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Thermodynamically Driven Formation
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ABSTRACT (dS magic-sized nanocrystals (MSNs) exhibiting both band gap absorption and emission at 378
nm with a narrow bandwidth of ~9 nm and quantum yield (QY) of ~10% (total QY ~28%, in hexane) were
synthesized via a one-pot noninjection approach. This CdS MSN ensemble is termed as Family 378. It has been
acknowledged that magic-sized quantum dots (MSQDs) are single-sized, and only homogeneous broadening
contributes to their bandwidth. The synthetic approach developed is ready and highly reproducible. The formation
of the CdS MSQDs was carried out at elevated temperatures (such as 90— 140 °C) for a few hours in a reaction
flask containing bis(trimethylsilyl)sulfide ((TMS),S) and Cd(OAc)(0A) in situ made from cadmium acetate dihydrate
(Cd(0Ac), - 2H,0) and oleic acid (0A) in 1-octadecene (ODE). Low 0A/Cd and high Cd/S feed molar ratios favor this
formation, whose mechanism is proposed to be thermodynamically driven. 3 solid-state cross-polarization magic-
angle spinning (CP/MAS) nuclear magnetic resonance (NMR) demonstrates that the capping ligands are firmly
attached to the nanocrystal surface via carboxylate groups. With the cross-polarization from 'H of the alkyl chains
to surface ""3Cd, "*Cd NMR is able to distinguish the surface Cd (471 ppm) bonding to both —C00~ and S and
the bulk Cd (792 ppm) bonding to S only. DOSY-NMR was used to determine the size of Family 378 (~1.9 nm).
The present study provides strategies for the rational design of various MSNs.

KEYWORDS: CdS - single-sized nanocrystals - magic-sized nanocrystals (MSNs) - one-
pot noninjection - band gap emission - homogeneous broadening

olloidal semiconductor quantum
C dots (QDs) exhibiting band gap

photoemission with narrow band-
width have generated a great deal of inter-
est in both fundamental and applied re-
search over the past decade.’ © With
significant recent progress, such QDs were
synthesized either via hot-injection”'° or
noninjection'' ~'® approaches. The well-
documented synthetic approaches usually
led to regular QDs (RQDs), each ensemble of
which consists of nanocrystals with a cer-
tain size distribution. Therefore, both homo-
geneous and inhomogeneous broadening
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contribute to the bandwidth of their ab-
sorption and emission.'®2° Single-sized
nanocrystals without the inhomogeneous
spectral line broadening are also called
magic-sized nanocrystals (MSNs), exhibit-
ing single-dot optical properties. With
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proper surface passivation and high crystal-
linity, such MSNs could be expected to
produce band gap emission.?’ ~2° The de-
velopment of synthetic approaches to
single-sized QDs with band gap photoemis-
sion is very challenging and has generated
significant interest in our laboratories and
others.2' 33 Although there were reports
on CdS, CdSe, and CdTe nanoclusters or
MSNs exhibiting narrow and persistent ab-
sorption peaks during synthesis, the result-
ing MSNs were not in pure form and/or did
not exhibit narrow band gap emission but
sometimes broad trap emission.?” >3 Re-
cently, we were the first to report CdSe,
CdTe, CdTeSe, and CdsP, MSNs having
strong band gap emission synthesized in
pure form by noninjection one-pot
approaches;?' ~2° the optical bandwidth in
full width at half-maximum (fwhm) was only
~9, 10, 20, and 17 nm, respectively. We re-
port here CdS MSNs exhibiting bright band
gap emission from a one-pot noninjection
approach that is thermodynamically driven.
With low acid/Cd and high Cd/S feed mo-
lar ratios that were also applied to our syn-
theses to CdSe, CdTe, CdTeSe, and Cd;P,
MSNs,2" ~2° a family of CdS MSNs was repro-
ducibly synthesized in pure form (without
the coexistence of regular QDs and other
families of MSNs). This ensemble is labeled
as Family 378, due to its sharp band gap ab-
sorption and narrow band gap emission
both peaking at 378 nm. Oleic acid (OA) was
used as the acid and subsequently capping
ligand.

