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ABSTRACT: The formation relationship between colloidal magic-size clusters (MSCs) and
conventional quantum dots (QDs) has not been well established. Here, we report our systematic
study on their formation pathways, using cadmium sulfide (CdS) as a model system. Two Cd
precursors were prepared from CdO with branched 2-methyloctadecanoic acid (C16H33CH-
(CH3)−COOH) and linear oleic acid (C16H31CH2−COOH), reacting with elemental S powder
in 1-octadecene (ODE). We show that the presence of MSC-311 (exhibiting a sharp absorption
peaking at 311 nm) is regulated by the growth of conventional QDs. We demonstrate that
MSC-311 cannot directly convert into conventional QDs but to its immediate precursor (IP-
311), which is transparent in optical absorption (>310 nm). We propose that there are two
individual pathways for the formation of MSCs and conventional QDs, linked by an intrinsic
pathway from MSCs to IPs to fragments to QDs. The present study introduces new avenues to
precisely control their formation.

T he growth relationship between colloidal magic-size
clusters (MSCs) and conventional quantum dots

(QDs) has been addressed only in a limited fashion, with no
consensus reached in the literature.1−8 Compared with
conventional QDs, also called regular QDs (RQDs), MSCs
exhibit narrower optical bandwidths due to much tighter size
distributions.9−20 At the same time, the absorption feature of
RQD samples extracted from a reaction batch can continu-
ously red-shift due to the growth in size, while that of MSC
samples persistently occurs at fixed wavelengths.21−24

While MSCs are generally produced together with RQDs,4−8

single-ensemble MSCs (such as CdTe MSC-371, CdS MSC-
311, CdS MSC-322, and CdSe MSC-415 exhibiting absorption
peaking respectively at 371, 311, 322, and 415 nm) without the
coproduction of RQDs have been achieved recently via our
two-step approach.1,2,17,18 The first step is the preparation of
the immediate precursors (IPs) of MSCs, performed at a
relatively high temperature but limited to the induction period
prior to nucleation and growth of RQDs. The second-step is
the IP to MSC transformation, carried out at a relatively low
temperature. The synthesis of single-ensemble MSCs without
the complication of other-size nanocrystals (NCs) via the two-
step approach has added critical information on the induction
period, together with structural transformations from CdS IPs
to CdS MSC-311 and between CdS MSC-311 and CdS MSC-

322, which occurs with first-order reaction kinetics.2,18 The
growth relationship between MSCs and RQDs remains,
however, poorly understood, together with the fate of MSCs
in reactions.
Herein, we report a systematic study on the formation

pathways of RQDs and MSCs, using CdS as a model system
via our two-step approach. The CdS RQDs and/or MSC-311
were synthesized via a heating up approach in noncoordinating
solvent 1-octadecene (ODE). Phosphorus-containing com-
pounds, such as tri-n-octylphosphine or diphenylphosphine,
were avoided by applying elemental sulfur (S) directly. Both
linear oleic acid (C16H31CH2COOH, denoted Acid A) and
branched 2-methyloctadecanoic acid (C16H33CH(CH3)-
COOH, denoted Acid B) were used to respectively prepare
two Cd precursors, CdA2 and CdB2, from cadmium oxide
(CdO) in ODE. We show that the growth of conventional
QDs is accompanied by the synchronized disappearance of IPs
(Figures 1 and 2) and of MSCs (Figure 3), and MSCs cannot
directly convert to RQDs, but to their immediate precursors
(IPs) (Figure 3). We demonstrate that the formation pathway
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of MSCs and RQDs can be finely tuned via the addition of
Acid B to CdA2 and S reactions (Figure 4). For our
experimental observation of the relatively high reactivity of
CdA2 compared to that of CdB2 and the relative high
coordination of Acid B to Cd, we try to understand with the
acidity effect of Acids A and B, using density functional theory
(DFT) calculations and nuclear magnetic resonance (NMR)
(Figure 5). On the basis of the experimental data, we propose a
model, detailed in Scheme 1, which comprises two pathways
from reaction precursors via monomers and fragments to
RQDs (top), as well as via IPs to MSCs (bottom). Scheme 1
suggests the existence of the intrinsic pathway from MSCs to
IPs to fragments to RQDs. The present study contributes to
narrowing the knowledge gap on the relationship of formation
pathways of MSCs and RQDs.
Figure 1 shows the optical absorption spectra collected from

samples taken from Batches A (top panel) and B (bottom
panel) at 230 °C. The samples (25 μL each) were dispersed in
a mixture of toluene (2.95 mL) and methanol (0.05 mL). Our
previous study on the CdS IP to CdS MSC-311 structural
transformation suggested that the transformation proceeded
relatively fast in toluene than in cyclohexane, and was
accelerated by the presence of a trace amount of methanol.2

