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CONSPECTUS: A knowledge of colloidal semiconductor magic-size

clusters (MSCs) is essential for understanding how fundamental

properties evolve during transformations from individual molecules to =~ MSC-1 — = = = = = = = = - = = - = > MSC-2
semiconductor quantum dots (QDs). Compared to QDs, MSCs display

much narrower optical absorption bands; the higher cluster stability

gives rise to a narrower size distribution. During the production of (1) (3")
binary QDs such as II-VI metal (M) chalcogenide (E) ones, binary ME (1) (Mo/Fr)-2 (Mo/Fr)-1  (3)

MSCs observed were interpreted as side products and/or the nuclei of

QDs. Prior to the current development of our two-step approach \ j

followed b?r our two—pathway. model, it had b'een extremely cha}lenging PC-1 PC-2

to synthesize MSCs as a unique product without the nucleation and

growth of QDs. With the two-step approach, we have demonstrated that

MSCs can be readily engineered as a sole product at room temperature from a prenucleation stage sample, also called an induction
period (IP) sample. It is important that we were able to discover that the evolution of the MSCs follows first-order reaction kinetics
behavior. Accordingly, we proposed that a new type of compound, termed as “precursor compounds” (PCs) of MSCs, was produced
in an IP sample. Such PCs are optically transparent at the absorption peak positions of their MSC counterparts as well as to longer
wavelengths. It is thought that quasi isomerization of a single PC results in the development of one MSC.

In this Account, we provide an overview of our latest advances regarding the transformations among binary CdE MSCs as well as
from binary CdTe to ternary CdTeSe MSCs. Optical absorption spectroscopy has been employed to study these transformations, all
of which display well-defined isosbestic points. We have proposed that these MSC to MSC transformations occur via their
corresponding PCs, also called immediate PCs. It is reasonable that the as-synthesized PC (in an IP sample) and the immediate PC
(in an incubated and/or diluted sample) probably have different configurations. A transformation between two PCs may involve an
intermolecular reaction, with either first-order reaction kinetics or a more complicated time profile. A transformation between one
immediate PC and its counterpart MSC may contain an intramolecular reaction. The present Account, which addresses the PC-
enabled MSC transformations with isosbestic points probed by optical absorption spectroscopy, calls for more experimental and
theoretical attention to understand these magic species and their transformation processes more precisely.
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Semiconductor CdTeSe Magic-Size Clusters at Room
Temperature. Nat. Commun. 2019, 10, 1674.> The study
reports the first evolution of ternary CdTeSe MSC-399
in a mixture of two binary CdTe and CdSe IP samples at
room temperature, together with an intramolecular
reaction proposed for the formation of ternary MSCs
from their counterpart ternary PCs and with two
substitution reactions suggested for the formation of
the ternary PC.

e Zhang, H; Luan, C. R; Gao, D.; Zhang, M.; Rowell, N,;
Willis, M.; Chen, M.; Zeng, J; Fan, H. S.; Huang, W;
Chen, X,; Yu, K. A Room-Temperature Formation
Pathway for CdTeSe Alloy Magic-Size Clusters. Angew.
Chem. Int. Ed. 2020, 59, 16943—16952." The first
transformation from binary CdTe MSC-371 to ternary
CdTeSe MSC-399 which displays an isosbestic point at
380 nm was reported, and a PC-enabled pathway was
hypothesized in which the apparent MSC transformation
has occurred through their corresponding CdTe PC and
CdTeSe PC. Moreover, the formation of the CdTeSe
PC involves an intermolecular reaction, namely a
substitution reaction of the CdTe PC and CdSe
monomer (Mo) or fragment (Fr), instead of that of
the CdSe PC and CdTe Mo/Fr.

1. INTRODUCTION

During the past five years, the deliberate, controlled synthesis
of colloidal compound semiconductor magic-size clusters
(MSCs) has received considerable attention; especially
important are those processes not compromised by a
simultaneous production of compound semiconductor quan-
tum dots (QDs).' ™’ Originally, the semiconductor MSCs had
been observed in the initial stage of the nucleation and growth
of the semiconductor QDs.***” With their notable “magic”
stability, the MSCs display unique optical properties that are
distinctly different from those of the QDs. In samples extracted
sequentially from conventional hot-injection and nonhot-
injection reaction batches, the MSCs exhibit sharp optical
absorption peaking at persistent wavelengths, while the QDs
display relatively broad optical absorption with peaks that
redshift continuously (due to an increase in size). These
spectral and growth differences are closely related to the
differences in stability between MSCs and QDs. The magic
stability of the MSCs results in a narrow size distribution with
only homogeneous spectral line broadening, while the QDs
demonstrate both homogeneous and inhomogeneous spectral
line broadening together with their optical spectra continu-
ously redshifting.”>"