RESULTS AND DISCUSSION

Figure 1 shows the as-synthesized CdS
MSN Family 378. The fwhm is as narrow as
9 nm. The nearly zero nonresonant Stokes
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CdS Magic-Sized Nanocrystals (MSNs)
Exhibiting Bright Bandgap Emission
( Exc 290 nm, FWHM ~9 nm in Hexane )

(1) Absorption, 378 nm

(2) Emission, 378 nm
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Figure 1. Absorption (1) and emission (2) spectra of CdS
MSN Family 378 dispersed in hexane; the excitation wave-
length was 290 nm. The MSNs were synthesized from a
batch with the feed molar ratio of 20A/4Cd/1S and the S
concentration of ~33 mmol/L; the growth was carried out
at 110 °C for 80 min.

shift (NRSS) and the negligible trap emission indicate
the well-defined structure of this CdS MSN Family 378.
The nanocrystals exhibited good storage stability, as
shown in Supporting Information Figure S1.

Note that the fwhm is ~78 meV for Family 378 peak-
ing at 378 nm with fwhm of ~9 nm. For the CdS RQDs
from our similar noninjection-based approach, the
fwhm is ~131 meV when one ensemble peaks at 401
nm (absorption) with photoemission fwhm of ~17
nm.'® It is known that a dye molecule has a large line
width due to strong vibrational coupling. For QDs, the
homogeneous line width of one dot is related to
exciton—phonon coupling; ~50 meV fwhm was re-
ported for a CdSe/ZnS QD at room temperature.'®2° A
large QD has relatively small line width. However, the
line width of one nanocrystal ensemble depends on
many factors such as the composition, size, size
distribution, dispersion medium, and tempera- 18
ture; it is commonly acknowledged that narrow
size distribution leads to small fwhm. The Stokes
shift of one nanocrystal ensemble is still an open
question, regarding what factors contribute to the
Stokes shift. For one nanocrystal, the Stokes shift
seems to correlate with the line width; the nar-
rower the line width, the smaller the Stokes shift.

Figure 2 shows the typical formation of our
CdS MSNs via one-pot noninjection synthesis. Ex- 06
perimentally, cadmium acetate dihydrate
(Cd(OACQ), - 2H,0) was reacted with oleic acid
(OA) in 1-octadecene (ODE) at 120—130 °C under
vacuum; afterward, bis(trimethylsilyl)sulfide
((TMS),S) was added into the reaction mixture,
which was cooled to 60 °C under purified nitro-
gen. Then, the reaction system was heated at ~2
°C/min, and sampling was carried out at elevated
temperatures such as 90—140 °C. Family 378 in
pure form was obtained after 180 min growth at
100 °C (samples 11—13). Note that the significant
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coexistence of various families before sample 11 leads
to broad absorption. The formation of the CdS nano-
crystals could be achieved at low temperature such as
90 °C, due to the high reactivity of (TMS),S. Under our
experimental conditions and time scale, each ensemble
taken from 0 min/90 °C (curve 1) to 120 min/100 °C
curve 10) exhibited multiple absorption peaks. How-
ever, the relative absorbance ratios were not fixed;
these peaks did not result from the electronic transi-
tions (between the different states) of one CdS species.
Therefore, several CdS species coexisted for each of
these early stage ensembles, with their persistent ab-
sorptions peaking at ~322, 344—351, ~362, and 378
nm. The growth of the CdS nanocrystals was sequen-
tially accompanied by the decreased absorption at
344—351 nm and the increased absorption at 362 nm,
and the absorption at 362 nm started to reduce and the
absorption at 378 nm continued to increase. Such
change of the absorption does not necessarily suggest
the growth of the small species into the next large
one®' but more likely the dissociation of the small spe-
cies into the reactants to facilitate the formation of the
next family.?’?

Our systematic studies have shown that the growth
of the CdS MSNs was favored with low OA/Cd and high
Cd/S feed molar ratios, which is in agreement with the
growth of the other MSNs.?' 2> As demonstrated in
Figures 1 and 2, high-quality CdS MSN Family 378 in
pure form with bright band gap emission and little trap
emission was indeed achieved with the feed molar ra-
tios of 20A/4Cd/1S. The thorough investigation on the
effects of the acid/Cd and Cd/S feed molar ratios and
the reactant concentration affecting the formation of
CdS MSQD Family 378 is shown in Supporting Informa-
tion Figures S2, S3, and S4, respectively. The formation
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Figure 2. Kinetics of the formation of CdS MSN Family 378 monitored by the tem-
poral evolution of the absorption (offset) of the growing CdS nanocrystals from a
synthetic batch, similar to that shown in Figure 1, with the feed molar ratio of 20A/
4Cd/1S and [S] 34 mmol/L. The stepwise heating is indicated with the growth peri-
ods/temperature. The spectra were collected with the as-synthesized nano-

crystals of 10 pL in 1 mL of hexane.



