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S1. Experimental methods

Materials: Lead (II) bromide (PbBr,, Sigma Aldrich, >98%), cesium carbonate (Cs,COs,
Sigma Aldrich, 99.9%), oleic acid (OAc, Sigma Aldrich, technical grade, 90%), oleylamine
(OAm, Sigma Aldrich, technical grade, 70%), 1-octadecene (ODE, Sigma Aldrich, 90%),
toluene (Sigma Aldrich, anhydrous, 99.8%), acetone (Finar), and ethanol (Pharmco-Aaper,
HPLC, anhydrous, 200 proof) were used as received without further purification.

Synthesis of CsPbBr; nanostructures (CPB): The colloidal synthesis of monodisperse CPB
was adapted from the hot-injection protocol as reported by Protesescu et al.! First, the Cs-oleate
precursor was prepared by dissolving 40.7 mg of Cs,COj3 in 2 mL of ODE along with 125 pL
of OAc in a 100 mL three-neck round bottom flask at 60 °C. The mixture was dried under
nitrogen flow and heated by gradually raising the temperature to 120 °C. After 1 hour, the
temperature was raised to 150 °C under an N, atmosphere to complete the reaction. Next, for
preparation of the Pb-oleate, 138.1 mg of PbBr,, 10 mL of ODE, 1 mL of OAm, and 1 mL of
OAc were mixed in another 100 mL three-neck round bottom flask at 100 °C. The mixture was
dried under nitrogen flow for 1 hour at an increased temperature of 120 °C. Raising the
temperature to 160 °C under an N, atmosphere, followed by a swift injection of 0.8 mL Cs-
oleate. After 5 s, the reaction mixture was immediately cooled in an ice water bath to quench
the reaction, which was observed with a color change from yellow to fluorescent green. To
purify the NCs, the crude solution was dissolved in 12 mL acetone and centrifuged at 12000
rpm for 20 min. The supernatant was discarded, and the collected pellet was dispersed in 10
mL of toluene. The supernatant collected from further centrifugation at 4400 rpm for 5 min

was stored as stock CPB colloidal solution.

Post-synthetic ligand exchange: To exchange the pristine ligands OAmM/OAc with NK-12,
93.76 uL of 3.3 mM NK-12 solution (prepared in ethanol/toluene mixed solvent) was slowly
added to 200 puL of CPB (1.3 uM) solution with stirring. The exchanged nanostructures were
centrifuged with acetone to remove the free ligands and redispersed in 200 pL toluene to give

a colloidal solution, CPB NK-12.

Preparation of FcS4 sample: 20 mM FcS4 stock solution was prepared by completely
dissolving FcS4 in ethanol with sonication and diluting it to 2 mM using ethanol. Before the
experiment, a 2 mM ethanol solution of FcS4 was sequentially diluted to 0.2 mM, then to 0.02
mM, and further to 0.002 mM in toluene.



Characterization Methods: Steady-state absorption and photoluminescence (PL) spectra
were recorded on a JASCO V770 spectrophotometer and a Horiba Scientific FluoroMax+
spectrofluorometer. All the samples were excited at 365 nm, and the step size was set to 1 nm

for all PL measurements.

Powder X-ray diffraction patterns (PXRD) were recorded using a PANalytical X’Pert X-ray
diffractometer using Cu-Ka X-radiation (A = 1.54 A) at 30 kV and 10 mA power.

Transmission electron microscopy (TEM) images were captured using an FEI-Tecnai G? 12
Twin at 120 kV transmission electron microscope for the morphological characterization of the
two different surface chemistry-based CPB dispersed in toluene. High-resolution TEM
(HRTEM) measurements were carried out on a Titan G?> 60-300 transmission electron
microscope operated at 300 kV. To prepare the TEM sample with FcS4, 77.86 nM FcS4 stock
solution was mixed with ~12.9 nM colloidal dispersion of each sample in toluene and allowed
to equilibrate for 10 minutes. The solution was then drop-casted over a carbon-coated copper

grid and dried at room temperature.