To synthesize semiconductor binary MSCs while excluding
binary QDs, a two-step approach was developed and is
supported by a two-pathway model.” This selective approach
consists of two steps, the synthesis of precursor compounds
(PCs) of MSCs followed by quasi isomerization of the PC
which results in the formation of the counterpart MSC (via an
intramolecular reaction). The PC formation occurs in the
prenucleation stage of a reaction, so-called the induction
period (IP) and takes place at relatively high temperatures
(such as above 100 °C). At significantly lower temperatures
(such as room temperature), the PC transforms to the MSC
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when an IP sample is incubated or is diluted in a solvent. This
approach, which is based on the use of IP samples, has been
demonstrated to be efficient for the production of various
types of binary MSCs that are free of QDs, such as CdS,"*™*
CdSe,>*> and CdTe >~ **"22

In the two-pathway model,” a binary IP sample probably
contains binary monomers (Mo), fragments (Fr), as well as
PCs, all of which are optically transparent at the absorption
peak positions of corresponding MSCs and to longer
wavelengths. The existence of the PC in an IP sample has
been supported by many experiments. For example, when one
CdS IP sample (which was preheated at 180 °C) was dispersed
in cyclohexane or toluene (Tol), an evolution of CdS MSC-
311 with first-order reaction kinetics was observed.” We here
point out that the term “immediate precursor” with an
abbreviation of IP was used in some of our previous
studies,6’15’21 which we have changed to the present term,
“precursor compound” with the PC abbreviation. Matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) showed that the CdS PC (in an
IP sample) and MSC-311 had similar masses, and we
suggested that they form a pair of quasi isomers.” When tri-
n-octylphosphine oxide (TOPO) was added to a CdS IP
sample after the formation of the PC, the nucleation and
growth of ultrasmall CdS QDs (with enhanced particle yield)
took place at temperatures below 160 °C, the underlying cause
of which was argued to be TOPO-enhanced fragmentation of
the PC.” When two binary CdTe and CdSe IP samples (which
were respectively preheated at 130 and 140 °C) were mixed at
room temperature, ternary CdTeSe MSCs materialized.**

Here, we collate our latest observations on the trans-
formations among binary CdE MSCs as well as from binary
CdTe to ternary CdTeSe MSCs. Optical absorption spectros-
copy has been used to follow these transformations, all of
which display isosbestic points. For these transformations, we
discuss their PC-enabled pathways as shown in Scheme 1. The
MSC to MSC transformations are proposed to occur via their
corresponding PCs; the MSCs and their PC counterparts are
quasi-isomers. The present Account brings a more in-depth
understanding of the pathway of the MSC transformations,
with the insight gained contributing to the transformation of
cluster/nanocrystal synthesis from an empirical art to a science.

2. TRANSFORMATIONS AMONG MSCS

The present Account uses previously reported data with their
original accuracy. This section contains four parts, addressing
the transformations observed from binary CdS (2.1),"* CdSe
(22),"> CdTe MSCs (2.3),”*"** and from binary CdTe to
ternary CdTeSe MSCs (2.4)." The MSCs are referenced
according to the wavelength in nanometers (nm) of their
optical absorption peak positions. For example, the two types
of CdS MSCs with optical absorption peaking at 311 and 322
nm are referred to as CdS MSC-311 and CdS MSC-322,
respectively, while their immediate PCs are labeled as CdS PC-
311 and CdS PC-322. For these four types of transformations,
their PC-enabled pathways proposed are respectively shown in
parts A—D of Scheme 1. As a side note, we have summarized
the acronyms that we have used in Table S1, and the key
advances in the synthesis of MSCs in Table S2. Also, we recap
some evolution of optical absorption in Figure SI, to
emphasize the fact that there are different categories of
MSCs, while this Account only addresses a special category
that transforms from the counterpart PC.

https://dx.doi.org/10.1021/acs.accounts.0c00702
Acc. Chem. Res. 2021, 54, 776—786
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Scheme 1. Schematic Drawing of the PC-Enabled Pathways for the MSC Transformations from Binary to Binary CdS (A),
CdSe (B), CdTe (C), as well as from Binary CdTe to Ternary CdTeSe (D)

A
Cds Cds
MSC-311 MSC-322
(1)
(3)
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¢ CdTe CdTe
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CdTe CdTe
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“These four types of MSC transformations are respectively discussed in sections 2.1—2.4. The transformations observed from one type of MSCs to
another are indicated by dashed-line arrows, while the pathways hypothesized are represented by solid-line arrows. The transformations between a
pair of PCs and MSCs contain an intramolecular process, while those between two PCs involve an intermolecular reaction with the breakage of the

Cd—E bond and are rate-determining.

