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TEM

Fig. S1 TEM images collected for the TOPO- and S?>-capped CdSe QDs of four different sizes. The TEM
images of the four QDs are labeled according to the size obtained from steady-state absorption spectra.!
The panels (i)—(I) show the size distributions and average QD sizes of the TOPO-capped QDs obtained from

TEM image analysis using imageJ 1.53a program.?



Table S1 QD sizes determined from stead-state absorption spectra?, and TEM image analysis, and the three
lowest energy transitions observed in the steady-state absorption spectra for the TOPO-capped QDs.

QD size/ diameter
1S 2S 1P
nm
nm eV nm eV nm eV
Abs. spectra TEM

2.6 3.0+0.5 528 2.35 496 2.50 426 2.91
3.4 3.8+0.7 564 2.20 537 2.31 458 2.71
4.0 4.2+0.4 585 2.12 555 2.23 504 2.46
4.8 4.,9+0.7 606 2.05 581 2.13 529 2.34

FT-IR spectroscopy

Fig. S2: FT-IR spectra of the (a)TOPO-capped, and (b) S*-capped QDs of four different sizes. A spectrum of
the pure TOPO is plotted together with the QD spectra. In Panel (b), it is clear that the TOPO vibration
bands are absent in the S>-capped QDs. However, contribution of residual NMF is observed in the $?-
capped QDs.



Photoluminescence spectroscopy

To do a quantitative evaluation, the photoluminescence spectra were deconvoluted using two gaussian
functions considering the band edge and the trap emission part as shown in Fig. S3a. The extent of band-
edge photoluminescence quenching and the enhancement of trap state emission upon S*
functionalization is described by the relative areas obtained from the two fitted gaussians (Fig. S3).

Fig. S3: (a) Gaussian fitting of photoluminescence spectra to evaluate the contribution of band-edge and
trap-state contribution. Photoluminescence spectra (1., 400 nm) of (b) 2.6 nm, (c) 3.4 nm, (d) 4.0 nm and
(e) 4.8 nm, TOPO-capped and S*-capped QDs. The right panels in the figures demonstrate the relative
band-edge and the trap-state emission contribution obtained from the areas of the two gaussians as
demonstrated in (a).



Transient absorption spectroscopy

Fig. S4: Comparison of steady-state spectra and TA spectra (1900 ps) of the TOPO-capped QDs of 3.4 nm,
4.0 nm, and 4.8 nm.

Fig. S5: TA colour of map of TOPO-capped 2.6 nm QD at (a) lowest intensity of 2.0 x 10* uyWcm™ and, (b)
highest intensity 4.7 x 10° pWcm™. TA colour of map of S*"-capped 2.6 nm QD at (c) lowest intensity of 2.0
x 10* pyWem™ and, (d) highest intensity 4.7 x 10° uWem™.
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Fig. S6: TA colour of map of TOPO-capped 3.4 nm QD at (a) lowest intensity of 7.0 x 10* uyWcm™ and, (b)
highest intensity 7.3 x 10° pWcm™. TA colour of map of S*"-capped 3.4 nm QD at (c) lowest intensity of 3.0
x 10* pyWem™ and, (d) highest intensity 7.2 x 10° uyWem™.

Fig. S7: The intensity-dependent TA data of TOPO-capped 3.4 nm QD depicting (a) spectra at 2 ps, (b) B;
kinetics, (c) Bs kinetics, and (d) A: kinetics. The intensity-dependent TA data of S*-capped 3.4 nm QD
depicting (e) spectra at 2 ps, (f) B; kinetics, (g) Bs kinetics, and (h) A; kinetics. Increasing intensity is
represented by the arrows on the right side.



Fig. S8: TA colour of map of TOPO-capped 4.0 nm QD at (a) lowest intensity of 3.0 x 10* uyWcm™ and, (b)
highest intensity 6.2 x 10° pWcm™. TA colour of map of S*"-capped 4.0 nm QD at (c) lowest intensity of 4.0
x 10* pyWem™ and, (d) highest intensity 12.2 x 10° pWcm™.

Fig. S9: The intensity-dependent TA data of TOPO-capped 4.0 nm QD depicting (a) spectra at 2 ps, (b) B;
kinetics, (c) Bs kinetics, and (d) A: kinetics. The intensity-dependent TA data of S*-capped 4.0 nm QD
depicting (e) spectra at 2 ps, (f) B; kinetics, (g) Bs kinetics, and (h) A; kinetics. Increasing intensity is
represented by the lines on the right side.



