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ABSTRACT: Inspired by biomineralization, the recent incorporation of organic

molecules into inorganic lattices shows interesting optical properties and a—
tunability. We functionalize all inorganic CsPbBr; perovskite nanocrystals C3PbBr|NCs

(PNCs) with amino acid (AA) cysteine using the water-hexane interfacial
approach. Along with the AA cysteine, we added AuBr; salt into the aqueous
phase, leading to the formation of a Au-cysteine thiolate complex to activate the
aqueous to nonaqueous phase transportation of the AA via a molecular shuttle,
oleylamine. The interaction between CsPbBr; PNCs and the Au-cysteine thiolate
complex is probed using optical spectroscopy, which reveals dimensional
reduction of the parent PNCs to form CsPbBr; nanoplatelets (NPls) and A W
subsequent phase transformation to CsPb,Brg NPIs. X-ray diffraction, X-ray /—?\: :)
photoelectron spectroscopy, and high-resolution transmission electron micros- * Amf,\,oAcid
copy conclusively support the above chemical transformation reaction via

interfacial chemistry. We propose a mechanistic insight into the dimensional growth in one direction in the presence of AAs via
preferential ligand binding to specific facets, leading to transformation from 3D cubes to 2D NPIs, while, presumably, the phase
transformation occurs via the CsBr stripping mechanism upon prolonged interaction with water. Since AAs are building blocks for
several redox-active complex biological moieties, including proteins, investigation of the interaction of AAs with PNCs may be
advantageous since the latter can act as a fluorescent probe for bioimaging application.

CsPb,Brs NPIs

HEXANE

WATER

properties of the CsPbBr; PNCs. While recently, AA

B INTRODUCTION
To enhance the functionality of a semiconductor crystal, incorporation in dlffereflt 'semlcond.ucto.r materlal.s he}s
attracted researchers, their incorporation in perovskites is

tuning its optical properties is essential, eventually allowing us -
& p prop ’ 1, 4 5 rare.”””?! Halide PNCs are a recent entrant in the semi-

to use them for a broad range of applications. %2 One can tune . - 3
the optical properties by changing the band gap of the conductor community due to their excellent optoelectronic
semiconductor material, e.g., by varying the size, composition, pro.pe.rt1es, egabhng thzezrzlzéto be used. in photovoltaic, light-

emitting devices, etc. The halide PNCs are surface

and doping. ™ " Changing the dimension (eg, 3D to 2D) is functionalized with long-chain fatty acid ligands, e.g, oleic

also another important means to tune the optical band gap acid (OA), oleylamine (OLA), which are essential for their

. . .67 . -
without changing the composition.”” Chemical transformation colloidal stability.22’27 Importantly, the choice of ligands is
crucial for controlling the size, shape, and morphology of

of a semiconductor to a different phase may also lead to optical
roperty tunability.”” Recently, inspired by biomineralization
prop v . v V) INSpL v oo ) PNCs, eventually governing the optical tunability.”® Recent
manipulation of the band gap via incorporation of organic 4 o T e
work on PNCs using zwitterionic ligands (lecithin) shows
enhanced surface interaction, causing precise control over the

molecules in the inorganic lattice has emerged.m_14 For
example, semiconductors ZnO and Cu,O exhibit substantial . S . DR
P& 2 size of the NCs.”® AAs, on the other hand, exhibit zwitterionic
characteristics and therefore may establish strong surface

band gap opening in the presence of amino acids (AA), and
the magnitude of the band gap opening is dependent on the coupling with the PNCs. Early work shows that functionaliza-
tion of PNCs with small molecules is advantageous in opening

AA concentration.'>™"® The inhomogeneous distribution of
the AA within those semiconductors results in the introduction

of the confinement effect, leading to a blue shift in the optical
spectra due to band gap opening.'®'® It is important to note
that AAs are the building blocks of the complex biological
system; therefore, unraveling the interaction between AA and
semiconductors and their consequences on the optical
properties may be advantageous for the use of semiconductors
in bioimaging.