Also, the presence of a trace amount of methanol speeded up
the CdS MSC-322 to CdS MSC-311 structural trans-
formation.18 In the present study, we used thus the toluene
and methanol mixture. The spectra were collected immediately
(blue traces, 0 day) and after one-day storage (red traces, 1
day). The absorption spectra of the 30, 45, and 135 min

samples are shown in parts 1, 2, and 3 of Figure 1, respectively.
During the reaction period of 15 to 135 min, six samples were
extracted from each of the two batches, and their absorption
spectra are presented by Figures S1-1 (Batch A) and S1-2
(Batch B).
The immediately collected spectra (blue traces, 0 day)

display broad absorption peaks corresponding to the presence
of RQDs. The redshift of the peaks (from 404 to 414 nm (top)
and from 440 to 455 nm (bottom)) indicates the growth of the
RQDs during the reaction period from 30 to 135 min. Over
the growth period, the size of the RQDs in Batch A is much
smaller than in Batch B and with significantly more particles,
suggesting that the reactivity of CdA2 is higher than that of
CdB2. Regarding the reactivity difference, Figure S1-3 presents
additional comparisons for the Batch A and B samples. None
of the reaction products displayed sharp absorption peaking at
311 nm on day 0.
After one-day storage (red traces, 1 day), the RQDs changed

little in both size and population. Interestingly, one additional
absorption peaking at ∼311 nm was detected in each of the
samples, together with a noticeable decrease of the absorbance
at 290 nm (presumably due to the IP → MSC trans-
formation).2 The sharp peak is attributed to the presence of
MSC-311 via intramolecular reorganization (as shown by the
IP→MSC pathway in Scheme 1).1,2,17,18 The IPs generated at
230 °C are transparent in optical absorption (at wavelengths
>310 nm), but contribute to the overall absorption at shorter
wavelengths as do the monomers and fragments. The IP →
MSC conversion is consistent with the absorption decrease at

Figure 1. Optical absorption spectra of samples extracted from Batch A (top) and B (bottom) in ODE at 230 °C for (1) 30, (2) 45, and (3) 135
min. Absorption measurements were carried out immediately (blue traces, 0 day) and after one-day storage (red traces, 1 day). The dashed lines
are visual guides; evidently, MSC-311 formed after storage, and its absorbance decreased along with the growth of RQDs.
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290 nm from day 0 to day 1. It is noteworthy that the
formation of MSCs during one-day storage was, for sure, not
resulted from the interaction between the Cd and S precursors;
the formation of Cd−S bonds for Batch A requires a
temperature higher than 120 °C.2

Both batches displayed a decrease in the optical density of
MSC-311 over time. Evidently, the growth of the RQDs
appears linked by the decrease of MSC-311. The former

requires the addition of monomers and/or fragments, while the
latter is indicative of a decrease in IP population as the reaction
progressed. Thus, the experimental observation, RQD growth
accompanied by MSC reduction, is in agreement with the IP to
fragment to RQD pathway shown in Scheme 1.
Figure 2 presents the absorption spectra of three samples

extracted from Batch A (top panel) and Batch B (bottom
panel) at 180 °C after 15 (a1 and b1), 30 (a2 and b2), and 75

Figure 2. Optical absorption spectra of samples extracted from Batch A (a) and B (b) at 180 °C for (1) 15, (2) 30, and (3) 75 min. Absorption
measurements were carried out immediately (blue traces, 0 day) and after one-day storage (red traces, 1 day). Note that MSC-311 was detected in
the latter reaction stage of Batch B (b3, blue trace).

Figure 3. (a) Optical Absorption spectra of samples extracted from Batch B at 200 °C for (1) 15, (2) 60, (3) 120, (4) 180, (5) 210, (6) 270, (7)
300 and (8) 330 min (b) Comparison of the absorbance of MSC-311 monitored from the Batch B sample dispersions before (blue squares, 0 day)
and after the one-day storage (red circles, 1 day). For Samples 4 to 6, we note the complete disappearance of MSC−311 without any noticeable
growth of RQDs on day 0, together with reappearance of MSC-311 on day 1.
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min (a3 and b3). The two batches were identical to those of
Figure 1, except for the lower reaction temperature, which
should have resulted in longer induction periods prior to
nucleation and growth of RQDs. Samples were dispersed and
measured in the same way as what was done for Figure 1. Six
samples were extracted from each of the two batches during
the reaction period from 5 to 75 min, and their absorption
spectra are presented in Figures S2-1 for Batch A and S2-2 for
Batch B.
For Batch A (Figures 2, top, and S2-1, blue traces, 0 day),