Fig. S10: TA colour of map of TOPO-capped 4.8 nm QD at (a) lowest intensity of 1.0 x 10* pWem™ and, (b)
highest intensity 4.8 x 10° pWcm™. TA colour of map of S*"-capped 4.8 nm QD at (c) lowest intensity of 3.0
x 10* pWem™ and, (d) highest intensity 4.6 x 10° uWcm™.

Fig. S11: The intensity-dependent TA data of TOPO-capped 4.8 nm QD depicting (a) spectra at 2 ps, (b) B:
kinetics, (c) Bs kinetics, and (d) A: kinetics. The intensity-dependent TA data of S*-capped 4.8 nm QD
depicting (e) spectra at 2 ps, (f) B; kinetics, (g) Bs kinetics, and (h) A; kinetics. Increasing intensity is
represented by the lines on the right side.



Fig. S12: Intensity-dependent TA spectra (normalized at B; bleach) of (a) TOPO-capped and, (b) S*"-capped
QDs at 1900 ps.



Determination of absorption cross section

To ensure a reliable MCMC fit result, we firstly compare the «, derived from the fit parameter o with the
a, derived from extinction coefficient®. The extinction co-efficient for the CdSe QDs were determined using
the empirical formula demonstrated by Yu et el.! Using the extinction co-efficient (€) at 400 nm, we
determined the absorption cross section (a) according to the following equation demonstrated by
Leatherdale et al.3

0 = 2303 X €400nm (1)
€ Na
where, N, is Avogrado’s number

Through the MCMC fit, we obtained an intensity parameter, o, with which we obtained absorption cross
section as,

chopper frequency x 108 (2)
=0 X
meme =9 2.01 x 1012
The chopper frequency is 500 Hz.

Fig. S13 shows that the «, obtained from ¢ and extinction co-efficient are not only in the same order of
magnitude but also are in good agreement with previous literature® for all the QDs. This indicates reliable
results from MCMC fit.

Fig. S13: Absorption cross section obtained from MCMC fit and calculated from the extinction co-efficient.
For the TOPO- and S*-capped QDs.



MCMC fit data

Fig. S14: TX model was used for the MCMC fit of 2.6 nm TOPO-capped QD. (a) Contour plot representing
the fit parameters obtained from MCMC. (b) Intensity dependent kinetics of B bleach with the fit (grey
lines).

Table S2: Intensities used for the MCMC fit of TOPO-capped 2.6 nm QD and <N >,
o and, a obtained.

N 8 -8

Intensity x 10 <N>| 9% 10 a
uWem™ MW lem? cm?
0.0002 0.1
0.0008 0.5
0.0024 15 644.1 |1.6x107%
0.0033 2.1
0.0047 3.0
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Fig. S15: TX model was used for MCMC fit of 2.6 nm S*-capped QD. (a) Contour plot representing the fit
parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S3: Intensities used for the MCMC fit of S?-capped 2.6 nm QD and <N >,
o and, a obtained.

H 8 -8
Intensity x 10 <N>| X 10 a

UWcm™ UW-lcm? cm?
0.0003 0.2

0.0006 0.5

0.0015 12 | 811 |20x10"
0.0040 3.3

0.0059 4.8
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Fig. S16: TX model was used for MCMC fit of 3.4 nm TOPO-capped QD. (a) Contour plot representing the
fit parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S4: Intensities used for the MCMC fit of TOPO-capped 3.4 nm QD and <N >,
o and, a obtained.

. 8 -8

Intensity x 10 <N>| 7% 10 a
HWcm™ UW-lcm? cm?
0.0007 0.6
0.0019 1.6
0.0037 31 | 8643 [22x10%
0.0053 4.5
0.0073 6.3
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Fig. S17: TX model was used for MCMC fit of 3.4 nm S*-capped QD. (a) Contour plot representing the fit
parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S5: Intensities used for the MCMC fitting of S*-capped 3.4 nm QD and <N >,
o and, a obtained.

