption peaking at 311 nm. In
view of this optical characteristic, we will refer to such MSCs as
MSC—-311 in the present study. They occurred in a single-size
form. As source materials, we used cadmium oxide (CdO) and
elemental sulfur. The synthesis consisted of two distinct steps,
as illustrated in Scheme 1. The first step involves a reaction in
1-octadecene (ODE) which was heated from room temperature
to 180 °C where the reaction was held for approximately 20
min, with cadmium oleate (Cd(OA),) and SODE as Cd and S
precursors, respectively. These conditions were critical as
longer reaction periods or higher reaction temperatures
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would have led to nucleation and growth of CdS RQDs.
When the reaction temperature was ~160 °C, the absorbance
of our reaction mixture started increasing for wavelengths
shorter than 310 nm (more than the superimposed absorption
of the two precursors), suggesting the onset of the formation of
Cd—S bonds. The methodology developed here to monitor the
onset of the evolution of Cd—S bonds was effective and should
be applicable to other semiconductor syntheses. In the second
step, the reaction product (without the presence of CdS
RQDs) was dispersed in a solvent such as toluene (Tol) or
cyclohexane (CH). The nucleation of CdS MSC—311 in the
dispersion was monitored in situ by absorption spectroscopy at
room temperature. A continuous increase of the absorbance at
311 nm was accompanied by a simultaneous decrease of the
optical density (OD) around 290 nm and a concurrent redshift
of the absorption peak which finally stabilized at 311 nm. We
observed that the evolution of MSC—311 in dispersion could
be efficiently accelerated by adding a small amount of
methanol. Interestingly, only first order reaction equations are
able to describe precisely the rate of the development of the
absorbance at 311 nm. For this reason, we hypothesize that
intramolecular reorganization is responsible for the formation
of MSC—311 from its immediate precursor, which is denoted
by IP311. The formation of IP311, exhibiting absorption at
wavelengths shorter than 310 nm, took place in the induction
period at ~180 °C prior to nucleation and growth of CdS
RQDs. A matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (MS) study indicated
that the IP311 and MSC—311 species have similar masses. The
present study introduces a synthetic approach for the growth of
MSCs in a single-size form, develops a method to study
nucleation kinetics, and brings an in depth understanding of the
nucleation of CdS MSC—311, the formation of which follows a
two-step pathway and features first order kinetics.
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B RESULTS AND DISCUSSION

Figure 1 illustrates the result from our in situ UV-—vis
spectroscopic study of the temporal evolution of the absorption
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Figure 1. In situ absorption spectroscopy study of the development of
CdS MSC-311 in cyclohexane at room temperature from a reaction
mixture which was preheated at 180 °C for 20 min. The feed molar
ratio of the mixture was 4Cd(OA), to 1S in ODE and the feed
concentration of S was 30 mmol/kg. About 3.7 mg of the preheated
reaction mixture was stored at —196 °C for 4 days, before being
dispersed in 3 mL of cyclohexane. The time-resolved spectra are
presented with the color change from dark blue (0 min) to light blue
(5 days). At 0 min, the sample, IP311, exhibited no significant
absorption at 311 nm. It took about 2 days for the formation of MSC—
311, as indicated by the development of the absorption peaking at 311
nm. The development period and the corresponding peak position are
denoted. The increase of the absorbance at 311 nm is coupled with the
decrease of the absorbance at 290 nm and the redshift of the
absorption peak position to 311 nm.

of one reaction mixture dispersed in cyclohexane at room
temperature. The mixture was preheated at 180 °C for about 20
min, with a feed molar ratio of 4 to 1 of Cd(OA), to S in ODE
and a feed S concentration of 30 mmol/kg. Afterward, about
3.7 mg of the reaction mixture was sampled and stored at —196
°C for 4 days. It is noteworthy that the samples used for Figures
2—4 were prepared under the same condition but stored at
—196 °C for only 2 days. After the mixture was dispersed in 3
mL of cyclohexane, the absorption was monitored in situ for
days at room temperature. At the very beginning (0 min trace),
there was no significant absorption detected at wavelengths
longer than 310 nm from the dispersion. Slowly but steadily,
the absorbance at 311 nm increased. After approximately 2
days, the sharp absorption peaking at 311 nm became well
developed, with the full width at half-maximum (fwhm) of
about 10 nm. The monotonic increase of the absorbance at 311
nm, accompanied by the continuous redshift of the absorption
peaks, can be explained by the gradual formation of MSC—311.
Furthermore, along with the increase of the absorbance at 311
nm, there was a correlated, significant decrease of the
absorbance at 290 nm.

