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Supplementary Methods. Atomic pair distribution function (PDF) analysis.
The atomic pair distribution function (PDF), G(r), is the Fourier transform of a total

scattering structure function S(Q), where

2 oo .
G(r) = 4nr[p(r) — pol = = [, QIS(Q) — 1]sin(Qr)dQ. (1)
G(r) is related to the probability of finding an atom at a given distance from another one’?.

S(Q) is obtained from the corrected and normalized powder diffraction intensity. p(r) is

the atomic pair density function, p, isthe atomic average number density, and Q is the

magnitude of momentum transfer on scattering. PDF analysis has been applied to explore
the structure of nanomaterials®>. For Supplementary Fig. 7, the real space diffraction data,
G(r), were fitted with PDFgui®, in order to estimate the range of structural coherence of CdS
bulk and RQDs. RQDs were assumed to be spherical in shape with the diameter of D.
Accordingly, the attenuated bulk pair distribution function can be written as

G() = G(M)puk Yo(r),

3

o) = [1 — T4 (5)3] H(D -7) (2)

where H is a Heaviside step function”.
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Supplementary Table 1. Summary of the solid-solid structural transformation of

semiconductors reported and of the CdS MSCs in the present study.

S-S Materials, Optical Induced Reversible

Trans.? Domain size Absorption conditions Kinetics situation Ref
Wb <> Rst Cdse/Cds, Pressure Multi-site nucleation, Size 'decreased,
broad < none 3.5GPa followed by growth Partially recover 9,10
bulk >60 nm . .
(with cubic)

Wz < Rs Pressure Single-site nucleation, .
Medium-size Cdse/Cds, broad < none 3.5-10 GPa followed by No .Slze change, 11

>4.3 nm Partially recover
NCs growth
Wz = BS CdSe/Cds, Pressure S|n.gle-5|te nucleation, No size change,
Small-size broad < none uni-molecular R 11,12

~2.0nm 3.5-10 GPa . Partially recover
NCs first order
Wz & Rs Cds, Single-site nucleation, .

Pressure Rk No size change,
Cd;,Ss0 1.5nm broad < none uni-molecular ; 13
3.5-10 GPa . Partially recover
first order

iSC—Sll CdS, sharp <> sharp Thermal i:fﬁ:lgiur::?eatlon’ No mass change, Present

~ .- [}
MSC—322 2.0 nm 15-60 °C first order Totallyrecover study

2 S-S Trans: solid-solid transformation. ® Wz: wurzite structure. ¢ Rs: Rock-salt structure.

Supplementary Table 1 illustrates that, for a bulk material (grain size > 80 nm CdSe), it was
suggested that the transformation from wurtzite to rock-salt structures started at defect

sites with multiple nucleation events. Due to the presence of defects, the barrier height in

9-11

that case was lower than that of a NC.” "~ For a medium-size NC (such as ~4.3 nm CdSe), its

wurtzite to rock-salt transformation featured a single nucleation event followed by growth

9-11

within its finite size.” *~ For a small-size NC (such as ~3.4 nm CdSe), its wurtzite to rock-salt

transformation proceeded with a single nucleation event but without further growth. The

coherent deformation of the entire nanocrystal was considered to take place in a single

11,12

step . This phenomenon could be understood by the size of critical nuclei which was

larger than NCs, which consisted of only 10% to 10° atoms (as suggested for the solid-solid
phase transitions in the bulk).!! Here, the transformation followed first-order unimolecular

reaction kinetics'**

. For all the sizes investigated, the rock-salt phase transformed back to
the wurtzite phase when the pressure was decreased, but with the coexistence of a
zinc-blende phase and little change in the grain sizes of the NCs. For the bulk materials, the

. . -12
grain sizes decreased®™*2.
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For a very small cluster of the size of ~1.5 nm, such as a magic-size cluster (MSC)
Cd3,514(SPh)3s ¢ DMF4 (DMF = N,N-dimethyformamide), its pressure-induced transformation
from zinc-blende to rock-salt structures proceeded via nucleation with a small barrier which
is similar to those associated with molecular isomerization.™* This MSC exhibits a sharp
absorption peak at 358 nm (at room temperature in tetrahydrofuran),”® and is denoted by
MSC-358. The pressure-induced phase transformation of MSC-358 was demonstrated to be
reversible, with some sensitivity to dispersion solvents used. It was suggested that bond
breaking and/or rearrangement between surface atoms and capping ligands dominated the

. . 11
kinetics™".
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Supplementary Table 2. Composition estimation for our PhCH,COO-passivated MSCs,

based on MALDI-TOF MS, TGA and ICP-OES®.