RQDs became apparent at 30 min, exhibiting a broad
absorption peaking at 365 nm and red-shifting at longer
reaction periods. Thus, the induction period lasted at least 15
min (Figure S2-1), prior to nucleation and growth of RQDs.
After the one-day storage (red traces, 1 day), MSC-311
evolved from each of the six samples, and the absorption at 290
nm decreased. Again, in the absence of RQDs, the amount of
MSC-311 increased up to 20 min, indicating the proliferation
and longevity of the IP in the reaction. Coinciding with the
growth of RQDs during the 30 to 75 min period, the

population of MSC-311 decreased, suggesting that the
competition between the production processes of MSCs and
RQDs occurs generally, as also observed for Batches A and B
(Figure 1).
For Batch B (Figures 2, bottom, and S2−2, blue traces, 0

day), there was no nucleation and growth of RQDs over a
reaction period of 75 min. At the same time, the 5, 15, and 20
min samples were essentially transparent in optical absorption
(at wavelengths longer than 310 nm). MSCs started to be
present at 30 min, and increased in population up to 75 min,
exhibiting narrow absorption peaking at ∼311 nm for the 45
and 70 min samples. After one-day storage (red traces, 1 day),
MSC-311 was not detected for the 5 min sample, but was for
all the other samples together with an absorption decrease at
290 nm. For the 45 and 70 min samples, a small increase for
MSC-311 was observed.
Comparing Batches A and B samples (blue traces), we

notice that the absorption at 290 nm of Batch A samples is
higher than that of the corresponding Batch B samples. This is
consistent with the presumption that the reactivity of CdA2 is
higher than that of CdB2. For the 45 and 75 min samples,
MSC-311 evidently formed in Batch B but not in Batch A,

Figure 4. Optical absorption spectra of two samples extracted from
Batch A at 180 °C with the growth period of 120 min; the addition of
Acid B was performed at 15 (blue trace) and 30 (red trace) min. The
separate production of MSCs and RQDs supports the existence of
two formation pathways.

Figure 5. (Top) 13C NMR (left) and 1H NMR (right) of Acids A and B. The relatively downfield signals of Acid B suggests its relatively strong
acidity. (Bottom) DFT calculations of the two molecules for CdA2 (left) and CdB2 (right). The partial charge (a.u.) of one Cd atom and four O
atoms are indicated, with the sum of the absolute values of 2.477 and 2.403, respectively, suggesting that the former is more reactive than the latter.

Scheme 1. Schematic Drawing of the Separate Pathways
Proposed for the Formation of RQDs (Top) and MSCs
(Bottom)a

aThe formation of RQDs follows the conventional view to start with
monomers and/or fragments.25−28 The development of MSCs is via
the structural transformation from their immediate precursors
(IPs).1,2 MSCs are not nuclei of RQDs, and their direct evolution
to RQDs is disallowed. The growth of RQDs accompanied by the
decrease of MSCs is via the dissolution pathway back to IPs, and
further decomposition of the IP to fragments.
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suggesting an improved thermostability of MSC-311 with
CdB2.
For Batch B (blue traces, 0 day), the production of MSCs

without RQDs at 180 °C (Figure 2, bottom) and of RQDs
without MSCs at 230 °C (Figure 1, bottom) further reflects
the competitive relationship between the MSC and RQD
production processes. As shown in Scheme 1, a relatively low
reactivity condition (such as 180 °C) allow the IP to form
MSCs without decomposing into fragments. By contrast, a
relatively high reactivity condition (such as 230 °C) leads to
the depletion of the IP to fragments, which feeds the growth of
RQDs. To further elaborate the two growth pathways for RQD
and MSC formation, we studied Batch B at 200 °C, expecting
an evolution of MSCs without RQDs initially, followed by the
disappearance of MSCs and the growth of RQDs.
Figure 3a presents the temporal evolution of absorption of