The PC to PC transformations in dispersions have been
proposed to be rate-determining.”* Importantly, a barrier
energy of about 276.8 (in Tol) or 269.3 kJ-mol™' (in
cyclohexane) has been obtained for the CdS MSC-311 to
MSC-322 transformation, which clearly suggests that the
breakage of the Cd—S bond is rate-determining.1 Accordingly,
for a binary to binary PC transformation, we propose a
substitution reaction involving the breakage of the Cd—E bond
(eq 1), which is similar to that published for the trans-
forirlation from a binary CdTe PC to a ternary CdTeSe PC (eq
2).

CdEPC-1 + CdE(Mo/Fr)-2

= CdEPC-2 + CdE(Mo/Fr)-1 (1)

CdTePC + CdSeMo/Fr = CdTeSe PC + CdTe Mo

/Fr ()

It is evident that through an intra- or intermolecular reaction,
respectively, a PC molecule transforms to its counterpart MSC
or to another PC (with the breakage of the Cd—E bond as
suggested by eqs 1 and 2). For the four types of
transformations dealt with in this Account, only the CdS
MSC transformations (occurring in Tol or cyclohexane)
displayed first-order reaction kinetics. The three remaining
types seemed not to follow such a profile, while taking place in
mixtures of Tol and octylamine (OTA). It appears, therefore,
that there are two distinct types of substitution reactions; to
comprehend them, we will be following the schemes of Syl
and Sy2, which had been respectively proposed for single- and
bimolecular nucleophilic substitutions in organic chemistry.*”
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For the PC to PC transformations showing first-order reaction
kinetics, we suggest that CdE (Mo/Fr)-1 leaves the substrate
CdE PC-1 first, and this process is rate-limiting and is followed
by the addition of the substituent CdE (Mo/Fr)-2 that results
in the formation of CdE PC-2. For those transformations not
following first-order reaction kinetics, the addition of the
substituent CdE (Mo/Fr)-2 or CdSe Mo/Fr to the substrate
CdE PC-1 or CdTe PC is rate-determining, followed by CdE
(Mo/Fr)-1 or CdTe Mo/Fr leaving to form CdE PC-2 or
CdTeSe PC, respectively. Table S3 provides a more in-depth
discussion of the pathway which has a similarity to either Syl
or Sy2. Furthermore, the dispersion environment, such as the
presence of a protic molecule (primary amines or alcohol),
influences the kinetics of the substitution reactions.

2.1. Transformations between CdS MSC-311 and MSC-322

The transformations between CdS MSC-311 and CdS MSC-
322 that can be thermally induced have been demonstrated to
be reversible and repeatable, while displaying first-order
reaction kinetics." Parts A—D of Figure 1 show the optical
absorption spectra that were collected in situ when a single
dispersion was kept at two different temperatures but in the
order of 46 (A), 15 (B), 46 (C), and 15 °C (D). The
dispersion was made from a CdS IP sample in cyclohexane.
Before the dispersion was set to the first temperature of 46 °C
(A), the PC to CdS MSC-311 transformation at room
temperature was allowed to complete with no further
development of CdS MSC-311. Parts E—H of Figure 1
illustrate the kinetic studies of the transformations which
occurred when two Tol dispersions were placed at 52.5 (E and
F for the MSC-311 to MSC-322 transformation) and 15.0 °C
(G and H for the MSC-322 to MSC-311 transformation), with

https://dx.doi.org/10.1021/acs.accounts.0c00702
Acc. Chem. Res. 2021, 54, 776—786
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Figure 1. Time-resolved optical absorption spectra (A—D) and kinetic studies (E—H). A CdS IP sample was made from a reaction in octadecene
(ODE) of cadmium oleate (Cd(OA),) and sulfur (S), which was heated at 180 °C for 20 min. Afterward, the IP sample was dispersed in
cyclohexane at room temperature. The spectra collected in situ from one dispersion in cyclohexane from 0 to 788 (A), 1410 (B), 538 (C), and
2490 min (D) display well-defined isosbestic points. The transformations from MSC-311 to MSC-322 occurred at 46 °C (A, C), while the
reversible ones occurred at 15 °C (B, D). For the former and latter transformations of two dispersions in toluene at 52.5 and 15.0 °C, respectively,
the kinetic studies were performed for the reactants (E, G) and products (F, H), with each inset showing the fit to first-order reaction kinetics
[Reproduced from ref 1. Copyright 2018 Zhang et al.].

parts E and G for the reactants as well as parts F and H for the

products MSC-311.