N 8 -8

Intensity x 10 <N>| 7% 10 a
MWcm™ UWlcm? cm?
0.0003 0.2
0.0009 0.7
0.0018 16 | g755 [22x10"
0.0050 4.4
0.0072 6.3
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Fig. S18: QX model was used for MCMC fit of 4.0 nm TOPO-capped QD. (a) Contour plot representing the
fit parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S6: Intensities used for the MCMC fit of TOPO-capped 4.0 nm QD and <N >,
o and, a obtained.

N 8 -8

Intensity x 10 <N>| 7% 10 a
MWcm™ UWlcm? cm?
0.0003 0.4
0.0022 3.0
0.0034 4.7 1394.8 [3.5x10°%
0.0054 7.5
0.0062 8.6
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Fig. $19: QX model was used for MCMC fit of 4.0 nm S?"-capped QD. (a) Contour plot representing the fit
parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S7: Intensities used for the MCMC fitting of S*-capped 4.0 nm QD and <N >,
o and, a obtained.

N 8 -8
Intensity x 10 <N>| 7% 10 a
MWcm™ UWlcm? cm?
0.0004 0.4
0.0007 0.6
0.0034 3.2
0.0122 11.3
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Fig. S20: QX model was used for MCMC fit of 4.8 nm TOPO-capped QD. (a) Contour plot representing the
fit parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S8: Intensities used for the MCMC fit of TOPO-capped 4.8 nm QD and <N >,
o and, a obtained from MCMC fitting.

H 8 -8
Intensity x 10 <N>| 7% 10 a

MWcm™ UWlcm? cm?
0.0001 0.2

0.0009 1.6

0.0019 36 | 18537 [46x10"
0.0030 5.6

0.0048 8.8
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Fig. S21: QX model was used for MCMC fitting of 4.8 nm S*-capped QD. (a) Contour plot representing the
fit parameters obtained from MCMC. (b) Intensity dependent kinetics of B; bleach with the fit (grey lines).

Table S9: Intensities used for the MCMC fit of S?-capped 4.8 nm QD and <N >,
o and, a obtained.

H 8 -8
Intensity x 10 <N>| 7% 10 a

MWcm™ UWlcm? cm?
0.0003 0.3

0.0004 0.5

0.0014 L7 | 11951 [2.9x10"
0.0033 3.8

0.0046 5.5

17



Multi gaussian fit method to determine multiexciton binding energies

We adapt the multi gaussian fit method described by Labrador et al.* The equations used to model our
species spectra are as follows:

Sx(E) = — [AB1 <3_(E‘;;?1) >+ Ag, <e_(EM_/—;)zm) > (3)

E— 2
(o)
GSB
1 < _(Mf) 1 < _(E—CBZ—ABX)2>
> Api|e WB1 +- Apyle WB2

+
2 2

_ ¥ 2
. (e-(%) )]
PIA

Spx(E) = — [Am (e_(E‘;;fl) >+ A <e_(EM_/;§2) >+ A <e_(E“_’;§3) >] (4)
GSB
E—cp3—Arx\’
+ [A*B3 <e_(T) )]
PIA
Srx(E) = — [Am (e‘(Ev?fﬁl) >+ . (gﬁﬁ) ) (5)
—Ccp3)* E—cp3—Agx\?
+ Aps <e‘(EwT) )] + |43, <e‘(T3Q> )]
GSB A
_ [ASE (e-(EJ—EZE) )]
SE
Sox(E) = — [AB1 <e_(E“_’;f1) > + Ap; <e_(E\;—;Lz?2) > (6)
+ Aps <€_(E"'_’—;:%) >] + [A}B <e_(%) >]
GSB PIA

ol )

The Sy, Sgx, Stx, and Spx are the species spectra of X, BX, TX, and QX respectively. A represent the

amplitudes, c represent the centers, and w represent the widths of the peaks associated to B;, B2, and Bs

transitions. The subscript GSB accounts for the B1, B,, and Bs peaks and the subscript PIA accounts for Ay,

A,, and Az peaks in the spectra. The widths of the peaks associated with the same transitions are considered

the same (e.g., the width of B; and A; is wg1). The Az in the X spectra is not fitted with the same shift (i.e.,