When other aprotic solvents such as toluene were used
instead of cyclohexane, similar development patterns were
observed (such as shown in Figure S1-1). The development
rate of MSC—311 in toluene was obviously faster than that in
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cyclohexane; the underlying reason might be related to polarity
and the possible presence of moisture as an impurity. The exact
peak position of the absorption of MSC—311 dispersions varied
slightly over about +3 nm; such variation seemed to be affected
by factors such as the nature of the dispersing solvent, the
sample concentration, and the temperature.

It is noteworthy that all the MSCs produced in the
dispersions are single-sized and do not coexist with other-size
nanocrystals. We hereby propose a model to describe the
development of CdS MSC—311, as represented in eq 1, which
was reflected in the continuous increase of the absorbance at
311 nm with the concurrent decrease of the absorbance at 290
nm,

(1)

where IP311 was formed at ~180 °C exhibiting little significant
absorbance at 311 nm (0 min trace of Figure 1). The slow
development of MSC—311 from IP311 suggests a two-step
nucleation process (such as shown in Figure S1-2a), which is
contrary to the one-step nucleation model.'’™"* The present
two-step nucleation pathway is similar to those published two-
step nucleation models (Scheme S1)."~”

Our experimental observation of a continuous absorption
redshift with an increment smaller than 0.5 nm (Figure 1 and
Figure S1-1) does not agree with the expected bandgap redshift
if it had been due to the addition of Cd—S pairs. Based on the
empirical equation proposed for the relation between the
bandgaf absorption peak position (nm) and radius of CdS
RQDs,"” we estimated the magnitude of the redshift that would
have occurred after a hypothetical addition of a single Cd—S
pair (Figure S1—2b). For those assumed CdS RQDs whose
absorption was peaked between 300 and 311 nm, the addition
of a Cd—S pair would have led to a bandgap redshift larger than
1 nm; thus, the redshift pattern would have been in discrete
rather than continuous steps. For this reason, the continuous
redshift, with the shift which was less than 0.5 nm detected
during the development of MSC—311 (Figures 1 and S1),
should not be attributed to the growth via the addition of single
Cd—S pairs. We propose that this specific redshift is caused by
intramolecular reorganization. Our in situ experimental
detection of the time-dependent change of the absorption,
together with our examination on the redshift, facilitates our
understanding of the MSC—311 formation; such comprehen-
sion could contribute to the study of crystal nucleation from
solution in a general way.'~ "

Usually, kinetic studies enhance our in depth understanding
of reaction pathways. In order to understand the formation
pathway of MSC—311, we explored further the reaction kinetics
of eq 1. First of all, the concentration dependence of the
absorbance at 311 nm (below 1.0) was tested via dilution
experiments for well-developed MSC—311 in toluene or
cyclohexane dispersions (Figure S2—1). Clearly, the absorbance
at 311 nm exhibits a linear relationship with the concentration
of MSC—311 in dispersion. Thus, our kinetic study was
conducted using the absorbance obtained at 311 nm, the range
of which matches the Beer—Lambert Law. IP311 samples of
five different amounts ranging from 13.0 mg to 34.8 mg were
dispersed in 3 mL of toluene at room temperature (298 K).
Figure S2-2 shows the absorption spectra collected in situ from
the five dispersed samples, at 4 min time intervals up to a
maximum elapsed time of 196 min.