samples extracted from Batch B at 200 °C. The same
dispersion preparation and measurements were carried out,
as used for Figures 1 and 2. As shown by Figure 3a, the
population MSC-311 increased up to 60 min, and then
decreased. At 180 min, there was a small amount of MSC-311
left; meanwhile, nucleation and growth of RQDs seemed to
have taken place. For the 210 and 270 min samples, MSC-311
completely disappeared, and the RQDs did not grow much.
For the 300 to 330 min samples, RQDs were observed
eventually with bandgap absorption peaking at ∼435 and ∼445
nm, respectively. The complete disappearance of MSC-311
without a noticeable growth of RQDs (during the growth
period of 180 to 270 min) provides strong experimental
evidence that MSCs are not the nuclei of RQDs, as depicted in
the forbidden path on the right-hand side of Scheme 1. For the
eight sample dispersions, absorption spectra were collected on
the second day. Figure S3 shows the optical absorption spectra
of the samples with blue and red traces for day 0 and 1,
respectively.
Figure 3b displays the optical density of MSC-311 detected

from the first seven samples extracted from Batch B at 200 °C,
with blue squares (day 0) and red circles (day 1). The
magnitude of the MSC-311 optical density on day 1 is
indicative of the amount of the IP produced at 200 °C (on day
0). Interestingly, the amount of the IP generated at 200 °C at
the beginning (15 min, Sample 1) seemed to change little up
to 120 min (Sample 3), as indicated by the MSC-311 optical
density obtained on day 1. Furthermore, the amount of the IP
at 200 °C started to decrease at 180 min (Sample 4), while
disappearing almost completely at 330 min (Sample 8). Again,
the nucleation and growth of RQDs (at 180 min) resulted in
fragmentation of the IP, thus the decreased presence (up to
300 min (Sample 7)) or absence (at 330 min) of MSC-311
after the one-day storage. The presence of MSC-311 in
significant amounts in the 210 and 270 min samples (Samples
5 and 6) on day 1 can well be attributed to the MSC to IP
pathway shown in Scheme 1. At 200 °C, importantly, MSC-
311 fully dissolved back to the IP (for Samples 5 and 6).
Naturally, the different influences of CdA2 and CdB2 on the

formation of RQDs and MSCs drew our attention to use
mixtures of Acids A and B to prepare the Cd precursor. A
detailed study can be found in Figure S4-1, which shows the
absorption of samples from four different batches at 200 °C, in
which four mixtures of the two acids were used. Again, the
growth of RQDs inhibited that of MSC-311. For the mixture
with the equal molar ratio of Acid A and B, the resulting
product was mainly MSC-311, suggesting that the formation of

CdB2 occurs more readily than that of CdA2 due to the
stronger coordination of Acid B than Acid A to Cd. This is in
agreement with the observed lower reactivity of CdB2 than that
of CdA2. We therefore investigated the use of Acid B as an
additive to Batch A, with the addition performed before (at 15
min) and after (at 30 min) the nucleation and growth of RQDs
at 180 °C.
Figure 4 illustrates the effect of the addition of Acid B (1.75

mmol) to Batch A (with 1.32 mmol Acid A used) at 180 °C.
Interestingly, MSCs and RQDs were obtained, respectively,
when Acid B was added to Batch A before (at 15 min, blue
trace) and after (at 30 min, red trace) nucleation and growth of
RQDs. This is further detailed in Figure S4-2, where temporal
evolution of absorption of samples extracted from the two
Batch A is shown. For the former batch, MSC-311 steadily
increased. For the latter batch, the RQDs kept growing, while
the initial presence of MSC-311 was followed by rapid
decrease and disappearance. Evidently, the disappearance of
MSC-311 is related to the growth of RQDs. The experiments
were repeated with the same (1.75 mmol) and less (0.35
mmol) amounts of Acid B, as shown in the left and right parts
of Figure S4-3, respectively. When tuning the growth pathway
of MSCs vs RQDs in Batch A at 180 °C, the amount of acid B
added is critical.
Based on the experimental results, we proposed the two

pathways for the formation of RQDs and MSCs, as illustrated
by Scheme 1. Let us briefly review the experimental results
related to Acid B. Batch B at 230 °C (Figure 1) produced
RQDs and no MSC-311 (on day 0), together with monomers,
fragments, and IPs. The IP-to-MSC conversion was detected
after one-day storage at a lower temperature. The IP to
fragment to RQD pathway is supported by the size increase of
the RQDs (on day 0), coinciding with a population decrease of
MSC-311 (on day 1 monitored); the decrease could be
resulted from decreased IP-311 (produced on day 0). Batch B
at 180 °C (Figure 2) produced MSC-311 (on day 0) but no
RQDs. Accordingly, the relatively high and low temperatures
favor the formation of RQDs and MSCs, respectively, via their
individual formation pathways. Batch B at 200 °C (Figure 3)
produced MSC-311 (on day 0) at an initial stage but RQDs
only at a later stage. Thus, the two pathways for the formation
of RQDs and MSCs should be interlinked, as proposed in
Scheme 1 via the MSC to IP to fragment to RQD pathway.
Moreover, it is practical to control the formation of MSCs in
Batch A at 180 °C via the addition of Acid B (Figure 4).
Scheme 1 includes, as indicated by the dashed squared area,
the conventional concept about the nucleation and growth
RQDs, which takes place from monomers and/or fragments
(including dimers and trimers), with the fragments resulted
from monomers.25−28 Scheme 1 illustrates further the
existence of another pathway, the formation of the IP which
transforms to MSCs, with the direct conversion of MSCs into
RQDs not allowed. Moreover, the growth of RQDs
accompanied by a decrease in MSCs occurs via the MSC to
IP to fragment to RQD pathway.
The present study is based on the use of Acids A and B, with