of the MSNs with our noninjection approaches is driven
thermodynamically. The existing models of nucleation/
growth, which deal with the formation of regular QDs
with size distribution via hot-injection approaches do
not apply to our MSNs.3* For our MSNs via our nonin-
jection syntheses, the underlying mechanism may be
related to the slow release of Cd?* in ODE from the
unique Cd precursor Cd(OAc)(OA) and the enhanced
thermal stability of the MSNs under high Cd?* concen-
trations. Such an explanation could be illustrated more
clearly with our recently developed model expressed as

1 2
Cd(OAC),-2H,0 + OA — Cd(OAc)(0A) — Cd**
32_
(TMS),S—S

4
Cd®™ + ¥~ =(CdS),(MSQD)

The Cd precursor Cd(OAc)(OA), generated by step 1
with low acid/Cd feed molar ratios, was so unique that
it slowly released reactant Cd*" (step 2) due to its lim-
ited solubility in ODE. Reaction step 2, thus, became the
rate-limiting step. Note that Cd?" (step 2) and S?~ (step
3) are only simplified symbols for the reactant species
(shown in step 4) without the emphasis of their associ-
ated counterions. (CdS), magic-sized quantum dots
(MSQDs) have a local maximum in binding energy, and
their formation was thermodynamically driven.3°3>
Note that MSQDs can only change in number but not
in size;>' ~2° they were also termed as magic-sized
nuclei.>*3’

Accordingly, it is easy to understand that low
acid/Cd feed molar ratios ensure the formation of the
Cd(OAC)(OA) precursor and thus a slow and controlled
release of Cd?*. High Cd/S feed molar ratios ensure rela-
tively high [Cd?'] and thus drive step 4 to the direc-
tion of the formation of (CdS), and prevent the dissocia-
tion of (CdS), formed. The Cd?* release and its
reactivity, which determine n, are controlled by param-
eters including the nature of the ligand used (type,
length, and amount) and reaction temperature. We
have already demonstrated that short-chain acids fa-
vor the formation of small-sized CdSe MSQDs, while
long-chain ligands favor large-sized ones.”' As shown
in Figure 3, another relatively small-sized family of CdS
MSQDs was formed by substituting OA with octanoic
acid; this family is labeled as Family 324 according to its
persistent absorption peaking at 324 nm. According to
the empirical relation between absorption and size,*®
Family 324 is very small with its dimension of ~1.6 nm.
The present study focuses only on OA-capped CdS
MSQD Family 378.

The characterization of CdS MSN Family 378 by
nuclear magnetic resonance spectroscopy (NMR), X-ray
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The formation of
CdS MSN Family 324
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Figure 3. (Top) Formation kinetics of CdS MSN Family 324
monitored by the temporal evolution of the absorption (off-
set) of the growing CdS nanocrystals from a synthetic batch
with the feed molar ratio of 20A/4Cd/1S and [S] 33 mmol/L.
The growth periods/temperature are indicated. The sample
concentration was constant with 10 pL of crude reaction
mixture dispersed in 3.0 mL of hexane. (Bottom) Optical den-
sity at 324 nm of the six corresponding samples shown in
the top of the figure. It is obvious that the optical density in-
creased first and then decreased; such change indicates an
increase of Family 324 in number and then a decrease in
number.3®

o

diffraction spectroscopy (XRD), and transmission elec-
tron microscopy (TEM) was carried out with purified
samples. The purification procedure did not lead to the
change of the nanocrystals significantly, as shown in
Supporting Information Figure S5. Solid-state NMR is a
powerful technique for providing information on both
the surface and the core of QDs. For the nanocrystal sur-
face, it is about the binding nature between surface at-
oms and ligands and the surface-to-core structural
change. For the nanocrystal core, it is about the compo-
sition and compositional change.?' ~2° Figures 4 and 5
show the solid-state '"3Cd and *C NMR spectra, respec-
tively. Except for increased shifts, the ''3Cd spectra ap-
pear very similar to those observed previously for the
CdSe, CdTeSe, CdTe, and CdsP, MSNs,?' ~2° and assign-
ments can be made using the same reasoning as for
those. There are two main resonances: one with an iso-
tropic shift of ~471 ppm assigned to surface Cd, the
other with an isotropic chemical shift of ~792 ppm, as-
signed to core Cd. The former has a large chemical
shift anisotropy (CSA) which gives rise to multiple
prominent spinning side bands (ssbs). The latter does
not have any significant ssbs due to the roughly tetra-
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ppom 800 600 400 200
Figure 4. ''3Cd MAS NMR spectra of CdS MSN Family 378
acquired with CP/MAS (a) and high-power decoupling (HP-
DEC) (b). The core Cd is labeled with C and the surface Cd is
labeled with S.