Dynamic light scattering (DLS) size measurements were performed using a Malvern Zetasizer

Pro ZSU5800 instrument with ~12.9 nM colloidal dispersion of both samples in toluene.

Fourier transform infrared spectroscopy (FTIR) measurements of powder samples were

performed using Bruker FTIR spectrophotometer alpha II.

'H nuclear magnetic resonance spectroscopy (NMR) data were collected using a JEOL JNM-
LA 500 MHz spectrometer.

Time-resolved photoluminescence (TRPL) measurements were carried out on a life spec (II)
Edinburgh time-correlated single-photon counting (TCSPC) spectrophotometer using a 375 nm
pulsed diode laser for excitation. The instrument response function of the setup was ~120 ps,
recorded using a diluted solution of Ludox in water. The F900 software provided by Edinburgh
Instruments was used to analyze decay curves by the nonlinear least-squares iteration method.

The y? values and distribution of the residuals examined the quality of the decay curve fits.

Transient absorption measurements were performed on a Transient absorption spectrometer
from Ultrafast Systems, USA. The amplified laser power of 5 mJ/pulse @ 800 nm @ 1kHz
was generated from Astrella Amplifier, coherent Inc USA. The pump wavelength was 400 nm

120 nJ@ 500 Hz generated from OperaSolo OPA, Coherent Inc US.



X-ray photoelectron spectroscopy (XPS) surface elemental mapping and binding energy
measurements were conducted on a PHI 5000 Versa Probe-II, FEI Inc., Japan, equipped with

a monochromatized Al Ka (1486.6 eV) radiation source.

S2. CPB concentration calculations

To determine the Concentration of the CPB, firstly molar extinction coefficient (¢) at A = 335
nm was derived using the method described by De Roo et al.?
3
N,d
Using the reported value? of the intrinsic absorption coefficient (u;) of CPB=1.98x10° cm™! at
335 nm and the average size (d) of CPB determined from HRTEM analysis to be 9 nm, molar
extinction coefficient (¢) at A = 335 nm was calculated as follows:

€335 = 6.022 X 10 x 1.98 X 10° X 9* cm ™~ 'uM 1 =37.7622 cm ™~ 'uM ~*

Further, using the Beer-Lambert law A = ecl concentration of CsPbBr; was determined as:
Az 0.4883

c= = =129nM
3351 37.7622em ™ luM 1 x 1cm

Note: The concentration of CPB NK-12 was estimated according to CPB concentration,

considering no significant loss during ligand exchange.

S3. Double reciprocal analysis of PL quenching and K app determination
Double reciprocal analysis of PL quenching was done using the modified Benesi-Hildebrand
method,*’ originally used for estimating binding constant using absorbance data. The

association constant (Kapp) between the adsorbed quencher molecules and the nanocrystals was

determined using the following expression (equation 2). Equation 2 relates normalized PL
intensity of unbound (¢0, without FcS4) and the relative intensity observed after each addition

of FcS4 (¢0b5) to the intensity of the bound state (¢ ) using Kapp.

b b N bo @
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S4. Structural characterization of CPB and CPB NK-12

The TEM images (Figure S1) obtained from some sections of the TEM grid show the

coexistence of cubic 3D-CsPbBr; and tetragonal 2D-CsPb,Brs, consistent with earlier reports.®-

8

Figure S1. TEM images of CPB NK-12 (a-d) captured at different scales show some unusual,

aggregated nanostructures resulting from ligand exchange.
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Figure S2. (a) Histogram illustrating the DLS size distribution of CPB and CPB NK-12. The
average size of the CPB and CPB NK-12 was calculated to be ~ 9 nm and ~ 149 nm,

respectively. (b) Time-resolved PL profiles (A = 375 nm) of CPB (Tavg = 5.84 ns) and CPB

NK-12 (Tavg = 19.6 ns) were monitored at 507 nm and 516 nm, respectively. After ligand

exchange with NK-12, the average lifetime is improved by a factor of three.
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Figure S3. (a) Comparative FTIR spectrum of CPB, CPB NK-12, and pure NK-12 highlighting
the appearance of carbonyl stretch of amide (-NH-C=0) in CPB NK-12 after ligand exchange
(b) 'TH NMR spectrum of CPB NK-12 in C¢Dg. Starred (*) features are the solvent residual

peaks appearing even after several washes.

