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ABSTRACT: Colloidal semiconductor magic-size clusters (MSCs), a crucial link
between molecular and bulk materials, have attracted attention in the past three decades.
However, the identification of their nonbandgap electronic transitions via optical
absorption has been challenging due to the possible presence of other-bandgap
ensembles in synthetic batches. For CdSe MSC-41S, referred to as the optical
absorption (1S(e)—1S;/,(h)) in nanometers of wavelength, we report our exploration
on the origin of two commonly documented absorption peaks at 381 and 351 nm. We
show that the evolution of the two peaks does not synchronize with that of the ~415 nm
peak and seems to be respectively related to the disappearance of MSC-391 and MSC-
361. Accordingly, these two peaks detected are probably not due to higher order
electronic transitions in MSC-415. The present study shows the necessity of re-
evaluating previous experimental results and of developing advanced theoretical models

to better understand the quantized energy levels of MSCs.

luster science aims at bridging the knowledge gap of the
change in fundamental properties as the number of atoms
evolving from individual molecules to condensed-phase
matter."”” Various fullerene,”* metal, and noble metal
clusters’™"* have been documented, together with semi-
conductor clusters.”>™>° The term “magic-number” or “magic-
size”>™?® has been used to describe those with enhanced
stability. The origin of the magic stability has been attributed to
both full shells of electrons and geometric structures.””'%'3
Magic-size clusters (MSCs) have been used by the
semiconductor research community.'>~**
colloidal semiconductor nanocrystals (NCs), a large portion of

For the research of

interest has been directed toward potential applications in a
number of areas including bioimaging,go’31 light emitting diodes
(LED),”** and solar cells.”*>> These studies have generally
employed conventional quantum dots (QDs) rather than
MSCs. For one given semiconductor NC ensemble, the size
distribution and thus the optical bandwidth of the conventional
QDs are larger than that of the MSCs. Although current
research into semiconductor clusters is not as advanced as that
for the other cluster materials,”~* various synthetic approaches
have been reported since 1993 to obtain sp’-hybridization
semiconductor CdSe MSC-415."°7>**%” The MSCs are here
referenced by their bandgap energy in wavelength (415 nm),
corresponding to the lowest allowed electronic transition

(15(e)=185(h)). "~
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For the CdSe MSC-415 ensembles reported,ls_23 their
syntheses were performed in aqueous'” ' or organic
solutions,"®™>* with phosphine/phosphine oxide,'®** phosphi-
nate,"” carboxylate,”" or amines'>°™** as surface ligands.
Details of the synthetic conditions are summarized in Table S1.
In addition to the bandgap absorption peak at 414 to 422 nm,
interestingly, another two absorption peaks in the range from
382 to 398 nm and from 352 to 365 nm have been often
reported. It seems reasonable that the variation in these
absorption peak positions could be due to experimental
conditions. For the two shorter-wavelength peaks, their
absorbance is much weaker, and they have been generally
taken respectively as due to the secondary and third electronic
transitions of MSC-415. However, the assignment would
appear to be questionable.'> ™

To explore the origin of the two out-of-band absorption
peaks for MSC-415, it is important to have experimental data to
demonstrate that the MSC-415 ensembles produced consist of
no other-bandgap NCs. Only when MSC-41S is produced in a
single-bandgap form can the two out-of-band absorption peaks
be due to the secondary and third electronic transitions. On the
other hand, if the MSC-415 ensemble produced contains other-
bandgap NCs, the two accompanying absorption peaks may not
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Figure 1. Optical spectroscopy of one CdSe sample extracted from a
reaction batch of Cd(OAc),/OLA + SeTOP at 150 °C with a growth
period of 20 min. (a) Absorption spectra of the sample (300 xL) in 3.0
mL of Tol (blue trace) and in the mixture of 2.0 mL Tol and 1.0 mL
OTA mixture (red trace). (b) Normalized absorption (gray dashed
trace), emission (red trace, with excitation wavelength of 330 nm), and
excitation (blue trace, with emission wavelength of 430 nm) spectra of
the sample (30 pL) in the mixture of 2.0 mL cyclohexane (CH) and
1.0 mL OTA at RT.

be unambiguously assigned to the secondary and third
electronic transitions.