Figure 2a illustrates the time-dependent absorbance at 311
nm of the five dispersions (open circles with five different

IP311 - MSC-311
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Figure 2. Kinetic data from the growth of CdS MSC—311 at room
temperature (298 K) with five identical samples in 3 mL of toluene;
the sample weights are indicated. (a) Time-dependent absorbance at
311 nm (open circles, C, with the deduction of the background
absorbance (0 min) at 311 nm (Figure S2-2)) collected from the five
dispersions and fitted by first order reaction (eq 2) represented by the
gray, blue, green, red, and magenta lines for the samples of 13.0 mg
(gray), 18.3 mg (blue), 23.3 mg (green), 27.8 mg (red), and 34.8 mg
(magenta). (b) Time-dependent In(C® — C) (corresponding open
circles) with Cs;; values are the red numbers in (a). The
corresponding linear fitting (corresponding lines) is based on the
first order reaction of eq 3.

colors; up to 196 min). The development of MSC—311 fits the
first order reaction equations, shown by eqs 2 and 3.

C= Cl(i’su - CI%SII exp(—k,t) ()

()

where C is the time-dependent absorbance at 311 nm detected
after subtracting the background absorbance at 311 nm (t = 0
min). The quantity Cfps,, represents the initial amount of
IP311 calculated, which should be equal to the final amount of
MSC—311 produced, k, is the rate constant, and I is a constant.
The five fitted curves from eq 2 are shown in Figure 2a as lines
with colors corresponding to those of the data symbols. The
values of Clpy;; highlighted in red in Figure 2a were used for
Figure 2b. Figure 2b contains the time dependent In(Cy;; —
C) (open circles with the same color convention as previous),
together with the first order reaction equation fits based on eq
3. The slope of the fitted lines represents the negative rate
constant. We show times only up to 120 min as the absorbance

In(Cipyyy — C) = =kt + I
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change for times beyond 120 min is below the sensitivity limit
(0.001) of absorbance.

For each of the five dispersions, the reaction of IP311 —
MSC—311 occurred meticulously obeying a first order kinetic
model, with a rate constant k = 0.015 min~" and t,,, = 46 min,
independent of the initial sample concentration. With the
values of Cfpy;; calculated and highlighted in red in Figure 2a,
the bottom right part in Figure S2-2 reveals a nearly linear
relationship between the amount of Cjp3;; and the weight of the
IP311 sample used. The reproducibility of the kinetic study was
reasonably high as shown in Figure S2-3. Accordingly, the
reaction IP311 — MSC—-311 follows closely a first order
kinetics model; it thus seems reasonable that a single IP311
results in the production of a single MSC—311 via intra-
molecular reorganization. To the best of our knowledge, there
are a few types of reactions whose kinetics are described
adequately by first order reaction equations, including intra-
molecular reorganization and decomposition reactions.””**~>°

It is of further relevance that the reaction of IP311 — MSC—
311 was accelerated by the presence of a small amount of
methanol (MeOH). Figures S3—1 and S3—2 show the
absorption spectra in situ collected without or with the
presence of a small amount of MeOH. The pattern of the
absorption evolution, which could be attributed to the
development of MSC—311, is not influenced by the presence
of MeOH, except that the peak position settled at 308 nm
instead of 311 nm.

Figure 3 shows our kinetic analyses of the development of
MSC-311 accelerated by methanol, the quantity of which

-1.50
k=0.028 min!
2,004 2¢
k=0.033 min?
-2.50 .
o k =0.037 min!
Q
c(,)é -3.00 4
%
-3.50
o 0.67 uL MeOH — Fitted
el o il MeOH —— Fitted
o 202 pL MeOH — Fitted
o 269 pL MeOH — Fitted
-4.50 T Y T \ T Y T T T Y T Y T
0 10 20 30 50 60
Time (min)