SS5. PL quenching control experiments for CPB and CPB NK-12 with FcS4
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Figure S4. (a), (b) and (c¢) are the UV-vis absorption spectra, steady-state PL evolution, and
Time-resolved PL spectra for CPB, respectively, with the sequential addition of FcS4. (d), (e)
and (f) are the UV-vis absorption spectra, steady-state PL evolution, and Time-resolved PL
spectra for CPB NK-12, respectively, with the sequential addition of FcS4. Time-resolved PL
spectra were recorded using 375 nm pulsed excitation. A stable absorbance, significant
emission quenching, and rapid decrease in PL lifetime of CPB NK-12 with increasing FcS4

concentrations indicated better charge transfer performance.



S6. The structural integrity of CPBNK-12 after quenching experiments

Figure S5. (a-c) TEM images of CPB NK-12 with FcS4 addition show the structural stability

of the system with no significant change in the structural features.
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Figure S6. Stability control. (a) Steady-state emission and (b) UV-vis absorption spectra of
CPB NK-12 dispersed in toluene were acquired over a time interval of 2 hours. No substantial
drop in intensity proved the stability of CPB NK-12 for the duration of FcS4 quenching

experiments.



Table S1. Fitting parameters of the kinetic analysis of photoluminescence traces of CPB and
CPB NK-12 (Figure S2b) with increasing concentration of FcS4 (Figure 3c, 3d, and Figure
S4c, S4f).

[FeS4]

oMy 1 iy Tims)y 2 Sz ) 2ms) % S3w) sy Tavg (ns)

CPB

0 0.028 13.6 1.06  0.035 60.7 3.81 0.004 25.7 13.15 5.84
1.98 0.033 17.4 090 0.033 62.1 324  0.003 205 11.83 4.59
5.92 0.036 16.3 0.72 0.033 619 296  0.003 21.8 10.82 431
1474 0.040 16.5 0.54 0.030 58.1 248 0.004 254 8.44 3.67
29.27  0.048 17.8 037 0.028 522 1.88  0.005 30.0 6.39 2.96
77.86  0.068 27.3 023 0.024 46.6 1.12 0.003  26.2 4.44 1.75

CPB NK-12

0 0.022 3.6 095 0.023 215 539 0.017 748 24.62 19.6
1.98 0.030 7.4 0.88 0.027 33.6 452 0011 59.0 19.86 13.3
5.92 0.040 13.4 0.74  0.025 419 3.59  0.006 44.7 16.61 9.03
1474 0.055 24.6 052 0.020 424 2.5 0.003  33.0 13.33 5.59

29.27  0.064 293 0.37 0.019 413 1.73 0.002 294 9.52 3.62
77.86  0.086 38.9 022 0.016 379 1.14  0.002 232 6.81 2.10

The PL decay was fitted to a triexponential decay function (equation 3):

t t t

T T T
— 1 2 3
y=a.e + aye + aze

(3)

The average PL lifetime (*avg) can be determined using the following equation

Tavg = 4)




a

Alternatively, the pre-exponential factor, ~i and Ti can be used to evaluate the fractional

contribution (f 1), also defined as a relative integral contribution.

a;T;

fi= (5)

E :“ifi

i

Here, we calculated the average PL lifetime (Tavg) of the triexponential decays as follows:

Tavg = f1T1 + [T + f373 (6)

S7. Control experiment (dilution effect) for the PL quenching of CPB NK-12 on adding
FcS4.
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Figure S7. Comparative PL spectrum of CPB NK-12 on the addition of FcS4 (final
concentration 77.86 nM) and equal volume (i.e., 35 pL) of toluene to confirm the negligible

effect of dilution in PL quenching of CPB NK-12.