Samples Ligand (%) Cd/S ratio Cd (%) S (%)
TGA ICP-OES

MSC-311 (mass) 45.9 8.4 48.3 5.8
MSC-311 (molar) 35.8 2.4 453 18.5
MSC-322 (mass) 45.2 8.6 48.9 5.8
MSC-322 (molar) 34.7 2.5 46.3 18.9
CdS Bulk (mass) 4.6 74.8 16.4
CdS Bulk (molar) 1.3 56.5 43.5

®Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was measured with
SPECTRO ARCOS FHS12 instrument in Sichuan Univ. Samples were digested in concentrate
nitric acid, and then diluted with 2% nitric acid for analysis (~50 mg in 50 mL). From the value

of 1.30 obtained for commercial bulk CdS (with 98% purity) which was used as a
“control/standard” sample, it is reasonable that ICP-OES has its own limitation for the

characterization of the Cd to S atomic ratio of CdS samples.
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Supplementary Figure 1. Optical absorption spectra collected from a single reaction mixture
(~20 mg) which was preheated at 180 °C and then incubated at 6 different temperatures
with several well-defined periods of time, as indicated. The solvent used was cyclohexane (3
mL). The preparation of the reaction mixture was similar to that described in Fig. 1. The
as-synthesized sample seemed to be optically transparent (dashed gray trace). As no change
in the absorption spectrum occurred at —196 °C over a relative long storage period (24
hours), such a liquid nitrogen environment was used to store samples for future usage, such
as for the samples used for Figs. 3 and 6. When a sample was stored at —20 °C or 4 °C for 20
hours, CdS MSC-311 developed (light and dark blue traces, respectively), whereas when
stored at 30 °C for 48 hours, 60 °C for 20 hours and 80 °C for 0.5 hour, CdS MSC-322

developed (light, medium and dark orange traces, respectively).
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Supplementary Figure 2. Temporal evolution monitored by optical absorption spectroscopy
of CdS MSC-311 (a) and MSC-322 (b) from a single reaction mixture stored at 4 °C (a) and at
60 °C (b). The elapsed periods are indicated. The solvent used was cyclohexane. The
preparation of the reaction mixture was similar to that described in Fig. 1 and
Supplementary Fig. 1. The consumption of the IP, in the optically-transparent as-synthesized

sample (blue traces), leading to the development of the MSCs, was relatively fast in the first

two hours.
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Supplementary Figure 3. MALDI-TOF mass spectra collected from Cd(OA),, MSC-311 and
MSC-322 samples. This experiment was similar to that for which the results are shown in Fig.
2a, except that a different matrix, CHCA (a-Cyano-4-hydroxycinnamic Acid), was used.
Species with a m/z value of approximately 5160 Da (or 5.16 kDa) were detected for both
MSC-311 and MSC-322. Peaks at regular m/z intervals were detected from Cd(OA),. We have
to point out that, if we follow the literature'® with kDa as the unit instead of Da for mass,
then, the mass with more significant numbers obtained was 5.159741 kDa for MSC-311 and
5.158417 kDa for MSC-322, with DCTB as the matrix (Fig. 2a). With CHCA as the matrix, the
mass obtained was 5.162503 kDa for MSC-311 and 5.163844 kDa for MSC-322. The mass
measurement would suggest different compositions for a core-cage structure with a
stoichiometric composition™ and for a tetrahedral structure with a non-stoichiometric

com positionls.
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Supplementary Figure 4. Thermogravimetric Analysis (TGA) of MSC-311 (blue trace), MSC-322
(red trace), CdS RQDs (green trace) and CdS bulk (yellow trace). All samples (10-20 mg) were
dried under vacuum to remove solvent first. The TGA measurements were performed by
NETZSCH STA 449C Instruments under a nitrogen atmosphere, with the temperature increase
of 15 °C/min from 30 °C to 450 °C. The TGA result suggests that the weight ratio of organic
ligands to inorganic ratios of 45.9 to 54.1 for MSC-311 and 45.2 to 54.8 for MSC-322. Based on
such similar values in combine with the similar mass result and PDF study, it is reasonable that
the inorganic cores of the two clusters have the same local structure with the mass. The two

clusters are a pair of isomers.
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Supplementary Figure 5. UV-vis spectra of our MSC-311 and MSC-322 passivated by phenyl

acetate (PA) ligands and (purified in toluene after 5 min of sonication) (a, b) and by oleate