hedral coordination to four S atoms, which ensures
that the CSA is small. Furthermore, the surface-to-core
intensity ratio of the two resonances is larger in the
cross-polarization (CP) spectrum (Figure 4a) than that
in the high-power decoupling (HPDEC) spectrum (Fig-
ure 4b). Since the surface Cd atoms are partly coordi-
nated by carboxylate anions and are closest to the H at-
oms of the carboxylate chain, they cross-polarize more
readily than the core Cd. It is noteworthy that the OA-
capped CdS RQDs from a similar noninjection approach
show the core Cd at ~808 ppm (shown in Supporting
Information Figure S6). The difference in the chemical
shift of the core Cd of the MSNs and RQDs may be re-
lated to the expansion of the crystal unit of the MSNs (as
shown in Figure 6.

c AN

A a

‘ppm 150 100 50
Figure 5. '3C CP MAS NMR spectra of CdS MSN Family 378:
normal (a), dipolar dephased (b), and difference (c).
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Figure 6. (Top) Powder XRD patterns of CdS MSN Family
378 (a) and the bulk hexagonal CdS (b). The diffraction peaks
are indexed. (Middle) Typical TEM image of CdS MSN Fam-
ily 378. The lattice is clearly seen as highlighted, and some d
spacing values are indicated. The scale bar is 5 nm. (Bot-
tom) 'H DOSY-NMR spectrum of CdS MSQD Family 378 in
toluene-ds.

The normal *C CP MAS spectrum is shown in Fig-
ure 5a. The appearance of some of the protonated car-
bon resonances in the dipolar dephased spectrum (Fig-
ure 5b) indicates a significant amount of motion in the
oleate anion chain, including the olefinic carbons (130.2
ppm) halfway along the chain. Nevertheless, in the dif-
ference spectrum (Figure 5¢), it is clear that some CH,
groups are not in motion. Presumably, as for other car-
boxylate anion surface ligands,'>?' ~2> the —COO~
group is coordinated to the surface Cd and those CH,
closest to the —COO™ group are essentially rigid.

Figure 6 (top) shows the XRD patterns of Family 378
and bulk hexagonal wurtzite CdS. The CdS MSNs have
a hexagonal crystal structure, as indicated by the pres-
ence of the characteristic diffraction peaks such as (102)
and (103) planes. The hexagonal crystal structure sug-
gests that the MSNs are thermodynamically stable
products; usually, noninjection approaches lead to
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nanocrystals with a cubic crystal structure,’ '8 and

the cubic-to-hexagonal phase transition was docu-
mented for CdS and CdSe nanocrystals with thermal an-
nealing at 300—400 °C.3° Significantly, the diffraction
peaks of the MSNs shift to the low-angle direction rela-
tive to the those of the bulk CdS; for example, the re-
solved diffraction peaks of (102), (110), (103), and (112)
planes decrease in 20 by ~0.80—0.99°. Such decreases
in 26 suggest the increase in the lattice parameters of
the MSNs: a from 4.145 to 4.237 A and c from 6.719 to
6.907 A. Similar increases in the lattice parameters were
reported also for the CdSe nanoclusters of ~2 nm in di-
ameter;*° the expansion in the crystal unit of those
magic-sized nanoclusters was argued to be the geom-
etry optimization for the stable structure required.***'
Interestingly, the (002) diffraction peak of the CdS MSNs
is noticeably sharper than the other peaks, indicating
significant elongation along some preferred directions
such as [002].>" 2% The size is calculated to be ~3.65
nm using the Sherrer equation,*? based on the (110) dif-
fraction peak.

Figure 6 (middle) shows a typical high-resolution
TEM image of the CdS MSNs with high crystallinity.
The averaged d spacing value of 3.1—3.2 A was ob-
tained, which agrees with the characteristic d spacing
value of 3.16 A for (101) plane of bulk hexagonal CdS.*?
The TEM image suggests the size of 3—4 nm, while
the 378 nm absorption suggests ~2.7 nm.8 It has been
acknowledged that the size determination of small
QDs (smaller than 2 nm) is challenging. At present, each
available technique has its own limitations.** In addi-
tion, considerable aggregation and/or coalescence of
the MSQDs took place during the XRD and TEM sample

EXPERIMENTAL SECTION

All chemicals used are commercially available and were used
as received: cadmium acetate dihydrate (Alfa Aeser, Cd(OAc), -
2H,0, 99.999%), bis(trimethylsilyl)sulfide (Fluka, (TMS),S), oleic
acid (Aldrich, OA, tech. 90%), octanoic acid (Aldrich, = 98%), and
1-octadecene (Aldrich, ODE, tech. 90%), hexane (EMD, =98.5%),
toluene (ACP, =99.5%), 2-methylbutane (Sigma-Aldrich, =99%),
1-butanol (Aldrich, 99.5%).