Agx). This is because the 1P. level with higher polarizability than the 1S. level does not necessarily result
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in the same magnitude of carrier-induced Stark effect.> ® Multiexciton binding energy in CdSe QDs is
described as bound, i.e., with negative binding energy. Strandell et al.” reports negative multiexciton
binding energy upto QX of CdSe QDs of different sizes. Therefore, the positions of A;, A,, and A; peaks are
defined by negative shift from the respective Bi, B,, and Bs bleach positions, which basically determines
the binding energy. Similarly, the pentaexciton binding energy (Apx) was also assumed to be from a bound
pentaexciton state with negative binding energy. The SE feature in CdSe QD TA spectra is not as distinctive
as the GSB and PIA. However, it is typically found in resonance with A; and B1.%° In the previous works, SE
is fitted by a single Gaussian identical to the 1S gaussian assuming that SE source is the X state.'® Here, it is
fitted with a completely independent Gaussian peak red-shifted from the B; to avoid overemphasis of its
origin. The SE components in the X and BX spectra were ignored to avoid overparameterization. This is to
be clarified that, we do not claim that X and BX spectra do not contain SE contributions. The multiexciton
species spectra with the fit of Eq. S3 — Eq. S6 are shown in Fig. $22-S26.
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Fig. S22: TX, BX, and X spectra of TOPO-capped 2.6 nm QD along with the respective gaussian fits.

Table S10: Fitting results of gaussian fitting of TX, BX, and X spectra of TOPO-capped 2.6 nm QD.

Sy Spx Stx

Ag1 /0D | 0.0513995%7 0.051133332 | 0.06099:9721
Ag; /OD | 0.018287175 | 0.021330358 | 0.034150385
Ap3 /OD | 0004009948 0.01289:92¢6¢ 0.03059:5859
A3 /0D | 0.00295:993% | 0.0010%9%3%, | 0.0012%926%
wgy/eV | 0.074559757 0.0667398%% | 0.07155:378%
wgy /eV | 0.134991512 0.158991758 | 0.18009:2818
wgz/eV | 0.05009:9583 0.091592787 | 0.1835%3315
cgi/eV | 2318223195 | 2324523236 | 2.319733%L°
cgz/eV | 2453534887 | 2.474924870 | 2.5069%5332
cgz/eV | 287103884 2.884632327% | 2.910031343
Chs/eV | 274343753
csp | eV 2.2439%.3958
Agp / OD 0.0039%9 %550
wgp [ eV 0.134133%%

A/eV 0.035999378 0.114433252 | 0.2036:2288
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Fig. S23: TX, BX, and X spectra of TOPO-capped 3.4 nm QD along with the respective gaussian fits.

Table S11: Fitting results of gaussian fitting of TX, BX, and X spectra of TOPO-capped 3.4 nm QD.

Sy Spx Stx

Ag;1 /OD | (.05079:9585 0.04783:0482 0.059693232
Ag, /OD | 0.0157%3%%3, | 0.019099138 | 0.0415°%073%,
Ap3 /OD | 0,0094%9830 | 0.0130%2865, | 0.03979:9622
Ag3 /0D | 0.0110%3%%8. | 0.0018%933. | 0.0010%9%3%,
wgi/eV | 0.08200985% 0.08299:08%2 | 0.084293939
wgy /eV | 0122503380 | 0.094533938 | 0.1190923¢9
wgz/eV | 0.132408%15 0.11133:8%82 | 0.1296315%2
cg1/eV | 2136321410 2.146521485 2.150051839
cz/eV | 231743335 | 229413335 | 231583387
cgz/eV | 2560033817 | 2.597538:%7 | 2.5615352%
Cgz/eV | 2441653453
csp [ eV 2.08462:3354
Agg / OD 0.00502¢6%%,
wsg [ eV 0.12650:5529

A/ev 0.02429:92%2 0.07509:9261 0.1110931279
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Fig. S24: QX, TX, BX, and X spectra of TOPO-capped 4.0 nm QD along with the respective gaussian fits.

Table S12: Fitting results of gaussian fitting of QX, TX, BX, and X spectra of TOPO-capped 4.0 nm QD.