The transformation from MSC-311 to MSC-322 occurred at
relatively high temperatures (46 and 52.5 °C), while the
reverse transformation from MSC-322 to MSC-311 was
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possible at relatively low temperatures (15 °C). The former
and latter transformations display well-defined isosbestic points
at about 319 and 316 nm, respectively (A—D). See Figure S2
for the two isosbestic points with expanded views. The kinetic
study (E—H) suggested that the transformations have first-

https://dx.doi.org/10.1021/acs.accounts.0c00702
Acc. Chem. Res. 2021, 54, 776—786
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Figure 2. Characterization of CdS MSC-311 (blue traces) and MSC-322 (red traces) with MALDI-TOF MS (A), PDF analysis (B), Cd K-edge X-
ray absorption fine structure (XAFS) (C), and small angle X-ray scattering (SAXS) (D). The two types of CdS MSCs form a pair of quasi isomers,
with similar masses and local structures but slightly different shapes. [Reproduced from ref 1. Copyright 2018 Zhang et al.].

order reaction kinetics. For the former transformation at 52.5
°C, the rate constant fitted was 0.047 min™! for the reactant
MSC-311, which matched well with 0.048 min™' for the
product MSC-322. For the latter transformation at 15 °C, it
was 0.024 min~" for the reactant MSC-322 and 0.025 min™"
for the product MSC-311. Moreover, a barrier energy of about
276.8 (in Tol) or 269.3 kJ-mol™" (in cyclohexane) obtained for
the former transformation indicates undoubtedly that the rate-
determining step depends on the breakage of the Cd—S bond.
See Note S1 for an additional discussion on the rate-
determining step. Therefore, we propose that PC-311 and
PC-322 are involved for the pathway of the transformations, as
shown by part A of Scheme 1. Moreover, the transformations
between the two PCs (steps 2 and 2') are rate-limiting and
account for the first-order reaction kinetics observed. As shown
by eq 1, the intermolecular reactions which are responsible for
the PC to PC transformations involve the breakage of the Cd—
S bonds.

We concluded that the four species shown in part A of
Scheme 1, CdS PC-311, PC-322, MSC-311, and MSC-322,
were members of a group of quasi isomers. As a side note, we
hypothesize that other CdS MSCs such as MSC-360 could be
included as well.'"'* When one IP sample was incubated at 4
or 60 °C, the evolution of CdS MSC-311 or MSC-322 was
respectively observed. It is evident that relatively low or high
temperatures respectively favor the evolution of MSC-311 or
MSC-322 (from an original IP sample without dilution). That
the two types of CdS MSCs form a pair of quasi isomers is also
demonstrated by Figure 2, where MALDI-TOF MS (A)
indicates that the two MSCs have similar masses. The MALDI-
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TOF MS experiments performed for CdS PCs and their
counterpart MSCs are summarized in Table S4, with an
additional discussion in Note S2. The structural analysis with
X-ray total scattering with atomic pair distribution function
(PDF) (B) suggests that the two MSCs have similar local
structures but slightly different shapes, with almost the same
size in the range of 1—2 nm. Clearly, the first two X-ray peaks
are much the same; thus, the nearest-neighbor Cd—S, Cd—Cd,
and S—S correlations are alike. A noticeable difference is seen
in the fourth X-ray peaks. X-ray absorption fine structure
(XAFS) (C, the corresponding k-space presentation is shown
in Figure S3) also illustrates that the two MSCs have similar
local structures, while small-angle X-ray scattering (SAXS) (D)
demonstrates that the shapes of the two MSCs are slightly
different.