(OA) ligands (unpurified in toluene) (c, d). The wavelength windows were 290-390 nm (a, c)

and 300-430 nm (b, d). The PA passivated MSCs exhibit more spectrum broadening and

scattering at longer wavelengths; the cause may be related to relatively low solubility due to
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relatively more ready m-mt stacking of the surface ligands. The possible stacking is in
agreement with our small-angle X-ray scattering (SAXS) shown in Supplementary Fig. 11. The
purified PA passivated samples were used for the structural characterization (presented by
Fig. 2b and Supplementary Figs. 6-13). The following procedure was followed to synthesize
the MSCs passivated by phenyl acetate ligands. (1) A mixture of Cd(OAc), (0.60 mmol) and
PhCH,COOH (2.16 mmol) was placed in a 50 mL three-necked reaction flask. (2) The reaction
mixture was then heated to 90 °C, producing a colorless liquid, to which 1 mL of toluene was
added to prepare the Cd precursor (Cd(OOCCH,Ph),). (3) The Cd precursor was maintained
at 60 °C (for MSC-311) or 90 °C (for MSC-322), and a mixture of (TMS),S (0.30 mmol), and
toluene (1 mL) was injected under a N, atmosphere. (4) The reaction was allowed to
proceed at the injection temperature for ~5 minutes. (5) The mixture was cooled down in an
ice-water batch to produce MSCs. When the injection temperature was 110 °C, RQDs
formed. For the purification of the CdS MSCs, the as-synthesized reaction solution (~5 g) was
centrifuged directly, whereupon the MSCs precipitated in a white powder at the bottom of
the tube. The precipitate was then washed twice by ~500 pL of toluene to remove the
unreacted precursors. The precipitate was quickly dried under vacuum with the residual
toluene removed. For the purification of the CdS RQDs, approximately 5 g as-synthesized
sample was added to 15 mL of methanol for centrifuging. Again, after centrifugation, the
supernatant was removed and the precipitate was dried with the residual solvent removed

quickly under vacuum.
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Supplementary Figure 6. PDF results for CdS MSC-311 (blue trace), MSC-322 (red trace) and
RQDs (green trace, passivated by phenyl acetate ligands with bandgap absorption at 363 nm).
The PDFs are dominated by Cd and S correlations and the ligands have no noticeable
presence within the PDFs. The three samples exhibit similar peak positions for the first two
peaks in the short-r region (< 5 A), which is not unexpected because the first two peaks
represent the nearest Cd-S, Cd-Cd and S-S distances. In the range of 5 to 10 A, the three
samples exhibit different PDF patterns regarding peak positions and intensities, implying
structural differences. The sharp correlations are indicative of the diameter of 10 — 25 A for
the three NCs. The broad long-range particle-to-particle correlations (as seen by the
relatively broad peaks with reducing intensities) in the long-r region survives up to ~30 A.
The PDF analysis suggests that the two clusters have a similar size (based on the gradual
decline in amplitude of the ripples in the PDFs at the long-r distance), but different surface
structures, according to that reported for TiO,*’. The PDF results are not practical to
calculate the size of small nanocrystals (NCs), due to the lack of models. But, we tried for the

RQDs, using PDFgui program® under the assumption of a spherical shape with a two-phase
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model (as shown in Supplementary Fig. 7). The value of 2.2 nm was obtained. Accordingly,

the two cluster sizes should be smaller than 2.2 nm.
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Supplementary Figure 7. PDF analysis of CdS bulk (top, black trace) and RQDs (bottom, black
trace), and their simulated PDF (top and bottom, red traces). For the simulations (red traces),
we used a two-phase model (with zinc-blende F43m and wurtzite P6;mc phases)
together with a shape function that represents the finite range of interatomic distances
within a cluster. The two fits (red traces) are in good agreement with the data (black traces),

as suggested by the two low residuals (blue traces) and goodness of fit values (Ry, < 0.16).
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We interpret the use of the two-phase model as best representing the effects of stacking

faults within the RQDs.

6 i 1 2 1 i 1 i
| “ — MSC-311
: — MSC-322
4 4 —-—- RQDs
27
< |
O
0 -
2
0 & 10 15 20

Supplementary Figure 8. Partial pair distribution functions (PDFs) of S-S (black trace), Cd-Cd
(blue trace) and Cd-S (red trace) correlation obtained, from the PDF simulation of the RQDs
(shown in Supplementary Fig. 7). For comparison, the PDF data of CdS MSC-311 (dark blue
trace), MSC-322 (dark red trace) and RQDs (dashed green trace) are also presented. As
indicated, the first peaks (at ~2.46 A) of the three samples originated from the
nearest-neighbour Cd-S correlation, while the second peaks (at ~4.15 A) are from

nearest-neighbour Cd-Cd and S-S correlations.
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of the termination ripples in the

5 w15 2 Fourier transform and to reduce the
" effect of noise in the data at higher Q.
We also interpolated the low Q data down to Q = 0. In conclusion, it is clear that the sharp
peaks at 7.2, 9.2 and 11.1 A for the RQDs withdraw evidently for the two clusters MSCs.
These three sharp peaks represent the Cd—Cd distances beyond the
first-nearest-neighboring CdS, tetrahedral. Accordingly, the MSC-311 and MSC-322 have a
similar CdS,4 tetrahedron local structure, but with different intermediate arrangement from

those of zincblende and wurtzite CdS RQDs. Again, the main difference between MSC-311

and MSC-322 is seen in the fourth peaks. The synchrotron-based results are in excellent