two corresponding Cd precursors, CdA2 and CdB2 (Figures
1−3), and the addition of Acid B to Batch A (Figure 4). CdA2

is more reactive than CdB2 (Figures 1 and 2), and Acid B
coordinates more readily to Cd than Acid A (Figure 4). These
experimental observations are in agreement with the relatively
high acidity of Acid B compared to Acid A. NMR and DFT
have been used to study the chemistry involved in the
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formation of monomers, fragments, and RQDs and
MSCs.29−32 Figure 5 shows NMR study (top) of Acids A
and B and DFT calculations of two molecules for CdA2 and
CdB2. Figures S5-1a and S5-1b present the 13C NMR and 1H
NMR measurements with assignments for C and H resonance
signals, respectively. For Acids A and B, the carbon resonance
signals of the carbonyl groups (CO) are at 174.4 and 177.4
ppm in the 13C NMR spectra (top left), respectively, with the
proton resonance signals of the carboxyl group (C = (O)O−
H) in the 1H NMR spectra at 11.93 and 11.97 ppm (top
right). The two relatively downfield signals of Acid B suggest
that the acidity of Acid B is relatively high. Additional DFT
information is presented in Figure S5-2 for the two Cd
precursors, CdA2 and CdB2. Figure S5-3 shows X-ray
photoelectron spectroscopy (XPS) of CdA2 and CdB2.
Accordingly, we argue that the relatively high acidity of Acid
B results in the relatively low reactivity of CdB2 and the
relatively strong coordination to Cd.
In conclusion, we systematically studied the formation of

RQDs and MSCs, using CdS as a model system. We employed
two carboxylate acids: linear oleic acid (C16H31CH2−COOH,
Acid A) and branched 2-methyloctadecanoic acid (C16H33CH-
(CH3)-COOH, Acid B). We found out that CdA2 has a higher
reactivity than CdB2 toward S, and Acid B has a higher
coordination capability than Acid A toward Cd. For Batch B
with CdB2, in particular, we show that high (230 °C) and low
(180 °C) reactivity conditions favors the formation of RQDs
and MSCs, respectively. Moreover, we have identified an
intermediate reaction temperature 200 °C, at which it is
possible to demonstrate the growth of RQDs accompanied by
the decrease of MSCs, with the presence of MSCs in the initial
stage and RQDs at the later stage. Furthermore, we elucidate
that MSCs could be obtained from Batch A with CdA2 at 180
°C, when Acid B was added in the induction period, while
RQDs were obtained without addition or when the addition
was performed after the induction period. Thus, we propose
that RQDs and MSCs have their own individual pathways for
their formation. For the growth of RQDs accompanied by the
disappearance of MSCs, we attribute to the MSC to IP to
fragment to RQD pathway. MSCs would not appear to be the
nuclei of RQDs; instead, they dissolve back to IPs (which
transformed to MSCs on the second day). Based on our two-
step approach to single-ensemble CdTe,1 CdS,2,18 and CdSe
MSCs17 without the coexistence of RQDs, we proposed a so-
called Yu Pathway to describe the general formation of
semiconductor MSCs and RQDs. Also, a process of proton-
mediated ligand exchange repeated itself leading to the
formation of monomers, IPs, MSCs, and RQDs.1,2,17,18,29−32

We argued the monomer to be M2En, with M = Cu (I), Zn
(II), Cd (II), Pb (II), Ge (II), and In (III), and E = S, Se, and
Te.32 For the Yu model, the IPs and their corresponding MSCs
have similar numbers of Cd atoms and E atoms, as
demonstrated by CdS IPs and CdS MSC-311.2 The present
work brings deeper insight into the formation of MSCs and
RQDs with their individual pathways and introduces the
practical control of their formation.
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