In this work, we functionalize CsPbBr; perovskite nano-
crystals (PNCs) with AA cysteine to manipulate the optical
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charge (electron) and energy transfer pathways, eventually
beneficial for solar energy harvesting.’°~* Similarly, AA
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Figure 1. Schematic illustration showing the chemical transformation of green-emitting 3D cubic CsPbBr; NCs to blue-emitting 2D nanoplatelets
in the presence of amino acid (AA) cysteine in the water-hexane interface.
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Figure 2. Optical absorption and PL spectra of (a) the untreated, (b) AA (Au)-treated, and (c) AA (Au-OLA)-treated CsPbBr; PNCs. (Inset b)
The corresponding AA (Au)-treated PNCs after centrifugation, showing pronounced absorption resonance due to thin CsPbBr; NPIs. (d) Time-

resolved PL decay traces of the corresponding PNCs.

functionalization in PNCs may lead to shaping of their optical
properties, which remains elusive to date.

In particular, we functionalized CsPbBr; PNCs with AA
cysteine using a water-hexane interfacial strategy where the AA
cysteine comes from the aqueous phase. In this water-hexane
interfacial strategy, the surface-capped OLA ligands from
CsPbBr; PNCs act as a molecular shuttle that transports
molecules from the aqueous to the nonaqueous phase. To
facilitate the molecular shuttling, in addition to AA cysteine,
we added AuBrj; salt in the aqueous phase, which resulted in
the formation of a Au-cysteine thiolate complex. The complex
then travels from water to the hexane phase via the OLA
molecule, leading to the chemical transformation of CsPbBr;
PNCs to the corresponding nanoplatelets (NPls), and finally to
CsPb,Br; NPIs, both of which are decorated with Au particles.
Blue-shifted optical absorption and photoluminescence (PL)

31027

spectra support the formation of CsPbBr; NPls, which further
shifted to the UV region for CsPb,Brs NPls. We performed X-
ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR) spectroscopy, and
high-resolution transmission electron microscopy (HRTEM)
to support their formation. Finally, we provided a mechanism
for the dimensional reduction and phase transformation of the
CsPbBr; PNCs upon interaction with the Au-cysteine thiolate
complex at the water-hexane interface. The interfacial chemical
transformation reaction of PNCs using AA may find promising
applications for the development of new materials with tunable
optical properties.

B RESULTS AND DISCUSSION

We functionalized halide PNCs with AA cysteine at the water-
hexane interface, where the AA comes from an aqueous
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solution, while the PNCs stay in hexane (Figure 1). To this
end, we first prepared colloidal CsPbBr; PNCs using our
earlier recipe, containing both oleic acid (OA) and oleylamine
(OLA) as ligands, which show intense green PL under UV
light, having ~80% PL quantum yield (PLQY).”” On treating
the hexane solution of CsPbBr; PNCs with the AA-saturated
aqueous solution in the presence of Au, the green PL turns into
a weak blue PL, as shown in Figure 1. The detailed synthesis
procedure of AA-functionalized PNCs is described in the
Experimental Methods section. A drastic blue shift of ~820
meV in the absorption spectra is observed, as will be revealed
later, which indicates a structural or morphological change, or
introduction of a strong quantum confinement effect.'™***°
Earlier, a blue shift in the optical absorption spectra was
observed upon AA incorporation in semiconductor materials,
which was correlated with the quantum confinement effect,
where the magnitude of the blue shift (~300 meV) was
smaller.'”'® Recently, the water-hexane interfacial strategy has
been employed on a few occasions for chemical transformation
of PNCs.”**™* In our recent works, we have shown that
transportation of metal salts from the aqueous to nonaqueous
phase leads to formation of doped or hybrid PNCs.*~*
Similarly, the AA cysteine may travel from the aqueous to the
hexane phase to incorporate into PNCs, leading to AA
functionalization on the PNCs. To understand the effect of the
AA cysteine on the CsPbBr; PNCs along with the transport
process from the aqueous to the hexane phase, we carried out
detailed optical and morphological measurements, as discussed
in the subsequent sections.