S13



agreement with those obtained with an in-house white X-ray spectrometer (bottom, edited
from Supplementary Fig. 6 with a slightly different range for x axis). The high degree of the

reproducibility of the PDF work is worthy of notice.
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Supplementary Figure 10. Cd K-edge X-ray absorption fine structure (XAFS) measurements was
performed in Argonne National Laboratory (beamline 20-BM) for the same two clusters (used
for PDF). The spectra were calibrated, averaged, pre-edge background subtracted, and
post-edge normalized using Athena program in IFEFFIT software package®®. The Fourier
transformation of the k-weighted EXAFS oscillations, k-x(k), from k space to R space was
performed over a range of 2.2-13.8 A™! to obtain a radial distribution function. The XAFS results
of Cd foil (light grey trace), CdS bulk (grey trace), CdS RQDs (red trace), CdS MSC-311 (blue trace)
and CdS MSC-322 (green trace) are showed in the |x(R)| plots. The peak position represents the
nearest-neighbor atom distance around the Cd atoms in a sample. The results show that the
nearest-neighbor distance around Cd in the two clusters is very much similar (almost identical),
and is slightly different from that of the CdS RQDs and bulk. Again, such similarity indicates a

similar local structures for the two clusters.
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Supplementary Figure 11. (Left) Small angle X-ray scattering (SAXS) performed at Argonne
National Laboratory (beamline 12-1D-B) for the same two clusters. Data were collected using
X-rays of 14 keV photon energy. The Q-coverage is from 0.006 A™* up to 0.9 A™. In addition to
powder-form MSC-311 (blue trace) and MSC-322 (red trace), the other two powder-form
samples were CdS RQDs (green trace) and bulk CdS (black trace). The powder MSC-311 and
MSC-322 samples exhibit a few diffraction peaks in the Q-range of 0.2 — 0.8 A™ (as indicated
in the inset). The q values of those diffraction peaks follow 1 : V3 : 2 for MSC-311 and 1 : /3
for MSC-322, indicating that both powder-form clusters exhibit hexagonal lattices. The
particle center-to-center distance of 20.5 A for MSC-311 and 22.5 A for MSC-322. (Right) A
schematic drawing of the hexagonal pattern (obtained, a real space), which is quite similar
to that of self-assembled CdS MSC-322 reported recently®®. The RQDs (with the size of 22.0
A (Supplementary Fig. 6)) have a peak at 0.25 A, suggesting a random packing with the
average particle center-to-center distance of 25.0 A. If we assume that the two MSCs had
the same ligand packing distance (3.0 A) as that of the RQDs, the sizes of MSC-311 and
MSC-322 are then estimated to be 17.5 A and 19.5 A, respectively. Therefore, with the
similar cluster weight (MS) and the weight ratio of organic ligands to inorganic cores (TGA),

MSC-311 and MSC-322 may have slightly different shapes, similar to that reported for TiO,"’.

S16



MSC-311

MSC-322

RQDs

Intensity (a. u.)

Bulk

PA

I T I ! I ! I

20 30 40 50
2 Theta (degree)

Supplementary Figure 12. Powder WAXS patterns of MSC-311 (blue trace), MSC-322 (red
trace), CdS RQDs (gray trace), CdS bulk (gray trace) and phenyl acetic acid (PA, gray trace),
arranged from top to bottom. The diffraction peaks of the CdS MSCs and RQDs were broader
than those of the CdS bulk. The WAXS patterns of the CdS MSCs and RQDs were different.
Also, the WAXS patterns of MSC-311 (blue trace) and MSC-322 (red trace) differed. Such
differences were apparent also in the XRD patterns (Supplementary Fig. 13). Thus, the
diffraction patterns suggest that MSC-311 and MSC-322 have different crystal structures.
The small peak at ~16° for MSC-322 should not be attributed by PA, corresponding to the
spacing of ~4 A (A = 1.0332 A). The WAXS measurements were performed at BL16B1
beamline at Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, China, using the X-ray
with a wavelength of A = 1.0332 A (i.e. with an energy of 12 keV) as the incident beam. With
the sample-to-detector distance of 118 mm, powder samples were held and mounted to the
sample rack by 3M tape (the background of 3M tape was deducted). The two dimensional