In dispersion, the presence of methanol accelerated the
evolution of CdS MSC-311 from the PC (in one IP sample) or
from MSC-322, with first-order reaction kinetics observed as
well."® With the presence of one a-methyl carboxylic acid
(such as C;4H;;CH(CH;)—COOH or C,H.CH(CH,)—
COOH) or diphenylphosphine (HPPh,), the direct produc-
tion of CdS MSC-311 or MSC-322 could be controlled from
the reaction, respectively, which was kept still at a relatively
high temperature such as 180 or 100 °C (prior to nucleation
and growth of CdS QDs).”® Interestingly, when one a-methyl
carboxylic acid and HPPh, were both present, MSC-311 was
produced as the sole product at 100 °C without MSC-322.°
These experimental results are in agreement with those
reported, with regard to the synthesis of MSC-322 via a high
concentration approach and the alcohol-assisted transforma-

https://dx.doi.org/10.1021/acs.accounts.0c00702
Acc. Chem. Res. 2021, 54, 776—786
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Figure 3. Time-resolved optical absorption spectra collected in situ from one CdSe IP sample. The evolution of various CdSe MSCs includes CdSe
MSC-361, MSC-391, and MSC-415. The IP sample was made from a reaction in oleylamine (OLA) of cadmium acetate (Cd(OAc),) and tri-n-
octylphosphine selenide (SeTOP), which was heated at 150 °C for 20 min. Two dispersions were prepared at room temperature, each with 300 uL
of the IP sample in a mixture of 1.8 mL Tol and 1.2 mL OTA. One dispersion was kept at 30 °C (A and B). The other dispersion underwent a
temperature increase from 10 to 40 °C with 120 min at each temperature and a step of 10 °C (C—F). The conditions under which the spectra were
collected are indicated, with 0—40 (A) and 50—170 min (B) at 30 °C, 0—120 min at 10 °C (C), 130—240 min at 20 °C (D), 250—360 min at 30
°C (E), and 370—480 min at 40 °C (F). Several well-defined isosbestic points can be seen clearly, such as at 398 nm (B and E). The as-synthesized
PC produced in the IP sample evolved at 10 °C to PC-361 (C), but at 30 °C to PC-391 and PC-415 (A) [Reproduced from ref 15. Copyright 2018

American Chemical Society].

tions."”'* Collectively, all of the results indicate that with the

capability developed to promote or suppress inter-MSC
transformations, it is practical to produce one type of MSC
as the sole product (with reasonable production yield). For the
prenucleation stage, it is estimated that a majority of the Cd
and S precursors form PCs which can transform into MSCs.®™”

2.2. Evolution of Several CdSe MSCs from a Single IP
Sample

Several types of CdSe MSCs, including MSC-361, MSC-391,
and MSC-415, evolved from a single CdSe IP sample when it
was dispersed in a mixture of Tol and OTA."” Figure 3 shows
the optical absorption spectra collected in situ from two
dispersions made from a CdSe IP sample in a mixture of 1.8
mL Tol and 1.2 mL OTA. See Note S3 for the experimental
details and an additional description of the evolution of the
optical spectra.

In the two dispersions, MSC-415 remained at the final stage,
with a complete disappearance of both MSC-361 and MSC-
391 and the appearance of two related peaks at 351 and 381
nm, respectively (B and F). These two absorption peaks were
not attributed to be higher-order electronic transitions of
MSC-415 but from other species,'® the assignment of which is
different from that previously reported.**~*° For the trans-
formations from MSC-361, MSC-391, to MSC-415, well-
defined isosbestic points appeared at 398 (B), 370, and 398
nm (E), for example. The presence of isosbestic points was
reported for CdSe MSC transformations, but without a PC-
enabled transformation pathway proposed.”” As shown by part
B of Scheme 1, we propose that the pathway of the CdSe MSC
transformations involves their PC counterparts, PC-361, PC-
391, and PC-415. Furthermore, it appears that at relatively low
temperatures (10 °C, C), an evolution to PC-361 from the as-
synthesized PC readily occurred, while at relatively high
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temperatures (30 °C, A), the preferred evolution was to PC-
391 and PC-415.

2.3. Evolution of Four Types of CdTe MSCs from One IP
Sample

That the MSC to MSC transformations with isosbestic points
involve corresponding PCs has been further supported by the
behavior of CdTe MSCs (Figure 4 and part C of Scheme 1).?
As in cases of CdS and CdSe MSCs, four types of CdTe MSCs,
sMSC-371, sMSC-417, sMSC-448, and dMSC-371, were
observed to evolve from a single CdTe IP sample. We use
“s” or “d” here to distinguish the CdTe MSCs that exhibit a
sharp optical absorption singlet or a doublet; for example, the
singlet of sMSC-371 (which can be also labeled as MSC-371)
peaks at 371 nm, while the doublet of dMSC-371 peaks at 350
and 371 nm. In Figure 4, we show optical absorption spectra
which were collected in situ from five dispersions made from
one CdTe IP sample. An aliquot (30 L) of this IP sample was
dispersed in 3.0 mL of mixtures of Tol and OTA, which
contained the OTA amounts of 0.50 (A), 0.20 (B), 0.05 (C),
0.40 (D—F), and 0.075 mL (G—I).