Figure 2a shows the optical absorption and PL spectra of
untreated CsPbBr; PNCs. The optical absorption spectrum
shows an exciton absorption at 500 nm and a PL maximum at
510 nm. On treating the PNCs with AA cysteine-saturated
aqueous solution, an additional blue PL appears at 450 nm,
however, without any corresponding/clear signature in the
absorption spectrum (Figure S1). The blue PL at 450 nm
indicates a morpholo%ical change or introduction of a quantum
confinement effect, **** possibly due to AA cysteine
functionalization in CsPbBr; PNCs. Since we have not
observed corresponding/clear changes in the absorption
spectrum, the AA transportation from water to hexane might
not be enough to induce corresponding changes in the
absorption spectrum. This is possibly due to weak or no
interaction between the shuttling ligand OLA and the AA
cysteine, unlike our recently reported strong interaction of
OLA with metal (e.g, Mn, Au) salts.**?

Since cysteine makes strong interactions with Au atoms via
the S end, to activate the interaction between the shuttling
ligand OLA and AA cysteine and to initiate the cysteine
transportation from water to the hexane phase, we added
AuBr; salt in the aqueous solution in addition to the AA
cysteine (hereafter, AA (Au)-treated PNCs). The correspond-
ing optical absorption and PL spectra of the AA (Au)-treated
PNCs are shown in Figure 2b. In addition to the broad exciton
absorption at 500 nm, similar to that of the untreated CsPbBr;
PNCs, a sharp and pronounced strongly blue-shifted (~410
meV) absorption resonance is observed at 429 nm. Similarly,
along with a strong PL at 510 nm from the untreated CsPbBr;
PNCs, a new blue-shifted PL at 431 nm is observed with an
overall PLQY of ~9%. It is important to note that the new
blue-shifted absorption resonance and PL have only a 2 nm
Stokes shift compared to the ~10 nm Stokes shift in the
untreated PNCs. Earlier, a sharp and pronounced absorption

resonance in a similar spectral position along with a
significantly smaller Stokes shift was observed in thin (2-
monolayer) CsPbBry NPIs.*"**~* This led us to hypothesize
that on treating with AA (Au) aqueous solution, parts of the
CsPbBr; PNCs chemically transform into thin CsPbBr; NPlIs
having blue-shifted optical spectra due to the quantum
confinement effect, where the AA cysteine plays an important
role, which we will reveal later in this report. Here the obtained
NPIs show a quantum confinement effect as the width of the
NPIs (=4.5 nm, see later) is much smaller than the exciton
Bohr radius of CsPbBry (=7 nm). In effect, we observed
mixtures of CsPbBr; nanocubes and NPIs, both of which
contribute to the optical spectra and can be separated via
centrifugation (inset in Figure 2b).

To further increase the AA cysteine transportation from the
aqueous to hexane phase, we added excess OLA ligand in the
hexane phase to enhance the shuttling effect. The optical
absorption and PL spectra of the resulting AA (Au-OLA)-
treated PNCs are shown in Figure 2c. Surprisingly, the optical
features of the untreated CsPbBr; PNCs disappear completely,
and an entirely new optical behavior can be observed in the AA
(Au-OLA)-treated PNCs, which are further blue-shifted from
the AA (Au)-treated PNCs. The observation suggests that an
even stronger morphology evolution of the parent CsPbBr;
PNCs via AA cysteine functionalization has occurred. A strong
absorption resonance at 375 nm, along with a shoulder at 355
nm, is observed in the absorption spectrum. The correspond-
ing PL spectrum shows an extremely weak (PLQY < 0.1%) but
clear broad PL between 380—500 nm, with a peak maximum at
415 nm. The emergence of the stark blue-shifted optical
spectra indicates that a new morphology evolution has taken
place upon AA cysteine functionalization via the chemical
transformation of CsPbBr; PNCs, which we identified as the
CsPb,Br; phase. Earlier Zhang et al. synthesized CsPb,Br;,
which has optical absorption and PL in the UV region, like
ours.”® A few other groups also reported the optical spectra of
the CsPb,Brs phase in a similar region, further stren§thening
our claim of formation of the CsPb,Brs phase.””*® To
emphasize the generality of this chemical transformation
approach, we investigated the interaction of CsPbBr; PNCs
with other AAs, e.g., threonine, and the corresponding
absorption and PL spectra are shown in Figure S2. Similar
to cysteine-treated CsPbBr; PNCs, both the absorption and PL
spectra of the threonine-treated CsPbBr; PNCs depict a strong
blue shift, directing the formation of CsPb,Brs NCs.