(2D) data reduction was done with the Fit 2D software.
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Supplementary Figure 13. Powder X-ray diffraction (XRD) for MSC-311, MSC-322, and PA.
The standard diffraction patterns of CdS bulk wurtzite (black vertical lines at the top) and
CdS bulk zinc-blende (black vertical lines at the bottom) are included as references. The peak
at ~22° of MSC-322 corresponds to the spacing of ~4 A (A = 1.5418 A). The powder XRD
patterns were recorded on a Shimadzu X-ray diffractometer 6100 at room temperature, with
Cu Ka (A = 1.5418 A) radiation in a 9-3 mode. The generator worked at 40 kV and 40 mA. The
data were collected between 10 and 80° in the 26 mode at a rate of 1° per minute. For the
two clusters, the difference presented in our PDF, SAXS, WAXS, and XRD data should not be
attributed to the surface ligands (consisting of H, C and O light atoms), but to surface

structures due to probable shape differences.
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Supplementary Figure 14. TEM images of unpurified MSC-311 (a), purified MSC-311 (b),

unpurified MSC-322 (c), and purified MSC-322 (d). The clusters are capped by the oleate
ligands. The two insets (b, d) are the corresponding UV-vis absorption spectra. The
aggregation seemed to be more significant for the purified samples. The TEM images are not

able to represent the actual size of small-size NCs'"*'%

, including MSCs; the underlying
reason may be attributed to the changes of clusters such as during TEM sample grid

preparation.

S19



0.6

T
I
| 46°C
} cyclohexane
I
) MSC-322, 788 min
=04 A
=]
s
[
(%)
c
©
2
2
202 A i
1
MSC—31}1,0 min
I
I
I
0.0 ! T T T T T |
305 310 | 315 320 325 330
} Wavelength (nm)
I
0.6 ;
} MSC-311, 1410 min 15°C
! tyclohexane
t
Z
-~ 04
3
s
3
c
1]
=
2
<02
MSC-322, 0 min
0.0 T T T T T T T T 1
305 310 315 320 325 330

Wavelength (nm)

Supplementary Figure 15. Expanded views for the isosbestic points of Figs. 3a and 3b in the
range of 305 to 330 nm. (Similar expanded views such as for Figs. 3 and 6 can be found in
Supplementary Fig. 26.) The 0 min spectrum of Fig. 3a deviates from the isosbestic point can
be attributed to the abrupt change in temperature from room temperature (RT) to 46 °C.
The absorption peak positions (including isosbestic points) are affected by temperature, due
to the change of molar extinction coefficients with temperature®®. Fig. 3 shows that there
are no other longer wavelength NCs due to the flat baseline (up to 390 nm) involved during
the transformation. According to our experimental results (such as shown by figures of
Supplementary Figs. 15 and 25, the possible existence of unreacted Cd and S precursors,
together with reaction side products and the IP (if there is any), did not seem to affect the
isosbestic point feature. Furthermore, the lack of the IPs to MSC-311 conversion can be
reasonably attributed to the significantly low IP population. This is due to the fact that the IP
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to MSC-311 transformation was revealed to obey a first-order reaction kinetics, with the
reaction rate r = k[IP] (k the rate constant and [IP] the concentration of IPs)24. Thus, the
concentration of the IP did not affect the conversion rate constant k. Therefore, the
transformations studied can be considered as 2-species reactions with the isosbestic point

feature presented.
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Supplementary Figure 16. /n situ time-resolved optical absorption spectra collected from a

purified solid-state MSC-322 sample placed first at 15 °C (a) and afterwards at 50 °C (b). For

the measurement, about 160 mg purified MSC-322 was dispersed in 0.1 mL of toluene. The

resulting dispersion was then drop-cast onto the surface of a conventional cuvette, which

was then placed into an oven for about 2 hours at 60 °C. Afterwards, the cuvette was placed

in the sample holder of our UV-vis spectrometer. When the temperature of the sample stage

was set at 15 °C (a), MSC-322 = MSC-311 occurred. When the sample stage was afterwards

set at 50 °C (b), the MSC-311 = MSC-322 transformation was observed. We will put efforts

to investigate solid samples in the future.
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Supplementary Figure 17. Concentration-dependent absorption spectra collected from

MSC-311 (a, e) and MSC-322 (c, g) dispersions in cyclohexane (CH, a, c) and in toluene (Tol, e,

g), together with the corresponding plots of the absorbance value at 311 nm (b, f) or at 322

nm (d, h) as a function of the relative concentrations (in terms of the degree of dilution). A

dilution experiment was performed on Dispersion (1); each of the four dispersions is 3 mL,
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with the degree of dilution indicated. The linear relationship obtained between the
absorbance at 311 and 322 nm versus concentration indicated that both MSC-311 and
MSC-322 were stable (on the experimental time scale), and they did not decompose in the
concentration range studied, with a constant extinction coefficient. Interestingly, the slope