Figure 3. Kinetic data from the methanol-accelerated formation of
CdS MSC—311 in toluene. Similar to that shown in Figure 2, Cjy),
was obtained according to eq 2. Here, C is the absorbance at 308 nm
with the correction of the background absorbance at 308 nm at 0 min
(Figure S3-1). The four amounts of MeOH used are indicated with
four different colors. The time dependent In(Cps,, — C) (open circles
with the corresponding colors; up to 60 min due to the practical
sensitivity limit of the absorbance of 0.001), together with the first
order reaction equation fitting based on eq 3 (lines with the four
corresponding colors), provides the four corresponding rate constants.

ranged from 0.67 to 2.69 uL in a mixture with toluene upon a
total volume of 3.00 mL. The sample (20 yL) was preheated
under the same experimental conditions as those for Figure 1.
In a manner similar to the analyses shown in Figure 2, the
evolution of the absorbance at 308 nm of the four reactions was
fitted with first order reaction eq 3.
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From this analysis, the rate constant for the formation of
MSC—311 was found to increase from 0.028 min~" to 0.037
min~}, along with an increase of the amount of MeOH from
0.67 to 2.69 uL. These rate constants are larger than the rate
constant obtained in the absence of MeOH (which is 0.015
min~" as presented in Figure 2). Evidently, the addition of a
relatively small amount of MeOH effectively speeded up the
development of MSC—311, particularly, within the early stage
(Figure S3-3). Here, the small amount of MeOH seems to have
played the role of a “catalyst”. Thus, we propose a proton-
mediated ligand loss mechanism for the intramolecular
reorganization of IP311 — MSC-311, which could be
facilitated by the presence of a small amount of an acidic
proton containing agent such as MeOH via partial ligand
exchange. The surface ligand exchange, partially with MeOH,
was reported previously.”>*'~>* It is helpful to summarize
briefly that when the cationic (M) and anionic (E) precursors
are mixed with each other, their interaction leads to the
formation of “micellar-like” aggregates of ~1 nm in size and
then to the development of covalent bonds between the M and
the E atoms with no signficiant change in size of the “liquid-
like” aggregates.”® Here, the “liquid-like” IP311 aggregate has
Cd—S bonds formed, similar to the previously proposed
Intermediate 2 with Cd—Te bonds developed.*® We concluded
that there was a general mechanism of proton-mediated ligand
exchange (of HY molecules with Y = OR, OOCR, SR, PPh,,
and NRH) that was responsible for the formation of colloidal
QDs including MSCs, with the detailed evolution demonstrated
for the formation of M,E, monomers.””~* Our proposed Yu
Pathway, "~ *® from the self-assembly of the M and E precursors
to the formation of monomers and then QDs upon proton-
mediated ligand exchange, explains well the experimental
observations which include those associated with the use of
H,O to facilitate the formation of QDs>" and the use of ROH
for MSC—311 in the present study. Apparently, further study is
needed to comprehend the chemistry on the molecular level
which is involved in the nucleation of MSC—311 from IP311,
together with the surface ligands and the chemical identity of
the surface atoms of both IP311 and MSC—311.

To further explore the innovative concept of the nucleation
of MSC-311 from its immediate precursor IP311, we have
monitored their “molecular weights” by MALDI-TOF mass
spectroscopy. Both IP311 and MSC—311 were characterized at
a low laser power (50%). Figure S4—1 shows that both IP311
and MSC—311 are quite stable in the range of the lasing power
applied. Figure 4 presents the mass spectra collected from
IP311 and MSC—311 in the m/z range of 4000 to 6500 Da.
Remarkably, each of the two samples exhibited a molecular ion
peak at ~5167 Da. It is expected that the species detected did
not have surface ligands, as has been reported.\%'57 Therefore, it
appears that IP311 and MSC-311 are quite similar in the
molecular weight and chemical composition. Moreover, we
have inspected the nucleation process from IP311 to MSC—
311 by MALDI-TOF MS. Each of the four intermediate
samples tested during the development of MSC—311 exhibited
a molecular ion peak at ~5167 Da (Figure S4-2).