To understand the excited-state dynamics of the untreated
and AA-treated CsPbBr; PNCs, we performed time-resolved
PL measurements upon 374 nm pulse laser excitation. Figure
2d shows the time-resolved PL decay traces of the untreated,
AA (Au)-treated, and AA (Au-OLA)-treated CsPbBr; PNCs.
The time-resolved PL decay trace of the untreated CsPbBr,
PNCs can be fitted biexponentially, with 1.4 and 6.3 ns
components, having an average excited-state lifetime of ~3.7
ns (Table S1). The AA (Au)-treated PNCs, which later we
identified as thin CsPbBr; NPIs, show a slightly faster PL decay
(71 = 1.17 ns and 72 = 4.5 ns), having an average excited-state
lifetime of ~3 ns. The excited-state lifetime reduces drastically
with a major fast 0.3 ns and a minor slow 3.3 ns component
(Tag ~ 0.74 ns) in the AA (Au-OLA)-treated PNCs,
corresponding to CsPb,Brs PNCs. The 0.3 ns component is
consistent with the fast direct to indirect nonradiative process,
while the slow component is the charge carrier recombination
in this indirect semiconductor.
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Figure 3. (a) XRD pattern of the untreated, AA (Au) treated, and AA (Au-OLA) treated CsPbBr; PNCs. (b) High-resolution XPS spectra of (i),
(ii) Pb 4f and (iii), (iv) Cs 3d peaks of AA (Au-OLA) treated and untreated CsPbBr; PNCs, respectively.
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Figure 4. (a) FTIR spectra of cysteine, AA (Au)-treated, and AA (Au-OLA)-treated CsPbBr; PNCs. The shaded regions indicate two characteristic
peaks of cysteine due to S—H and N—H vibrations. (b) High-resolution XPS spectra of S 2p and Au 4f of AA (Au-OLA)-treated CsPbBr; PNCs.

Further investigation of the structure, bonding, and
morphology of the untreated and AA-treated PNCs was
carried out using XRD, XPS, FTIR, and TEM measurements.
The XRD pattern of the untreated PNCs shows diffraction
peaks at 260 = 15, 22, and 30°, corresponding to (100), (110),
and (200) planes, respectively. The XRD pattern of the AA
(Au)-treated PNCs shows a series of diffraction peaks in the
low-angle region, along with the diffraction peaks at 20 = 15
and 30° for CsPbBr; crystal. The series of diffraction peaks in
the low-angle XRD was earlier referred to as the reflections
from stacked NPIs.*"*’ Combining pronounced absorption
resonance and blue-shifted optical spectra along with the series
of low-angle diffractions in XRD measurement strengthens our
claim of the formation of CsPbBr; NPls upon AA (Au)
treatment. Similarly, the XRD pattern of the AA (Au-OLA)-
treated PNCs shows a few characteristic peaks of CsPb,Br;,
e.g, (112), (210), and (213), along with a series of diffraction
peaks in the low-angle region, corresponding to stacked
CsPb,Br; NPIs. Moreover, we perform XPS measurements for
the untreated and AA (Au-OLA)-treated CsPbBr; PNCs, and
the corresponding high-resolution spectra for Pb 4f and Cs 3d
peaks are shown in Figure 3b. Although no clear shift is

31029

observed in the main Pb 4f peaks, a clear shift to higher energy
is observed in the Cs 3d peaks from untreated to AA (Au-
OLA)-treated CsPbBry; PNCs, supporting electron-deficient
CsPb,Br; formation.

To shed light on the bonding of AA cysteine to perovskites,
we performed FTIR measurement of cysteine, untreated, and
AA cysteine-treated PNCs, i.e., AA (Au)- and AA (Au-OLA)-
treated samples (Figures 4a and S3). The cysteine FTIR
spectrum is characterized by an absorption peak at 2550 cm ™
due to S—H stretching vibrations and another at 2080 cm™
due to N—H stretching vibrations (Figure 4a).”° Upon treating
the PNCs with AA (Au) and AA (Au-OLA), both absorption
features disappear. This observation directs cleavage of the S—
H bonds to form the Pb—S/Au-S bond, as well as the
basification of the NH;" group of the cysteine takes place
during the synthesis.”” Thus, we may conclude that the phase
transition is indeed caused by the AA cysteine.