(which is related to the extinction coefficient) in toluene was larger than that in cyclohexane.
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Supplementary Figure 18. In situ time-resolved optical absorption spectra collected for
the transformation from MSC-311 to MSC-322 at 52.5 °C (a) and for the reverse process
of MSC-322 to MSC-311 at 15.0 °C (b). The MSC-311 and MSC-322 samples used were
from a preheated sample (~20 mg) that had been stored at —20 °C and 50 °C for 2 days,
respectively. The solvent was toluene (3 mL). Again, the 0 min trace (at a relatively high
temperature) did not go through the isosbestic point, due to the abrupt change in
temperature. See Supplementary Fig. 4. For our kinetic study shown in Fig. 4a, except for
the 0 min point (which is away from the first-order reaction behavior and is not
considered), the absorbance of MSC-311 was taken according to the MSC-311 peak
position of the 4-min spectrum (314 nm). For our kinetic study shown in Fig. 4b, the
absorbance of MSC-322 was taken according to the MSC-322 peak position of the 4-min
spectrum (323 nm). Similarly, for our kinetic study shown in Fig. 4c, the absorbance of

MSC-322 was taken according to the MSC-322 peak position of the 10-min spectrum (321
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nm). For our kinetic study shown in Fig. 4d, the absorbance of MSC-311 was taken
according to the MSC-311 peak position of the 10-min spectrum (310 nm). By the way,
the peak shift during the MSC-311 to MSC-322 transformation was noticed, similar to
what observed for the IP-311 to MSC-311 transformation®* and that reported for PbSe
MSCs?. To fully understand the present system regarding the peak shift (which seems to

be relatively obvious at a relatively high temperature), additional efforts are needed.
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Supplementary Figure 19. lllustration of our mathematical treatment for the temporal
absorbance (eCfigc_311) of MSC-311 during MSC-311 = MSC-322 presented in Fig. 4a. (a)
The absorbance at 311 nm (y axis) for the various MSC-322 concentrations in toluene (with x
axis for the absorbance at 322 nm). A linear relationship (dashed line) was obtained (from

the dots). (b) Absorption spectra of MSC-311 and MSC-322 collected from one cuvette with
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the MSC-311 and MSC-322 transformation in toluene. The two spectra were used to
calculate the ratio (0.790) of the molar extinction coefficients of MSC-322 and MSC-311. (c)
Numerical treatment accounting for the off-peak absorbance of MSC-322 at the peak
position of MSC-311. The net decrease of absorbance at the peak position of MSC-311
(AX311) during MSC-311 = MSC-322 transformation was thus calculated. For the MSC-311 =
MSC-322 transformation presented in Fig. 4a, the temporal concentration of MSC-311
(Cfsc—311) Was considered to be the initial concentration of MSC-311 minuses the net
temporal consumption of MSC-311.

The net consumption of MSC-311 was corrected, due to the absorbance contribution of
MSC-322 at 311 nm. As shown in Supplementary Fig. 19a, MSC-322 exhibits some
absorbance at 311 nm (AX332.311), the strength of which has a linear relationship with the
absorbance at 322 nm (AX3,5,),

AX355_311 = 0.250AX3,, (3)
As shown in Supplementary Fig. 19b, the two types of MSCs (in one cuvette and thus with

the same concentration) have the relationship of

Soz2 sz _ g 790 (4)

€311 OD3qq

(obtained with background subtraction). Thus,
AX35, = 0.790 AX3q,4 (5)
Equation (S1) becomes
AX355_311 = 0.250 * 0.790AX544 (6)
As shown in Supplementary Fig. 19¢, the net decrease of MSC-311
AX311 = (0D331 — OD331) + AX355_311 = (0D33; — OD33;) + 0.250 * 0.790AX34

(7)
AX31q = (0D311 311)/0 803 (8)
Thus, for our kinetic study (Supplementary Fig. 4a), the concentration of MSC-311 equals to
the initial concentration of MSC-311 minuses the net consumption of MSC-311,

Cusc-311 = (0D3; — AX311) /€311 = (1.2450D5%; — 0.2450D331) /€314 (9)
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Supplementary Figure 20. The effect of the instrument uncertainty (0.004) associated with

the UV-Vis spectrometer (TECHCOMP UV 2310 )

in the kinetic study (using Equation 2) of

the MSC-311 to MSC-322 transformation at 52.5 °C (a) as shown in Fig. 4a, and of the

MSC-322 to MSC-311 transformation at 15.0 °C (b) as shown in Fig. 4c. After longer times

(50 min (a) for MSC-311 to MSC-322 and 80 min (b) for MSC-322 to MSC-311), the

concentrations of MSC-311 (a) and MSC-322 (b) were relatively low, where the optical

density that we measured was most strongly influenced by the instrument uncertainty