Herein, we report our exploration on the origin of the two
absorption peaks at ~381 and ~351 nm for CdSe MSC-41S.
We used a two-step approach to decouple the evolution of
CdSe MSC-415 from the formation of precursor samples,
which are transparent in optical absorption. With cadmium
acetate Cd(OAc), and selenium (Se) powder as Cd and Se
sources, respectively, the first step was conducted in oleylamine
(OLA) at 150 °C to prepare a transparent sample in optical
absorption. The Cd and Se precursors were respectively
Cd(OAc),/OLA and tri-n-octylphosphine selenide (SeTOP).
The reaction products were explored by electrospray ionization
mass spectrometry (ESI-MS) to evaluate the formation of Cd
and Se covalent bonds when the reaction temperature was
increased. The second step was mainly carried out in a mixture
of toluene (Tol) and octylamine (OTA) at a lower temper-
ature, with the detailed evolution of MSCs in situ monitored by
absorption spectroscopy. We show that the evolution of MSCs
does not seem to be in agreement with the literature
assignment that the weak absorption peaks at ~381 and
~351 nm were due to the higher order electronic transitions in
MSC-415.>"* Tt seems more likely that they are respectively
related to the disappearance of MSC-391 and MSC-361. The
present study suggests that further developments are needed,
with regard to synthesis, characterization, and theoretical
modeling, to attain a better understanding of the electronic
structures of semiconductor MSCs.

Figure 1a shows the optical absorption spectra collected from
a CdSe sample extracted from the reaction at 150 °C and a
growth duration of 20 min. An aliquot (300 L) of the sample
was dispersed into 3.0 mL Tol (blue trace) and into a mixture
of 2.0 mL Tol and 1.0 mL OTA (red trace) at 50 °C. The
spectra were collected after being dispersed for 5 min. Among
the six samples with the growth periods of 0, 20, 30, 40, 50, and
60 min (as shown in Figure S1—1), the 150 °C/20 min sample
exhibits the highest optical density at 416 nm in the Tol-OTA
mixture without the presence of conventional quantum dots
(QDs).

The absorption spectrum of MSC-415 obtained with the two
out-of-band peaks at 381 and 351 nm is similar to those spectra
previously reported.'>~** For the sample dispersed in a mixture
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Figure 2. ESI-MS spectra of two samples from two reactions of Cd(OAc),/OLA + SeTOP, 80 °C/240 min (1) and 150 °C/20 min (2). Figure S2—
1 shows the corresponding optical absorption spectra of Sample 1 (but from a different batch). Sample 2 was obtained from another batch identical
to that of Figure 1. CdSe MSCs were not detected in Sample 1 but were in Sample 2 in the Tol-OTA mixture. The presence of the Cd,Se,
fragments in Sample 2 can be attributed to the formation of Cd and Se covalent bonds.
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Figure 3. In situ absorption spectra collected from one dispersion at 30
°C with a time interval of 10 min. The dispersion was made from one
150 °C/20 min sample (300 L) in a mixture of 1.8 mL Tol and 1.2
mL OTA at 30 °C. The spectra are presented in parts a (0—40 min), b
(50—170 min), and ¢ (180—230 min). CdSe MSC-391 and MSC-415
formed (a). MSC-391 started to disappear after SO min, and a new
peak at 381 nm formed gradually along with the disappearance of
MSC-391 (b). MSC-41S kept accumulating and reached a plateau
eventually, with little change for the 381 and 351 nm peaks (b and c).

of cyclohexane (CH) and OTA, we explored further with
photoluminescence emission (PL, red trace) and excitation
(PLE, blue trace) as shown in Figure 1b, together with the
absorption spectrum (dashed gray trace). Upon 330 nm
excitation (red trace), the dispersion exhibited emission
peaking at 425, 395, and 358 nm. For 430 nm emission
(blue trace), the dispersion displayed PLE peaking at 414 nm.
Thus, the 425 nm PL appears to be the bandgap emission of
MSC-415, for which the bandgap absorption peak is at 414 nm.
It is noteworthy that excited with wavelength shorter than that

2820

of bandgap, conventional QDs exhibit bandgap and/or trap PL,
without higher order transition emission. At the same time, for
a special type of CdSe NCs that exhibit one sharp absorption
doublet, only bandga}g (and no higher order transition)
emission was detected.””~*" Therefore, the appearance of PL
peaking at 395 and 360 nm is consistent with the presence of
other-bandgap NCs in the dispersion. Accordingly, the two
accompanying absorption peaks at 381 and 351 nm would not
be related to the higher order electronic transitions of MSC-
41S. As a side note, the bandgap emission detected is similar to
that reported elsewhere.'