The development of the four types of CdTe MSCs was
closely related to the amount of OTA in dispersion. A
relatively large amount OTA (such as 1.50 mL) favored the
presence of CdTe sMSC-371 as the sole MSC ensemble
without the other three types of CdTe MSCs. When the OTA
amount was decreased from 0.50 (A), 0.20 (B), and to 0.05
mL (C), transformations from sMSC-371 to sMSC-417
(during the first 35 min), from sMSC-417 to sMSC-448
(during times from S to 110 min), and from sMSC-448 to
dMSC-371 (from 25 to 230 min) were observed, respectively.
The MSCs, sMSC-417, sMSC-448, and dMSC-371, each
developed as nearly a single ensemble after 35 (A), 110 (B),
and 230 min (C), respectively. In part A, the sMSC-371 to

https://dx.doi.org/10.1021/acs.accounts.0c00702
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Figure 4. Time-resolved optical absorption spectra collected in situ from a single CdTe IP sample. Four types of CdTe MSCs evolved in a single IP
sample, which was made from a reaction in OLA of Cd(OAc), and tri-n-octylphosphine telluride (TeTOP) heated to 135 °C for 10 min. At room
temperature, five dispersions were prepared, each of which had 30 uL of the IP sample in 3.00 mL of mixtures of Tol and OTA with the OTA
amount of 0.50 (A), 0.20 (B), 0.05 (C), 0.40 mL (D—F), and 0.075 mL (G—I). In the top panel, the transformations for sMSC-371 to sMSC-417
(A), sSMSC-417 to sMSC-448 (B), and sMSC-448 to dMSC-371 (C) are highlighted. The inset in part C shows the relative stability of sMSC-448
from S to 25 min. In the middle panel for the transformations from sMSC-371 to sMSC-448 via sMSC-417 (D—F), the relative stability of sMSC-
417 from 35 to 75 min is noteworthy (E). In the bottom panel for the development of dMSC-371 via the sequential transformations of sMSC-371,
sMSC-417, and sMSC-448 (G—1I), the absorption strength of sSMSC-448 appeared to be relatively stable from 45 to 115 min (H).The presence of
these relatively stable periods is in good agreement with the PC-enabled pathway proposed (as shown by part C of Scheme 1) [Reproduced from

ref 2. Copyright 2019 American Chemical Society].

sMSC-417 transformation has a distinct isosbestic point at
about 384 nm. In part B, sMSC-417 increased in the first §
min; afterward, its transformation to sMSC-448 has a definite
isosbestic point at about 431 nm. In part C, the strength of
sMSC-448 changed little from 5 to 25 min.

The occurrence of a relatively stable stage in the middle of
MSC transformations is worthy of notice, which is allowed by
the PC-enabled pathway proposed (Scheme 1). Two further
examples are shown in the middle and bottom panels of Figure
4. See Note S4 for an additional description of the evolution of
the absorption. As indicated in part C of Scheme 1, our model
proposes that, similar to the transformations in the CdS and
CdSe cases, the apparent transformations for the CdTe MSCs
involve their counterpart PCs, PC-s371, PC-s417, PC-s448,
and PC-d371. As a side note, the direct evolution of sMSC-448
without the presence of the other three types of CdTe MSCs
was also observed, when a CdTe IP sample was dispersed in
Tol containing small amounts of alcohol (such as methanol).
Interestingly, when certain amounts of primary amine OTA
were added, sMSC-371 and sMSC-417 developed, while
sMSC-448 changed little. Thus, the methanol-containing
dispersion contained an amount of CdTe PCs, which
transformed to sMSC-371 and sMSC-417 upon the addition
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of OTA. Nonetheless, it is not known whether PC-s448 in the
methanol-containing dispersion was directly transformed from
as-synthesized PCs or from PC-s417 via PC-s371. For the
MSC transformations observed, the transformation speed of
the two corresponding PCs appeared to be rate-limiting,

2.4. From Binary CdTe MSC-371 to Ternary CdTeSe
MSC-399 Transformations

Our PC-enabled pathway model explaining the MSC trans-
formations that display isosbestic points, also accounts for
binary to ternary MSC transformations (Figure S and part D of
Scheme 1).* When two IP samples of binary CdTe and CdSe
were mixed at room temperature, ternary alloy CdTeSe MSC-
399 evolved.”* Figure 5 shows the optical absorption spectra
which were collected in situ from five cuvettes with four as-
mixed samples (A—D) and one incubated mixture (E and F).
See Note SS for the experimental details and an additional
description of the evolution of the optical spectra.