S8. Determination of the number of FcS4 molecules per nanocrystal



We determined the number of acceptor molecules attached per NC using a previously reported
model®!° This model first assumes that the distribution of molecules on NC surfaces follows

the Poisson distribution:

e ™m"

P(n) = -

()

Where P(1) is the probability of finding M acceptor molecules per NC, and ™ is the average

number of acceptor molecules attached to a nanocrystal.

The model also assumes that the adsorption of acceptors onto NC surfaces follows the

Langmuir adsorption isotherm.

K[A]
= Oy (8)

0 = m
N MK [A]

Where 0 is the mean fractional surface coverage of acceptors on NC surfaces, N is the total
number of available binding sites per NC, Omax is the maximum fractional surface coverage of

acceptors on NCs, K, the binding constant of acceptors and [A] the total concentration of
acceptors.
To estimate 9, the dependence of steady-state PL quenching on acceptor concentration was

measured. With successive addition of acceptor molecules, the PL intensity decreased.
Now, the probability of finding NCs without any acceptor attached to it is given by the relative

I I
PL intensity in the presence of an acceptor ( / 10). The relationship between /o and 9 is given

by the following equation!!

Z--0)" ©
IO

Assuming that the acceptor, FcS4, preferentially binds to Pb2*, N is calculated using the

following equation:

[ 6d?
”TPb2+



T
Where @ is the size of NCs and pp?t

=0.119 nm

. Using equation 9, the value of NV for NCs

was found to be ~ 8600. Finally,  values at each concentration of FcS4 are calculated using

equation 7.
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Figure S8. Plots for relative PL intensity and number of FcS4 molecules per nanocrystal with

increasing concentration of Fcs4 for CPB and CPB NK-12.

Table S2. Estimated values of the average number of FcS4 molecules per NC, m corresponding

to the total FcS4 concentration added.

FcS4 (nM) "
CPB CPB NK-12
0 0 0
1.98 0.05 0.43
3.95 0.10 0.77
5.92 0.16 1.06
7.89 0.23 131
9.85 0.30 1.55
14.74 0.44 1.90
19.61 0.60 2.20
24.45 0.75 2.47
29.27 0.84 2.66
48.73 1.26 3.16
77.86 1.70 3.52



S9. Decay kinetics analysis from transient absorption spectroscopy measurements

The bleach recovery kinetics obtained from transient absorption measurements were fitted to a
bi-exponential and tri-exponential function for CPB and CPB NK-12, respectively (Table S3).
The time constants 2 and '3 can be assigned to excitonic recombination and radiative

recombination occurring in CPB and CPB NK-12. However, the shorter time constant (Tl)
observed in CPB NK-12 may correspond to the carrier trap states due to the occurrence of a

dual phase after ligand exchange which corroborates well with the earlier report.'?

Table S3. Fitting parameters for the transient absorption bleach recovery kinetics of CPB and
CPB NK-12 with and without the addition of FcS4 in Figure (5a and 5b).

[FeS4] (nM) 5 "1 (ps) "2 (ps) '3 (ps)
CPB
0 0.98 - 75+5 1400 + 100
49.5 0.99 - 74+ 3 1060 + 80
CPB NK-12
0 0.95 2.50+0.58 210+ 30 2600 + 600
49.5 0.98 0.55+0.03 866 1300 += 100

S10. Steady-state photolysis experiment for CPB NK-12 in the presence of FcS4.

According to our previous study,'?® FcS4 molecules possess a low molar extinction coefficient,
leading to very low absorption at our experimental conditions (concentration ~ 49.5 nM). This
is why we have not observed any significant features for FcS4 and oxidized FcS4 in the
transient absorption spectrum. Further, considering the strong attraction and efficient PL
quenching (of CPB NK-12) in the presence of FcS4, we attempted a steady-state photolysis
experiment for CPB NK-12 (12.9 nM) by increasing the FcS4 concentration to 100 uM.