(0.004).
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Supplementary Figure 21. Reproducibility in the kinetic study with in situ time-resolved
absorption spectroscopy. Here we show that reproducible kinetics were obtained for the
MSC-311 = MSC-322 transition. The in situ time-dependent absorption spectra were
collected from three identical MSC-311 samples (~16 mg dispersed in 3 mL of cyclohexane)
every two minutes up to a maximum time of 198 min (a, b, c). The MSC-311 sample was
prepared from a preheated sample but stored at —20 °C for days. The time-dependent
concentration of MSC-311 (y axis, averaged values from the three MSC-311 samples, open

symbols), together with the error bars (vertical lines) and the fitted curve (red trace) are
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presented (d). The measurement variance obtained was about 6%, suggesting that the
reproducibility in our results of the kinetic study is high, for the in-situ time-resolved
measurements of the MSC-311 to MSC-322 transformation. The rate constant value of 0.017

min" is smaller than that of 0.047 min™" obtained at 52.5 °C (in toluene, Fig. 4).
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Supplementary Figure 22. In situ time-resolved optical absorption spectra collected from six
identical MSC-311 dispersions in toluene, which were placed at six different temperatures
ranging from 42.5 °C to 55.0 °C (a-f). The dispersion was prepared with MSC-311 (~20 mg) in
toluene (3 mL). The spectra were collected with a 4-min time interval, except for the spectra
of the sample at 42.5 °C, which was collected with a larger time (12-min) interval because
that transformation was much slower for this temperature. The time-resolved absorption
spectra are presented with the color change from dark cyan (0 min) to light cyan. It is not
easy to study precisely the kinetics of the fast MSC-311 to MSC-322 transformation at 55.0
°C. Our kinetic analysis provided the natural logarithm of the six rate constants, In(k), —2.5
(55 °C, (a)), -3.0 (52.5 °C, (b)), =3.7 (50 °C, (c)), —4.6 (47.5 °C, (d)), =5.4 (45 °C, (e)) and -6.2
(42.5 °C, (f)). The last five rate constants obtained were used to calculate the barrier energy
explored in Fig. 5. We would like to point out that for the calculation of a rate constant of the
reverse MSC-322 to MSC-311 transformation, we found that it was difficult to obtain a
reasonable reproducibility because the transformation proceeded at relatively low

temperatures (15 to 25 °C) slowly.
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Supplementary Figure 23. First-order reaction kinetic analysis on the MSC-311 = MSC-322
transformation of four identical dispersions at the four different temperatures (T) indicated
(from 47.5 °C to 55 °C). The four MSC-311 dispersions in cyclohexane (3 mL) were made
from one single MSC-311 sample (~20 mg). The time-dependent In[C{sc—311/Chisc—311]
(solid circles) was fitted by first-order equations (solid lines, (a)). The slopes of the fitted
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lines correspond to the rate constants k (min™), with In (k) of —1.4 (55.0 °C), =2.1 (52.5 °C), —
2.8 (50.0 °C) and —3.8 (47.5 °C). The inset (a) shows an Arrhenius plot, with a y axis of In(k)
and an x axis of 1/T; thus, the slope of the fitted line is E,/R, where R the ideal gas constant
and with a barrier energy, E; = 269.3 kJ*mol™. In situ time-resolved optical absorption
spectra data are shown as below from 47.5 °C to 55.0 °C (b-e). By a side note, we also
performed thermodynamic analysis, as shown by Supplementary Figure 24. For the MSC-322
= MSC-311 transformation, we tried to accelerate with CH30H, as shown by Supplementary

Figure 25.
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Supplementary Figure 24. Schematic drawing for our thermodynamic analysis of the
reconstructive solid-solid transformation which can be effectively controlled by temperature.
The abscissa is the temperature (T) scale, and the ordinate is the free energy G=H - TS,
comprised of the enthalpy H and entropy S. Depicted are the temperature-dependent free
energies (G = H—TS) of MSC-311 (blue line) and MSC-322 (burgundy line). The slopes of the
two lines represent the negative entropy of MSC-311 (S;) and MSC-322 (S,) and the
y-intercepts of the two lines comprise the enthalpies of MSC-311 (H;) and MSC-322 (H,). The
transformation is driven by a balance between changes in entropy (due to changes in the
atomic vibrations) and enthalpy (due to changes in bonding). To the best of our knowledge
the reversible solid-solid transformation between MSC-311 and MSC-322 is the first such
thermally-induced isomerization process of colloidal NCs ever reported. Obtained is the
relation of H, > H; and S, > S;. When a temperature is above a critical point (T;), the forward
MSC-311 to MSC-322 transformation is promoted thermodynamically, with a relatively low G
for MSC-322 and AH =H,; — H; >0and AS =5, — 51 > 0. When a temperature is below this
critical point (T,), the reverse MSC-322 to MSC-311 transformation is driven
thermodynamically, with a relatively low G for MSC-311 and AH=H; —H,<0and AS=5,-5,
< 0. Our conclusion is that the forward MSC-311 to MSC-322 transformation at T> T, is