For the two as-mixed samples in the Tol and OTA mixture
(A and B), only binary CdTe MSC-371 emerged immediately
after dispersion (0 min, red traces) reaching a maximum
absorbance strength at 10 (A) and S min (B). Subsequently
the strength of MSC-371 declined gradually vanishing

https://dx.doi.org/10.1021/acs.accounts.0c00702
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Figure S. Time-resolved optical absorption spectroscopy for the exploration of the room-temperature evolution of MSCs from mixtures of two
CdTe and CdSe IP samples with equal volumes. The CdTe and CdSe IP samples were made from Cd(OAc),/OLA + TeTOP and Cd(OAc),/
OLA + SeTOP reactions, which were heated for 30 min at, respectively, 130 and 140 °C. 15 L (A and C) and 30 L (B and D) portions of as-
mixed samples were dispersed in a mixture of 2.0 mL Tol and 1.0 mL OTA (A and B) and of 2.0 mL Tol and 1.0 mL BTA (C and D). The four red
traces were collected at 0 min in parts A—D. A 30 uL portion of a mixed sample incubated for 24 h was dispersed in 2.3 mL of Tol (E), to which
0.7 mL OTA was added after a further 20 h (F). The transformations from binary CdTe MSC-371 to ternary CdTeSe MSC-399 display distinct
isosbestic points at ~380 nm. The PC-enabled pathway proposed for the binary to ternary MSC transformation is shown in part D of Scheme 1
[Reprinted with permission from ref 4. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA].

completely after 135 (A) and 115 (B) min. Notably from 10
(A) and S min (B), the population of CdTeSe MSC-399
started to increase with time reaching a maximum absorbance
value of 0.30 at 115 min (A) and of 0.45 at 80 min (B). The
two transformations display a distinct isosbestic point at about
380 nm. When BTA replaced OTA (C and D), similar
transformations that proceeded faster were observed with a
comparable isosbestic point at about 380 nm. The PC-enabled
pathway proposed for the binary to ternary transformation is
demonstrated in part D of Scheme 1. Here the concept of the
formation of binary MSCs via quasi isomerization of their
counterpart binary PCs had been generalized to that of ternary
MSCs from their ternary PCs.

We proposed a substitution reaction to account for the
formation of ternary CdTeSe PCs, as shown by eq 2, which
implies that the CdSe PC does not directly participate in the
formation of CdTeSe PC-399 but with a fragmentation to
CdSe Mo/Fr. Such a notion on the CdSe PC fragmentation
concurs with the fact that the evolution of CdSe MSCs was not
observed in mixtures of the binary CdTe and CdSe IP samples,
which did, however, display CdTe MSC-371 to CdTeSe MSC-
399 transformations. Interestingly, the substitution reaction is
reversible. The right-to-left reaction of eq 2, namely the ternary
CdTeSe PC to binary CdTe PC reaction, had been effectively
demonstrated by an incubated sample. After being incubated
for 24 h, the sample was dispersed in Tol and CdTeSe MSC-
399 developed immediately as a single ensemble without CdTe
and/or CdSe MSCs (E, solid trace). After 20 h in the Tol
dispersion, CdTeSe MSC-399 disappeared completely (E and
F, dashed traces). After the addition of OTA in the Tol
dispersion (F), CdTe MSC-371 developed immediately (0
min) and increased at 2 min. The appearance of CdTe MSC-
371 suggested the presence of the CdTe PC in the Tol
dispersion prior to OTA addition, which was produced from
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the CdTeSe PC via the right-to-left reaction of eq 2 probably.
From 2 to 40 min, CdTe MSC-371 declined continuously and
vanished, while CdTeSe MSC-399 kept increasing. Such a
transformation from CdTe MSC-371 to CdTeSe MSC-399
also displayed a well-defined isosbestic point at about 380 nm.