Therefore, Figures 2—4 support the novel perception that the
nucleation of a single IP311 results in a unique single MSC—
311 via intramolecular reorganization by a proton-mediated
ligand loss mechanism. Conventional characterization of
MSC—311 was performed, such as X-ray photoelectron
spectroscopy (XPS), X-ray powder diffraction (XRD), and
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Figure 4. MALDI-TOF mass spectra collected from one as-
synthesized IP311 sample before and after 3 days of storage in
toluene at room temperature; upon storage, MSC—311 developed
from IP311. Such development is similar to that shown in Figure S1-1
with a complete transformation. The m/z range is from 4000 to 6500
Da; the species around 5167 Da were detected for both IP311 and
MSC-311.

transmission electron microscopy (TEM) (Figures S4—3 to
S4-5).

Let us turn our attention to the formation of IP311. It will be
meaningful to probe the onset of the formation of Cd—S bonds.
As shown in Scheme 1, our synthetic approach is a heating
process. Three experimental batches were designed, the
absorption of which are presented in Figure 5. The green
traces were obtained from a batch of the Cd precursor with a
concentration of 120 mmol/kg. The gray traces were from a
batch of the S precursor with a concentration of 30 mmol/kg.
The blue traces were from a batch of the Cd and S precursors
with a 4 to 1 feed molar ratio and a S concentration of 30
mmol/kg. Each of the three batches had the same weight of S g.
We will now refer to the batches by the colors of their traces.
The green (without the S precursor) and gray (without the Cd
precursor) batches can be considered as the two background
batches of the blue batch (with both the Cd and S precursors).
Samples (25 yL) from the three batches were taken at 120 °C,
160 °C, 180 °C, and 200 °C, with each of these temperatures
being held for 15 min. Afterward, the samples were dispersed in
3 mL of toluene and studied by UV-—vis absorption
spectroscopy. The absorptions from the two background
batch samples were superimposed and are represented by the
dashed traces. For the samples from the blue batch, their
dispersions after 1 day of storage at room temperature were
studied again by UV—vis absorption spectroscopy (red traces in
Figure 5).

As expected, the onset of the formation of Cd—S bonds was
readily determined through a comparison of the absorption at
~290 nm collected from the blue batch dispersion samples at
the different reaction temperatures (blue traces) with the
corresponding background absorption (dashed traces). Figure S
(top panel) shows that, at 120 °C, there is almost no difference
in the absorption displayed by the blue and dashed traces.
Thus, there were no Cd—S bonds formed and the Cd and S
precursors in the blue batch were only mixed physically. At 160
°C, the blue trace exhibits larger absorbance values in the
wavelength range below ~350 nm; the difference in absorbance
is attributed to Cd—S bonds having been formed. At 180 °C,
such a difference in absorbance between the blue and dashed
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Figure 5. Exploration of the onset of the formation of Cd—S bonds and the existence of IP311 in a heating-up reaction from 120 to 200 °C by UV—
vis absorption spectroscopy. (Top) Absorption of sample dispersions (blue traces) is compared with the superimposed absorption (dashed traces) of
the Cd and S precursors and. The Cd precursor batch (Cd—P) without the S precursor and the S precursor batch (S—P) without the Cd precursor
are represented by green and gray traces, respectively. (Bottom) Absorption of sample dispersions (blue traces) is compared with that after 1 day of
storage at room temperature (red traces). The nucleation of MSC—311 (red traces) from IP311 (blue traces) takes place during storage.

traces increased. At this temperature, the absorbance difference
at 290 nm manifested itself significantly, indicating that more
and more Cd—S bonds formed in the induction period prior to
nucleation and growth of RQDs. At 200 °C, RQDs developed
(blue trace), which further increased the absorbance at 290 nm.