A typical synthesis with the feed molar ratio of 20A/4Cd/1S
was carried out as follows: 0.8 mmol Cd(OAc), - 2H,0 and 0.4
mmol OA were heated in 3.9 mL of ODE in a three-neck round
flask equipped with an air condenser connected to a Schlenk line
at ~120 °C under vacuum (~50 mTorr) for 3 h. Then, 0.2 mmol
(TMS),S diluted in 2.0 mL of ODE was added to the above solu-
tion at 60 °C under a flow of nitrogen. CdS nanocrystals were ob-
tained at an elevated temperature with nonstop heating or step-
wise heating, with a rate of ~2 °C/min. To monitor the formation
of the nanocrystals, a small amount of aliquots (~0.2 mL) was
quickly taken from the reaction mixture.

For the optical measurements, the as-synthesized nano-
crystal samples were dispersed in hexane or toluene at room
temperature. Ultraviolet—visible (UV—vis) absorption spectra
were collected using a 1 nm data collection interval (Perkin-
Elmer Lambda 45 spectrometer). Photoemission spectra were
collected with the excitation wavelength 300 and/or 350 nm, an
increment of data collection of 1 nm, and the slits of 3 nm
(Fluoromax-3 spectrometer, Jobin Yvon Horiba, Instruments SA,
with a 450 W Xe lamp as the excitation source). Gaussian-fitted
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preparation with solvent evaporation.?' 2> TEM and
XRD are not solution-based techniques.

Therefore, a solution-based technique without sol-
vent evaporation induced aggregation, diffusion-
ordered spectroscopy (DOSY) NMR, was explored to
characterize the size of CdS MSQD Family 378. Figure 6
(bottom) shows the DOSY spectrum of CdS MSQD Fam-
ily 378 in toluene-ds. The average diffusion coefficient
of the MSQDs was measured to be ~107°41° m?/s, with
107275 m?/s from an internal standard heptakis (2,3,6-
tri-o-methyl)-B-cyclodextrin (average diameter 1.4 nm);
thus, the size is estimated to be ~1.9 nm.2'~2* It is nec-
essary to point out that such effort on determining the
size of Family 378 was significant. A well-characterized
nanocluster of Cds;Sso was reported to have a CdS core
with 82 atoms and the overall size of 1.5 nm, while ex-
hibiting band gap absorption peaking at 358 nm.?”
Family 378 should contain more Cd and S atoms with
its size larger than 1.5 nm.

CONCLUSION

In summary, CdS MSN Family 378 was synthesized
in pure form via a thermodynamically driven formation
with a noninjection one-pot approach. Family 378 ex-
hibits band gap absorption and emission at 378 nm
with a narrow bandwidth of 9 nm in fwhm. The growth
of the CdS MSQDs was favored with low OA/Cd and
high Cd/S feed molar ratios. The NMR study indicated
that the capping carboxylate groups are firmly attached
to the nanocrystals, and the surface and core Cd at-
oms could be distinguished accordingly. A hexagonal
wurtzite crystal structure was determined by XRD and
TEM, and the DOSY NMR suggested a size of ~1.9 nm.

and baseline-subtracted integration were performed using
built-in Fluoromax3 software functions to yield emission peak
position, width (fwhm, in nm), and area (intensity). The PL quan-
tum yield was estimated by comparing the integrated emission
of a given nanocrystal sample in dilute hexane or toluene solu-
tion with an optical density ~0.1 (at the excitation wavelength)
with that of quinine sulfate in 0.05 M H,SO, (lit. QY = 0.546), to-
gether with the correction of the difference of the refractive in-
dex of the solvents, namely, hexane or toluene and water.

The CdS MSNs were purified as follows: ~3 mL of 2-methyl-
butane was added to ~3 mL of the raw reaction product of CdS
MSNs. After centrifuging, the supernatant contained the nano-
crystals, while the bottom part, namely, the precipitate (with the
unreacted Cd source and/or Cd precursor), was removed.
1-Butanol was added dropwise until the supernatant became
turbid, and then 20% more 1-butanol was added; after centrifug-
ing, the precipitate was collected. The purification was repeated
once or twice. The purified sample was used for XRD, TEM, and
NMR characterization.