mainly AS (entropy) driven, while the reverse MSC-322 to MSC-311 transformationat 7> T,
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is mainly AH (enthalpy) driven. Thus, both transformation are dictated by changes in the
balance between entropy (due to atomic vibrations) and enthalpy (due to bonding).
Lastly, we would like to provide a side note about our additional thoughts for solid-solid

d*®*?’ When a domain consists of a small

transformations of large colloidal particles reporte
number of particles (such as ~70 instead of ~1700), we anticipate that an “isomerization-like”
single nucleation even with first-order unimolecular reaction kinetics may take place in one
step, without intermediates being involved, for solid-solid transformations with large

colloidal particles of ~0.7 um in size.
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Supplementary Figure 25. A small amount of MeOH was employed as an additive to

accerlate the MSC-322 to MSC-311 transformation at 25 °C. (a) Our preliminary kinetic study
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for the CH30H-induced MSC-322 = MSC-311 transformation. (b-e) Absorption spectra
collected. One dispersion was prepared and divided into four identical portions (with ~20 mg
MSC-322 sample each in toluene (3 mL). CH;OH (1.344 plL, 2.016 pL, 2.688 uL and 3.360 L)
was added into each portion. The time-dependent In(Cysc_322/Ciisc—322) (solid circles)
was fitted by first-order equations (solid lines, top). The slopes of the fitted lines correspond
to the rate constants k (min™), with In(k) of -5.1 (1.344 uL), —4.5 (2.016 uL), —4.4 (2.688 ulL)
and —3.9 (3.360 pL). Here, CH;OH acted as a catalyst to accelerate the MSC-322 to MSC-311
transformation, similar to that reported for the IP to MSC-311 transformation at room
temperature’. Accordingly, it seems reasonable to conclude that the surface

11,17,23

rearragement can play a crtical role for the optical transformation detected in the

present study.
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Supplementary Figure 26. Expanded views of Figs. 3a-d (a-d) (with the wavelength range of 25

nm from 305 to 330 nm) to show the isosbestic point feature. The isosbestic point presents in

both the forward and reverse transformations at different temperatures. By the way, we did

mention in Supplementary Fig. 15 caption “The 0 min spectrum (top) deviates from the

isosbestic point can be attributed to the abrupt change in temperature from room temperature

(RT) to 46 °C”.
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Supplementary Figure 27. Expanded views of Figs. 6¢ (c) (with the wavelength range of 25 nm
from 305 to 330 nm) to show the isosbestic point feature. The isosbestic point presents in

different solvents (Tol, CH).
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Supplementary Figure 28. Supplementary Figs. 16a-b (a-b) (with the wavelength range of 25 nm

from 305 to 330 nm) to show the isosbestic point feature. The isosbestic point presents in both

the forward and reverse transformations at different temperatures, and with different material

state (solid and dispersion).
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Supplementary Figure 29. Expanded views of Supplementary Figs. 16a-b (a-b) (with the
wavelength range of 25 nm from 305 to 330 nm) to show the isosbestic point feature. The
isosbestic point presents in both the forward and reverse transformations at different
temperatures.
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Supplementary Figure 30. Expanded views of Supplementary Figs. 21a-c (a-c) (with the

wavelength range of 25 nm from 305 to 330 nm) to show the isosbestic point feature. The

isosbestic point repeated well in the forward transformations.
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Supplementary Figure 31. Expanded views of Supplementary Figs. 22a-f (a-f) (with the

wavelength range of 25 nm from 305 to 330 nm) to show the isosbestic point feature. The

isosbestic point presents at the different temperatures.
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Supplementary Figure 32. Expanded views of Supplementary Figs. 23b (b), 23c (c), 23d (d), 23e

(e) (with the wavelength range of 25 nm from 305 to 330 nm) to show the isosbestic point

feature. The isosbestic point presents at different temperatures, in different solvents (Tol, CH,

and mixtures of Tol and MeOH).
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Supplementary Figure 33. Expanded views of Supplementary Figs. 25b (b), 25c (c), 25d (d), 25e
(e) (with the wavelength range from 305 to 330 nm) to show the isosbestic point feature. The
isosbestic point presents in both the forward and reverse transformations at different
temperatures, in different solvents (Tol, CH, and mixtures of Tol and MeOH), and with different

material state (solid and dispersion). The isosbestic point feature should not be a coincidence.
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