Figure S (bottom panel) presents the absorption spectra
collected from the blue batch sample dispersions. The
absorption of the as-prepared dispersions (blue traces) is
compared with the absorption after storage for 1 day (red
traces). For the 120 °C sample, the blue and red traces almost
overlap, and little change took place during the 1 day of storage.
For the 160 °C sample after one-day storage, the absorbance at
~311 nm increased marginally, together with the noticeable
decrease of the absorbance at 290 nm. For the 180 °C sample, a
sharp absorption peaking at ~311 nm developed after 1 day of
storage, together with a significant decrease of the absorbance
at 290 nm. For the 200 °C sample after 1 day of storage, a sharp
absorption peaking at ~311 nm also developed but with much
larger optical density; a decrease of the absorbance at 290 nm is
also apparent. Meanwhile, the RQDs exhibited little change in
their absorption. The transformation of IP311 into MSC—311
does not seem at all to affect the population of RQDs.
Apparently, a single MSC—311 is a single nucleus and does not
undergo further growth in size in the present study. The
relation between CdS MSC—311 and RQDs in the current
study is similar to that proposed for CdTe MSC—371 and
RQDs.* We also explored the formation of IP311 with
MALDI-TOF MS, as shown in Figure SS.

Along with the increase of the reaction temperature, there
was no formation of the Cd—S bonds at 120 °C. At 160 °C, the
Cd and S precursors started to react with each other, as
indicated by the absorbance at 290 nm, which was larger than
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the superimposed absorbance of the Cd and S precursors. At
180 °C, a certain number of IP311 formed in the absence of
RQDs. In addition to the large-scale increase of the absorbance
at 290 nm for the as-synthesized sample (as compared with that
of the superimposed absorbance of the Cd and S precursors),
the development of a sharp absorption peak at 311 nm after the
one-day storage indicates the existence of IP311. At 200 °C,
there are more IP311 formed together with the presence of
RQDs. The methodology is noteworthy, whereby we use
optical absorption to monitor the onset of the formation the
Cd-S bonds as well as to probe the formation of MSC—311
after storage and thus the existence of IP311.

B CONCLUSIONS

In conclusion, we demonstrate that via a two-step approach,
CdS MSC-311 could be engineered in a single-size form,
which does not coexist with different size nanocrystals. This
approach to CdS MSC—311 exhibits highly synthetic
reproducibility. The first step requires a relatively high reaction
temperature but still occurs in the induction period prior to
nucleation and growth of RQDs, while the second step can be
performed at room temperature. The formation of IP311 took
place during the first step at 180 °C, with the formation of the
Cd—S bonds starting to take place at 160 °C. The nucleation of
MSC-311 from IP311 (eq 1) follows first-order kinetics.
During the nucleation, the absorbance at 311 nm increased,
accompanied by the decrease of the absorbance at ~290 nm.
IP311 and MSC—311 have similar masses, as demonstrated by
our MALDI-TOF MS study. Furthermore, the nucleation
kinetics could be readily accelerated by the presence of a tiny
amount of MeOH. A similar proton-mediated ligand loss
pathway is proposed for the intramolecular reorganization of
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IP311 leading to the formation of nuclei MSC—311."
Accordingly, the formation of MSC—311 from IP311 follows
a two-step nucleation pathway, which is similar to those in the
literature (such as that presented by Scheme S1).'~” Here, the
MSCs are nuclei and exhibit sharp absorption; they are single-
size and stable without further evolution in size detected. The
nucleation of MSC—311 is decoupled from the formation of
IP311. The present study establishes a methodology for
investigating the nucleation kinetics of MSCs from their
immediate precursors which can be stored for future
examination. Also, the present work introduces a practical
means to monitor the onset formation of Cd—S bonds in a
reaction. Thus, the present study provides deeper insights into
the induction period of colloidal semiconductor QD formation,
which may share general developmental principles, such as
those regarding the formation pathway of Cd,E, monomers
and the existence of liquid-like clusters before and after
nucleation and growth of RQDs.”””*>*° The two-step
nucleation mechanism proposed in the present study via
intramolecular reorganization is promising and contributes to
the fundamental base for future theoretical advances to resolve
the mysteries and to reveal the beauty of crystal nucleation. We
are actively studying additional experiments to further elucidate
that the nucleation of MSC—311 is concentration-independent
(Figure 2) and is thus supersaturation-independent. Also, we
are dynamically applying the concept developed in the present
study to systems other than those containing Cd such as ZnSe.