We further investigated the high-resolution XPS measure-
ments of AA (Au-OLA)-treated CsPbBr; PNCs to unravel the
presence of S and Au in the product. The core-level XPS
spectra of S 2p, /, and 2p;,, of the corresponding sample show
peaks at 163.6 and 159.8 eV, respectively, directing the

1
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CsPbBr; PNCs is treated with AuBr; and cysteine-saturated aqueous solution, i.e., with Au-cysteine thiolate complex. The OLA ligand shuttles the
Au-cysteine thiolate complex from the aqueous to the hexane phase where CsPbBr; PNCs reside, leading to the formation of 2D CsPbBr; NPIs by
preferential binding of the Au-cysteine thiolate complex to a specific crystal facet. With excess of the OLA molecules and prolonged reaction time,
further chemical transformation to 2D CsPb,Brg NPIs takes place via simultaneous Au-cysteine thiolate complex shuttling and CsBr stripping in

hexane and water, respectively.

presence of AA cysteine in the product (Figure 4b).
Importantly, the core-level XPS spectra of Au 4f;,, and 4f;,,
appear to be asymmetric in shape, and the Gaussian fitting
results in two peaks responsible for each Au 4f spectra (Figure
4b). While the lower-binding-energy peaks at 83.9 and 87.6 eV
are responsible for metallic Au (0), the higher-binding-energy
peaks at 84.7 and 88.5 eV can be associated with the Au atom
bonded to the S atom of cysteine (ie, Au—S bond).”'

Similarly, the core-level XPS spectra of Pb 4f;/, and 4f;,, show
additional higher-binding-energy peaks at 140 and 144.6 eV
along with the main 4f peaks at lower binding energy (Figure
3bi) and might be associated with Pb—S bonding. Thus, the
FTIR and XPS results conclusively indicate that the S atoms
are covalently bonded to the Au and Pb atoms on the surface
of PNCs, and that the phase transition is triggered by the AA
cysteine itself.
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The TEM images of the untreated and AA-treated CsPbBr;
PNCs are shown in Figure S. As shown in Figure Sa, the TEM
image of the untreated CsPbBr; PNCs shows a typical cubic
morphology and size of ~13 nm. The TEM images and size
distribution of the AA (Au)-treated PNCs (Figures Sb,c and
S4) show nanoplatelets of dimensions 30 nm X 4.5 nm.
Interestingly, the HRTEM images of the selected region of the
corresponding sample in Figure 5b show a unique arrangement
of NPIs decorated with dark black particles. The I-FFT analysis
of the NPIs reveals a lattice spacing of 0.57 nm, corresponding
to the (100) plane of the CsPbBr; crystal. The dark black
particles, however, are attributed to Au particles.”> This
observation evidently supports that on treatment with AA
(Au), the cubic CsPbBry PNCs transform into CsPbBr; NPIs.

In contrast, the TEM images of the AA (Au-OLA)-treated
PNCs in Figures 5d and S4 show an irregular morphology of
nanoribbons and nanoplates, which we identified as trans-
formation to CsPb,Brs NPIs. Although the obtained CsPb,Br;
NPIs show a somewhat irregular morphology, the optical
spectra are quite robust, as shown in Figure 2¢d. The
formation of CsPb,Brs NPIs is further corroborated by the
HRTEM analysis, which reveals a lattice spacing of 0.268 nm,
corresponding to the (312) plane of the CsPb,Brs phase.”’
The corresponding size distribution analysis suggests that the
dimensions of the obtained NPIs are 66 nm X 16 nm (Figure
Se). Similar to the AA (Au)-treated PNCs, the AA (Au-OLA)-
treated PNCs show dark black Au particles on top of the
CsPb,Br; nanoplates, which, when analyzed by HRTEM
measurement, provides a lattice spacing of 0.23 nm, indicating
the (111) plane of Au (Figure 5dii)."