However, due to the dominant extinction of CPB NK-12, we have plotted the difference
absorption spectrum at different times of visible light exposure to observe the distinct change.
A significant increase in the absorbance in the 600 -700 nm range could be assigned to the

oxidized FcS4.13:14
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Figure S9. Steady-state photolysis of CPB NK-12 in the presence of FcS4. (a) the difference
absorption spectrum of CPB NK-12 with FcS4 (~100 uM) on exposure to visible light. The
appearance of a hump-like feature that increased with time (highlighted with green
background) corresponds to the oxidized FcS4. (b) difference spectrum for the control
experiment performed in the dark, keeping the other experimental parameters constant (c)
difference spectrum for the control experiment performed in the absence of CPB NK-12, i.e.,
only FcS4. The absence of any significant feature in (b) and (c) shows the feasibility of hole
transfer from CPB NK-12 to FcS4, which follows other spectroscopic results featuring hole

transfer dynamics.

S11. Estimation of photoluminescence quantum yield (PLQY).

PLQY of CPB NCs before and after NK-12 treatment was estimated by the relative quantum

yield method following equation 11:

A 1 ]
D =D X —x—x[—| (11)
A 1.

N r

where ®, 4, L, and represent the PLQY, absorbance at the excitation wavelength (A, = 365
nm), integrated PL intensity, and refractive index of the solvent, respectively. The subscripts s
and r symbolize sample and reference. As reported earlier, we used coumarin-152A dye (in

acetonitrile solvent) as the reference standard with a PLQY of 22%.!° Refractive index values



for toluene (775) and acetonitrile (nr) used were 1.497 and 1.344, respectively. Using this
method, PLQY is estimated to be 25 % for CPB and 24% for CPB NK-12 NCs.
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Figure S10. Estimation of relative PLQY. Absorption and PL spectra of (a) coumarin 152-A
dye recorded in acetonitrile, (b) CPB and CPB NK-12 recorded in toluene. PL spectra were

recorded at the excitation wavelength, A, = 365 nm.

S12. X-Ray Photoelectron Spectroscopy (XPS) analysis.
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Figure S11. (a) XPS survey scan of CPB and CPB NK-12. (b), (¢) and (d) Comparative high-
resolution XPS spectra of N 1s, Pb 4f, and Br 3d, respectively, for CPB and CPB NK-12.

After NK-12 treatment (Figure S11a), the overall survey spectra of CPB exhibit stronger peaks
for Pb 4f, Br 3d, and N 1s, which are relatively weak in CPB. The well-resolved -NH;* (401.65
eV) and -NH, (399.74 eV) peaks in N 1s core level spectra of CPB NK-12 reveal an effective
ligand exchange of native OAm/OAc ligands by NK-12 ligand. A slight decrease in the binding
energy of Pb 4f and Br 3d from CPB to CPB NK-12 (Figure S1lc, S11d) could be attributed
to the NK-12 ligand-induced structural changes forming dual phase CPB/CP,B;

nanostructures, which corroborates with the earlier report. !
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Figure S12. XPS analysis of CPB NK-12 before and after FcS4 addition. (a) XPS survey scan
of CPB NK-12 and CPB NK-12+FcS4 sample. (b), (¢) and (d) Comparative high-resolution
XPS spectra of N 1s, Pb 4f, and Br 3d, respectively, for CPB NK-12 before and after adding
FcS4.

Figure S12b shows a small increase in the binding energies of -NH3™ (401.82 eV) and -NH,
(399.91 eV) peaks in the high-resolution N 1s spectra after FcS4 addition to CPB NK-12. While
the binding energies of Pb 4f and Br 3d peaks are slightly decreased, as seen in Figure S12¢
and S12d, respectively. This supports our hypothesis that the improved FcS4 binding with
CPB NK-12 is owing to the coulombic attraction between the positively charged NK-12 ligand
attached to the NC surface and the FcS4 molecule with -COOH functional group.
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