B METHODS

Chemicals. Cadmium oxide (CdO, 99.99%), oleic acid (OA, 90%),
and 1-octadecene (1-ODE, 90%) were purchased from Sigma-Aldrich.
Powder sulfur (S, 99.5%), methanol (MeOH, 99.5%), isopropanol (i-
PrOH, 99.7%), cyclohexane (CH, 99.5%), and toluene (Tol, 99.5%)
were obtained from Chengdu Ke Long Chemical. [(trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene ]malononitrile (DCTB,
98.0%) was obtained from Tokyo Chemical Industry. All chemicals
were used as received without purification, except for toluene which
was distilled when it was used for the study shown by Figures 2 and 3.

Synthesis. To prepare our Cd precursor Cd(OA), stock solution, a
mixture of 0.770 g (6 mmol) of CdO and 3.728 g (13.2 mmol) of OA
in 5 g of ODE was placed in a 50 mL three-necked reaction flask and
heated up to 220 °C to form a clear solution and then cooled down to
120 °C under nitrogen (N,). The mixture was then pumped for 60
min at 120 °C. The stock solution was stored under N, at room
temperature.

The first step of our two-step approach is the synthesis of CdS
IP311. Typically, Cd(OA), (0.6 mmol from the stock solution),
elementary S (0.15 mmol), and ODE (4 g) were mixed (with a total
weight of S g) at room temperature. Then, the mixture was heated to
180 °C and kept for 20 min or to 190 °C and kept for S min under N,.
The mixture containing IP311 was cooled down to room temperature
and may be stored at —196 °C (in a liquid N, environment) for future
studies, such as kinetics study.

The second step of our two-step approach is the transformation of
IP311 to MSC—311. When the first-step mixture was dispersed in 3
mL of toluene or cyclohexane at room temperature, the evolution of
MSC—311 took place slowly.

Characterization. Absorption spectra were collected with a 1 nm
data collection interval by an ultraviolet—visible (UV—vis) spectrom-
eter (General TU1901, Beijing Purkinje) and an ultraviolet—visible
(UV—vis) spectrometer (UV 2310 I, TECHCOMP). MALDI-TOF
MS data were collected on two MALDI-TOF mass spectrometers
(Autoflex I, Bruker), one in the Key Lab of Analytical Chemistry for
Life Science in the Institute of Chemistry, Chinese Academy of
Sciences, and the other one at Sichuan University. [(trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB) was
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used as a matrix, and a DCTB stock solution was made with a
concentration of 10 mg in 0.5 mL of toluene. A CdS dispersion
solution was prepared with 10 uL of sample dispersed in S00 uL of
toluene. The matrix (2.5 L) and CdS (2.5 uL) solutions were mixed,
in order to optimize the mass signal for detection. The sample-matrix
mixture was then spotted onto a MALDI plate and then loaded into
the mass spectrometer for characterization. The detector gain (linear
detector, positive mode) was set as 7.2X and 14.0X.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with an electron spectrometer (XSAMS800, Kratos), with
the purified MSC—311 sample pressed on a silicon pellet in an
ambient atmosphere. TEM images were collected with a field emission
electron microscope (JEM-2100F) operating at 200 kV. X-ray powder
diffraction (XRD) was conducted with an X-ray diffractometer
(EMPYREAN, PANalytical B.V.) using a Cu Ka beam (1 = 1.5418
A), with our purified MSC—311 placed on a low-background quartz.

Purification. When the first-step mixture was stored at temper-
atures such as —20 °C for an extended period of time (a week), MSC-
311 formed directly. Thus, the CdS MSC—311 sample was purified as
follows. About 160 mg of the as-synthesized first-step sample was
stored at —20 °C for about 1 week for the development of MSC—311;
the nucleation kinetics are significantly affected by factors including
temperature. Afterward, the sample was added to a mixture of
isopropanol (3 mL) and toluene (1 mL). After centrifugation, the
supernatant was removed, and the residual solvent was quickly
removed by vacuum from the precipitate to avoid aggregation.
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