Transmission electron microscopy (TEM) sample was pre-
pared by depositing diluted purified nanocrystal dispersion in
toluene onto a 300-mesh carbon-coated TEM copper grid and al-
lowed to air-dry. TEM images were collected on a JEOL JEM-
2100F electron microscope operating at 200 kV and equipped
with a Gatan UltraScan 1000 CCD camera. The d spacing was
measured with built-in software.

The powder X-ray diffraction (XRD) sample was prepared by
depositing the purified nanocrystals on a low-background quartz
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plate. The XRD patterns were recorded at room temperature on
a Bruker AXS D8 X-ray diffractometer using Cu Ko radiation in a
6—6 mode. The generator was operated at 40 kV and 40 mA,
with data collected between 5 and 80° in 26 mode, a step size
of 0.1°, and a counting time of 5 s per step. The size of Family 378
was calculated based on the (110) peak in the XRD spectrum
(Figure 6 (top)) using the Scherrer equation: d = k\/B cos 6,
where k is a constant (taken as 0.9 here), \ is the X-ray wave-
length, which is 0.154 nm here (Cu Ka); while 8 and 6 are the
fwhm (in radians) and the Bragg angle, which are 0.0407 and
21.32°, respectively. The calculated size is ~3.65 nm.

For diffusion-ordered spectroscopy (DOSY) NMR, the study
was performed with a Bruker DRX-400 spectrometer equipped
with an inverse detected Z-gradient probe. The crude product of
Family 378 was purified with two rounds of toluene/isopro-
panol; afterward, the purified CdS MSNs were dried in air and dis-
persed in toluene-ds. Diffusion coefficients were measured us-
ing standard Bruker pulse sequences. In order to meet the
accuracy requirements for parameters such as the sample viscos-
ity and the temperature, an internal standard was used, which
was heptakis(2,3,6-tri-o-methyl)-B-cyclodextrin with an average
diameter of 1.4 nm. According to the Stokes—Einstein equation,
the diffusion coefficient of a particle is inversely proportional to
its diameter; thus, the nanocrystal size can be obtained readily
from the ratio of its diffusion coefficient to that of the internal
standard. In Figure 6 (bottom), heptakis(2,3,6-tri-o-methyl)-B3-
cyclodextrin shows a diffusion coefficient of 107%#> m2 5™, and
toluene exhibits resonances at 7.10—6.95 and 2.09 ppm with a
diffusion coefficient of 10789 m2 5=, Family 378 shows an aver-
age diffusion coefficient of 10741 m2 s~ (in the range of 10793%
and 107%°%); thus, the average size was determined to be 1.4 X
(1079275/107241% = 1.91 nm (in the range of 1.4—2.7 nm).

For the solid-state NMR studies, the spectra were obtained
on a Bruker DSX-400 spectrometer with a BL4 probe and 4 mm
ZrO, spinners. ''*Cd NMR magic-angle spinning (MAS) spectra
were obtained at 88.84 MHz, both with and without 'H cross-
polarization (CP). CP and one-pulse high-power proton decou-
pled (HPDEC) spectra were recorded under MAS at 10—12.5 kHz.
The delay time for the "'*Cd HPDEC MAS spectra was 120 s, and
about 1200 scans were accumulated to obtain acceptable signal-
to-noise ratio (~40 h). "'*Cd CP MAS spectra were obtained
with a CP time of 5 ms, a recycle time of 2 s, and a total of 40 000
scans were acquired (~22 h). The isotropic line at ~471 ppm
was identified by increasing the spinning rate, which causes only
the spinning side bands to shift. Standard '3C CP MAS spectra
at 100.67 MHz were recorded with a CP time of 2 ms, 2 s recycle
time, and about 8000 scans. Dipolar dephased *C CP MAS was
obtained with an interruption of 'H decoupling of 40 ps before
data acquisition (referenced to TMS via external hexamethylben-
zene). All spectra were obtained at room temperature, and
chemical shifts were referenced to Cd(NOs), - 4H,0 ("'3Cd, pow-
dered, under MAS) and tetramethylsilane ('*C). The sample for
solid-state NMR was synthesized with a 3-time scale of the typi-
cal synthesis and the growth temperature of 140 °C with a non-
stop heating program.
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