The synthesis of CdSe MSC-41S5, producing the Figure la
red trace absorption, was via our two-step approach. The first
step was the formation of a transparent sample (Figure 1a blue
trace) in the reaction of Cd(OAc),/OLA and SeTOP at 150 °C
for ~20 min, and the second step was the growth of MSCs
from the first-step sample in the Tol-OTA mixture at 50 °C.
The 150 °C/20 min samples from repeated batches were used
in the following study (Figures 2—5). (Absorption results for
other condition samples are shown in Figures S1-1, S1-3, and
S1-4).

For the first-step reaction samples, ESI-MS was used to
monitor the formation of Cd—Se covalent bonds. Figure 2
shows ESI-MS spectra (with a positive-ion mode within the m/
z range from 800 to 1500 Da) of two samples from two
Cd(OAc),/OLA + SeTOP reaction batches at 80 °C (trace 1)
and 150 °C (trace 2). The growth periods were 240 and 20
min, respectively. For the 80 °C sample (trace 1), no fragments
of the Cd,Se, form were detected. The two peaks in the m/z
range of 900 to 950 Da were from the Cd precursor.”* Figure
S2-1 shows that this sample in both Tol and the Tol-OTA
mixture is transparent in optical absorption. For the 150 °C
sample (trace 2), cluster fragments of Cd,Se, were detected.
ESI-MS has been used to characterize reaction intermediates of
semiconductor II-VI NCs,**** and the cluster fragments
detected were free of surface ligands.”*~*” Based on the Cd and
Se isotopic patterns (Figure $2-2), the compositions of Cd,Se,
fragments are assigned with the integer values indicated for x
and y. The fragmented 9- to 16-atom clusters were apparently
detected, with two 10-atom clusters, CdSe, and Cd,Se,,
occurring most often. Large fragments in the m/z range of
1200—1500 Da had relatively weak peaks. Figure S2-3 presents
the expanded views of the cluster fragments detected from this
sample. Both Figures 2 and S2 demonstrate that Cd—Se
covalent bonds formed for the 150 °C sample, but not for the
80 °C sample. Thus, for our decoupled two-step approach, the
first step was carried out at 150 °C to prepare IPs, while the
second step was to obtain MSCs at lower temperatures from
the preheated IP. As illustrated below, the second step was
performed at 30 °C (Figure 3) and in the temperature range of
10—60 °C (Figure 4).

Figure 3 presents the evolution of MSC-415 via the temporal
variation of the absorption of the first-step 150 °C/20 min
sample (300 L) in a mixture of Tol (1.8 mL) and OTA (1.2
mL) at 30 °C. The use of 30 °C was due to the fact that the
evolution of MSC-41S5 at 50 °C reached a high optical density
in just S min (Figure la, red trace). The absorption spectra
were recorded every 10 min. The evolution in the second step
at 30 °C seemed to involve three phases, from 0 to 40 min (3a),
50 to 170 min (3b), and 180 to 230 min (3c). Figure S3-1
shows the whole temporal evolution 0 to 230 min (a), 0 to 30
min (b), and 40 to 230 min (c). Figure S3-2 presents the
evolution at 30 °C of the sample dispersed in Tol, OTA, and

DOI: 10.1021/acs.jpclett.80b01109
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Figure 4. In-situ absorption spectra collected from one dispersion with the 10 °C step from 10 to 60 °C. 120 min was maintained at each
temperature, and the spectra were recorded every 10 min. The dispersion was made from one 150 °C/20 min sample (300 xL) in a mixture of 1.8
mL Tol and 1.2 mL OTA. Before the measurements, the dispersion was stored at —25 °C for 48 h. Interestingly, MSC-361 and MSC-391 were
detected (a—c), but disappeared (d and f) accompanied by the presence of 351 and 381 nm peaks, respectively. MSC-41S kept accumulating and
reached a plateau eventually (a—d), and started to decrease (e and f) with little change for the 381 and 351 nm peaks (f).

their mixtures of four volume ratios. For the 415 nm peak, we At 10 °C (Figure 4a), the absorption peaking at 361 nm
observed a continuous increase in its optical density throughout changed little, suggesting that the population of MSC-361 was
the whole evolution progress from 0 to 230 min (Figures 3 and constant. When the temperature was increased to 20 and 30 °C
S3-1). However, the two shorter wavelength 381 and 351 nm (4b and 4c), the 361 nm peak started to decline, and was
peaks did not. Certainly the three peaks did not exhibit a completely gone at 40 °C (4d); meanwhile, a new peak at 350
synchronized evolution behavior. nm appeared. Such a variation is similar to that observed at the