Sx Sex Srx SQX

Ag1 /0D | 0018039182 | 0.01773982 | 0.02593:3439 | 0.024793498
Agy /OD | 0015900188 | 0.019958173 | 0.028959395 | 0.043833337
A3 /0D | 0003939939 | 0.020509912 | 0.02693948 | 0.058301243
A /OD | 0.00879:9982 0.02415:939¢ 0.0135993%% | 0.0112%2183,
wai/eV | 0054738355 | 0.0454381%5 | 005163832 | 0.0512885%)
wez/eV | 0.067900:85 | 0.074830838 | 0.0690g0¢27 | 0.11079342%
wgsz /eV | 006240055 | 0.0983543%3 | 0.100095355 | 0.120083335
coi/eV | 20858303%% | 2.0892383% | 2.0873339% | 2.072238%8
cpz/eV | 219523138 | 221003333 | 2.2038330%; | 220137537
cgz/eV | 2440153330 | 2.39463323; | 2426753333 | 2437733353
cgz/eV | 2.31933333¢
csg [ eV 2041579787 | 2.08363566¢
Agg / OD 0.0006%018% | 0.00469:3217
wsg / eV 0.053503157 | 0.034283805

A/ev 0.02273923% | 0.06625:97%% | 0.10969:3277 | 0.15562:2388
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Fig. S25: QX, TX, BX, and X spectra of TOPO-capped 4.8 nm QD along with the respective gaussian fits.

Table S13: Fitting results of gaussian fitting of QX, TX, BX, and X spectra of TOPO-capped 4.8 nm QD.

Sx Spx Stx SQX

Ap1 /0D | 0023738355 | 0024088353 | 0.029488885 | 0.0353033E3
Ag, /OD | 0.01763:9233 | 0.023539339 | 0.0368%32%7%, | 0.0465355¢3
Aps /0D | 0.005205%7 | 0.026550%85 | 0.037956182 | 0.067533585
A3 /OD | 0.011139335 | 0.030130555 | 0.0218393%7 | 0.001183363
wgy/eV | 0.044839477 | 0.04115:9337 | 0.0442093%8 | 0.05065:98%3
wgz /eV | 0.078900505 | 0.083600a0s | 0.0845033%% | 0.08880533]
wgz/eV | 0.078153%88 | 0.09430392% | 0.1073%3%%3, | 0.118993532
cer/eV | 2011150355 | 2015838175 | 201223818 | 2.011139735
cgz/eV | 209585500 | 2.112334%%s | 2113435778 | 2113033387
cpz/eV | 224783780% | 230503833 | 232273%07; | 232503335,
cgs/eV | 2337253535
cse [ eV 2.006650036 | 1973913341
Agg / OD 0.0010%37%3, | 0.00220344%,
wsg / eV 0.08697755; | 0.0615¢:0333

A/eV 0.01819:9129 0.049639583 0.0708%0322 | 0.102193228
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Fig. S26: QX, TX, BX, and X spectra of S>-capped 4.8 nm QD along with the respective gaussian fits.

Table S14: Fitting results of gaussian fitting of QX, TX, BX, and X spectra of S -capped 4.8 nm QD.

Sx Spx Stx SQX

Ag1 /0D | 0076329295 | 0.08190:98%% | 0.097191199 | 0.090539989
Agy /OD | 0.04793:9312 | 0.03943:9452 | 0.05199972% | 0.06299 3138
Ap3 /OD | 0.0275%2779, | 0.08889:98%7 | 0.0521%¢741, | 0.072309763
A3 /0D | 0.0236%37%L | 0.094739335 | 0.0294%37%%. | 0.00775:9972
wgi/eV | 0.03833:94%2 | 0.04019943% | 0.043099%42 | 0.040035212
wg, /eV | 0.08509:9993 | 0.09953:395%7 | 0.082533%17 | 0.1149933552
wgs / eV | 0.0929%32%99% | 0.1048%92L2 . | 0.0830%179%5 | 0.09480-5387
cg1/eV | 2029720399 | 2.0348%035¢ | 2032329328 | 2029729309
cgz/eV | 2072125838 | 2108923232 | 2.1301 215%¢ | 2,072123858
cgz/eV | 2371328778 | 2.33613339¢ | 2350125277 | 2.3713%§77¢8
Chz/eV | 2.287533353
csg [ eV 2.011324830 | 2.28752:3383
Agg / OD 0.0114%9379, | 0.00973:55%9
wgg [ eV 0.08975:383¢ | 0.114593139

A/ev | 0.01293:9%8% | 0.03703:339% | 0.0580393732 | 0.0646529¢
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