For the PC-enabled pathway proposed for the trans-
formation from binary CdTe MSC-371 to ternary CdTeSe
MSC-399 (part D of Scheme 1), we would like to point out
that when an as-mixed sample is dispersed in a mixture of Tol
and amine (OTA or BTA), the CdTe MSC-371 to CdTeSe
MSC-399 transformation occurs via steps 1’, 2, and 3 in
sequence, for which the rate-determining step is step 2. In an
incubated sample, the evolution of CdTeSe MSC-399
appeared to follow steps 2 and 3, with the rate-determining
step being step 3.’

3. CONCLUSIONS AND PERSPECTIVE

We have reviewed in this Account the transformations among
compound semiconductor MSCs, together with an explanation
for the transformation pathways which are PC-enabled
(Scheme 1). The MSCs addressed are binary CdS, CdSe,
CdTe, and ternary CdTeSe, which exhibit sharp optical
absorption, while their corresponding PCs are optically
transparent at the MSC absorption peaks and longer
wavelengths. The transformations from binary to binary or
to ternary all show isosbestic points which are located at a
wavelength between the absorption peak positions of the
starting and ending MSCs. For example, for the trans-
formations from CdS MSC-311 to MSC-322 occurring at
relatively high temperatures or from CdS MSC-322 to MSC-
311 taking place at relatively low temperatures, the isosbestic
points are at about 319 or 316 nm, respectively (Figure 1).
Table S5 compares the two published studies on the reversible
transformations between CdS MSC-311 and MSC-322.""

https://dx.doi.org/10.1021/acs.accounts.0c00702
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These binary MSCs and their corresponding PCs form a group
of quasi isomers (Figure 2). For the CdSe MSC-361 to MSC-
415 transformations via MSC-391, the isosbestic points are
respectively at about 370 and 398 nm (Figure 3); it appears
that as-synthesized PCs (in an IP sample) and immediate PCs
of one typical type of MSCs have different configurations, with
the transformation of the former to PC-361 at a relatively low
temperature (10 °C) and to PC-391 and PC-41S at a relatively
high temperature (30 °C). For the transformations from CdTe
MSC-371 to MSC-417 and from MSC-417 to MSC-448, the
isosbestic points are respectively at about 384 and 431 nm; the
relatively stable periods for MSC-417 (part E) and MSC-448
(parts C and H) are noteworthy (Figure 4). For the CdTe
MSC-371 to CdTeSe MSC-399 transformations, the isosbestic
point is at about 380 nm (Figure 5). For the PC-enabled
pathways proposed for these MSC transformations (Scheme
1), intra- and intermolecular reactions are respectively involved
for those between the PCs and MSCs and between two PCs.
For the latter, substitution reactions are proposed, which
concern the reactions of PCs and Mo/Fr with the breakage of
the Cd—E bond being rate-determining (eqs 1 and 2). We
would like to point out that among reported MSCs with one
optical absorption singlet, some of their transformations do not
have isosbestic points (Figure S1).'%**™** Meanwhile, some
MSCs display an optical absorption doublet, such as CdSe
dMSC-393 and dMSC-460.""7*"~*" We are actively study-
ing them and their transformations, although the present
Account does not address them. Fascinatingly, the PC concept
may apply to III-V semiconductors. For example, InP samples
have been produced containing both InP intermediates and
QDs; the former displayed a mass of ~10 kDa, while the latter
60—90 kDa.** A possible interpretation of this experimental
result would be that InP PCs and/or counterpart MSCs (with
a mass of ~10 kDa) were present in the InP samples; as the
reaction proceeded with the nucleation and growth of the InP
QDs, the PC/MSC progressively disappeared (Note S2 and
Figure $4).

While the synthesis of colloidal semiconductor compound
MSCs, including their transformations, has moved forward
with more fundamental understanding of their formation
pathways, there are still critical challenges, “dark clouds”, to be
addressed, for example, the composition and configuration of
the MSCs and their PCs and as-synthesized PCs, together with
the role of alcohol (such as methanol) and primary amines
(such as OTA or BTA) in dispersions at a molecular level for
transformations from PCs to MSCs or to other PCs via intra-
or intermolecular reactions, respectively. It is evident that the
surface plays a significant role on the configuration of the PC
molecules and MSCs, affecting their electronic structures. It is
our hope that more experimental and theoretical attention will
be directed to comprehend more precisely the present and
novel magic species and processes. In this way, cluster and
nanocrystal synthesis can further transform from an empirical
art to a science.””"
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