In the initial stage from 0 to 40 min (3a), the two peaks at constant temperature of 30 °C (Figure 3b). MSC-391

391 and 415 nm appeared, together with a 360 nm peak. The developed also at 10 °C (4a); its population apparently
peaks at 381 and 351 nm were not present. From 50 to 170 reached maximum at 20 °C (4b), decreased at ?’0 °C (4c), and
min (2b), the strength of the peak at 391 nm decreased. As the became negligibly at 40 °C (4d); at the same time, a new peak
peak at 391 nm almost disappeared, a peak at 381 nm at 385 nm was observed (4d). Again, this behavior is similar to
developed. At the same time, a similar trend was observed for what seen at 30 °C (Figure 3b). The a.b.sorption peoak
the peak at 360 nm, which disappeared while a new peak at 351 corresponding to MSC'415 started to be Vlilble at 10 °C
nm emerged. A typical MSC-415 spectrum was obtained at 170 (4a),. and reacbed its strongest strength at 40 °C and became
min, which is similar to that of the red trace of Figure la. From domlnantopeakn.lg at 417 nm (4d). .

180 to 230 min (3c), the intensity of the 415 nm peak At 50 °C (Figure 4e), the MSC-415 bandgap absorption

increased slightly, and that of the two peaks at 381 and 351 nm rr:::nvjﬁilfze(zort(t)h:cl)fheI;ntl\N(‘)lm? aksshtg}g tlyshi'::le?se:’? 87121:;115;5}71’

changed little. The absence of correlation between the intensity hei o <hibited P Alb iable i A

variations indicates that these two peaks are not coming from nm,ot eir intensity extibited a sma'l but apprecable merease. ¢

MSC-415. Figures 3 and S3 present strong experimental 60 °C (40, the MS.C—‘HS b andgap absorp't on pea'k Shlft?d

evidence that these two peaks at 381 and 351 nm do not result fl}llzﬁgot(;cicl)ilganrllyvi?;h ;éggn;f;llc;n; S?e;iafe;isltfe::;?é Y:ﬁlee

fro[r;l t?et}ﬁi'gher. otrder e}:llectronii tra;ii}fions ilntMSC_f4l\l/ISS.C . Evidently, the absorption peak red-shifted when the temper-
p to this point, we have explored the evolution o s a

R X ature was increased from 40 to 60 °C; the 351 nm peak seems
a constant temperature of 30 °C. Figure 4 shows the evolution to be less sensitive. Critically, the intensity of the absorption

of MSCs monitored Whgn the temperature was increased from peak at 419 nm decreased by ~60% in 120 min at 60 °C, but
10 to 60 °C. The evolution was allowed to run for 120 min at the two peaks at 388 and 351 nm remained unchanged in
each 10 °C step, and the absorption spectra were collected in strength (4f). The ~381 and ~351 nm peaks respectively

situ with a 10 min interval. Before the measurement, the appeared only when the MSC-391 and MSC-361 peaks
dispersion was stored at —25 °C for 48 h. Interestingly, the vanished (Figure 3 and Figures 4a—d).

evolution of MSC-391 and MSC-361 occurred prior to that of Figure S4-1 shows the temporal evolution of absorption from
MSC-415 (4a). Along the disappearance of MSC-391 and the CdSe sample in various Tol-OTA mixtures at 60 °C. Figure
MSC-361 (4c and 4d), the two weak peaks at 381 and 351 nm S4-2 presents the absorption evolution of the CdSe sample in
developed, respectively. These two peaks changed little while two Tol-OTA mixtures at S °C (after being stored at —25 °C
the 415 nm peak decreased in intensity (4e and 4f). for 24 h). The results provide further experimental evidence

2821 DOI: 10.1021/acs jpclett.8b01109
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Figure S. Centrifugation-assisted exploration with absorption spectroscopy. (a) Preparation of one MSC-41S dispersion at 60 °C for 60 min. One
150 °C/20 min sample (1.0 mL) was dispersed in a mixture of 1.0 mL Tol and 4.0 mL OTA at 60 °C. (b) The 60 min dispersion (a) was cooled
down to 25 °C and monitored for 120 min. Clearly, the intensity of the three peaks progressively became weaker, with more decrease for MSC-415.
(c) The dispersion (a) was centrifuged. Spectra were collected for the 60 min dispersion (a) before centrifugation (blue trace), the supernatant after
30 min centrifugation (dashed gray trace), and the precipitate (after S min centrifugation and dispersed in Tol, red trace). The three spectra were
normalized according to the ~415 nm peak absorbance. (d) The spectra of the supernatant monitored for 90 min. Critically, the 385 nm peak
gradually intensified and red-shifted; however, the 415 nm peak changed little.

that the two accompanying peaks at 381 and 351 nm in the
absorption spectrum of MSC-41S5 are not associated with
higher order electronic transition processes in MSC-415.

Figure S contains the results of our optical absorption study
of a well-developed CdSe MSC-41S dispersion sample (a),
when its temperature was decreased to 25 °C (room
temperature) (b), and after centrifugation at 25 °C (c and
d). It is worthy of notice that this sample did not contain any
conventional QDs. Centrifugation is often used to purify
colloidal semiconductor NCs.'®** For the first-step sample in
the mixture of Tol and OTA at 60 °C, Figure Sa shows the
temporal evolution of absorption up to 1 h (with spectra
collected each 10 min). After 20 min, a typical MSC-415
spectrum developed (with the apparent bandgap absorption
peaking at 418 nm and two accompanying blue-side weak peaks
at 384 and 352 nm). For the 60 min MSC dispersion, a portion
was cooled to 25 °C, and Figure Sb shows the temporal
evolution of absorption at 25 °C; the spectra were collected
every 10 min and are displayed with offset; the original spectra
are shown in Figure SS. The three peaks of interest shifted to
416, 383, and 350 nm at 25 °C.

At the same time, the rest of the 60 min MSC dispersion (a)
was centrifuged at 9000 rpm (at 25 °C). Absorption
measurements (Figure Sc) were performed for the sample
before centrifugation (blue trace), the resulting supernatant
(with 30 min centrifugation, dashed gray trace), and the
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precipitate (with S min centrifugation, in Tol, red trace). The
spectra are normalized (for the ~415 nm peaks). Evidently, the
blue and red traces do not match exactly. The starting
dispersion (blue trace) exhibited a main peak at 416 nm and
two additional small peaks at 383 and 350 nm. The precipitate
(red trace) exhibited a dominant peak at 418 nm and one
weaker peak at 350 nm. The supernatant (dashed gray trace)
displayed a main peak at 414 nm and a small peak at 385 nm.

Figure 5d shows the temporal evolution of absorption for the
supernatant at 25 °C with spectra collected every 10 min. The
385 nm peak gradually increased in intensity and shifted to 389
nm, which might suggest the presence of MSC-391. The
intensification of this peak might be due to the possible
existence of the CdSe IP. Meanwhile, the 415 nm peak intensity
changed little. A salient point, here, is that the evolution
patterns of the ~415 and ~385 nm peaks are quite different at
25 °C, as shown in Figure 5b,d. The results shown in Figure §
strongly support our hypothesis that the two accompanying
peaks in the spectrum of MSC-415 are not due to the higher-
order electronic transitions.

In conclusion, we have explored the origin of the two out-of-
band absorption peaks at 381 and 351 nm in the absorption
spectrum of CdSe MSC-41S. The two shorter wavelength peaks
have been observed numerous times in the absorption spectra
from CdSe MSC-415 samples.'”~>* We have monitored the
evolution of MSC-415 via absorption spectroscopy (Figures 3
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and 4), using a sample that was preheated at 150 °C for 20 min
to result in the formation of Cd—Se covalent bonds in the first
step, and which was transparent in optical absorption (Figures
1 and 2). The absorption spectrum of MSC-415 from our two-
step approach also exhibited a sharp absorption peak at ~415
nm, with two accompanying peaks at ~381 and ~351 nm. The
evolution of MSC-415 was sensitive to the nature of the
dispersion solvent and the temperature used (in the second
step). The two accompanying peaks exhibited different
evolution behaviors, as compared to that of MSC-41S5; they
only appeared after the disappearance of MSC-391 and MSC-
361 (Figures 3 and 4). The absorption of the supernatant
(obtained from a MSC-415 dispersion) exhibited the increase
of MSC-391, with MSC-415 displaying relatively constant peak
strength at ~415 nm (Figure S). The present study suggests
that the two peaks at 381 and 351 nm in the MSC-415
absorption spectrum are probably not due to the higher order
electronic transitions in MSC-41S. Efforts such as two-
dimensional PLE measurements at low temperature will be
considered in the near future. Our findings indicate that a
challenge remains with regard to synthesizing MSCs in a single
ensemble form without the coexistence of other-bandgap
species. Also, the present study calls for further efforts to
explain what actually causes these two peaks, including
theoretical modeling with regard to the relationship between
structural and electronic properties in semiconductor MSCs.
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