The mechanistic details of the chemical transformation of
the cubic CsPbBr; PNCs to different morphologies/phases
caused by AA (Au) or AA (Au-OLA) treatment are
schematically depicted in Figure 6. As the ligand, OLA
alone, is not able to shuttle AA cysteine from water to the
hexane phase, we use AuBr; as a mediator to execute the
shuttling. In the aqueous solution, AuBr; and cysteine form a
complex, called Au-cysteine thiolate,”” to which CsPbBr,
PNCs-enriched hexane solution is added. Subsequently, the
excess OLA ligands travel to the interface, coordinate with the
Au atom in the Au-cysteine thiolate complex, and shuttle into
the hexane phase. Finally, the Au-cysteine thiolate complex
interacts with the CsPbBr; PNCs and transforms into CsPbBr;
NPIs. The formation of the Au-cysteine thiolate complex can
be substantiated from the XPS measurement, where clearly
Au—S bond formation has been observed, which eventually
integrates into the perovskite surface upon chemical trans-
formation. Further, the S atom is also covalently bonded to the
surface Pb atoms of the perovskite, as confirmed by FTIR and
XPS results, directing the AA cysteine to be indeed present in
the products. In addition, we believe possibly both the amine
and carboxyl group of the Au-cysteine thiolate complex bind
the perovskite surface to a specific facet, leading to restricted
growth in the corresponding direction only and subsequent
formation of the anisotropic 2D CsPbBr; NPIs. This idea can
be further substantiated by the recent report of the Bawendi
group showing preferential binding of S-based zwitterionic
ligands to specific crystal facets of perovskite, leading to the
formation of corresponding NPIs.> It is important to note that
earlier studies showed that the inhomogeneous distribution of
amino acids in oxide semiconductors introduced a quantum
confinement effect, resulting in a blue shift in the optical
spectra,'®'® which is different from the present study.

Moreover, at the same time, the Au particles are deposited
on the perovskite surface, resulting in the formation of Au-
decorated CsPbBr; NPls.

Upon addition of excess OLA molecules, the shuttling of the
Au-cysteine thiolate complex accelerates drastically, leading to
an enhanced interaction of PNCs with the aqueous solution.
Importantly, prolonging the reaction time for 24—48 h not
only leads to enhanced interaction of the Au-cysteine thiolate
complex with the CsPbBr; PNCs but also increases interaction
with the aqueous solution. As mentioned in the Introduction
section, CsPbBr; PNCs are highly ionic lattices; therefore,
prolonged interaction with water promotes the stripping of the
ionic CsBr salt to the water.” This has been further verified by
measuring the XRD pattern of the white precipitated powder
obtained after the reaction with the AA (Au-OLA)-treated
CsPbBr; PNCs, where some of the XRD peaks showing CsBr
characteristics (Figure SS). In effect, simultaneous dimensional
reduction via preferential binding to specific perovskite facets
and phase transformation to 2D CsPb,Brs NPIs take place.

B CONCLUSIONS

We showed that AA cysteine functionalization in the cubic
CsPbBr; PNCs via water-hexane interfacial chemistry leads to
chemical transformation to CsPbBr; NPIs, and subsequently to
CsPb,Br; NPIs. To facilitate the chemical transformation,
AuBr; salts are added into an aqueous solution that forms the
Au-cysteine thiolate complex, which travels from water to the
hexane phase via the shuttling ligand OLA to initiate the
reaction with CsPbBr; PNCs. The reaction dynamics is probed
using optical spectroscopy, clearly revealing the formation of
CsPbBr; NPIs. On adding excess OLA molecules and
prolonging the reaction time, it leads to the formation of
CsPb,Brg NPIs, as evidenced by the corresponding blue-shifted
optical spectra. Further measurements, including XRD, XPS,
FTIR, TEM, and HRTEM, suggest the formation of Au-
decorated 2D CsPbBr; and CsPb,Bry NPls. We finally
provided mechanistic insights on the dimensional reduction
and phase transformation using Au-cysteine thiolate complex
shuttling into hexane and ionic CsBr stripping into water. We
believe the interfacial chemistry of AA functionalization of
perovskite NCs may open a new avenue to control the optical
properties in the nanoscale.

B EXPERIMENTAL METHODS

1.1. Materials. Cesium carbonate (CsCOj;), lead bromide
(PbBr,), 1-octadecene (ODE), oleic acid (OA), oleylamine
(OLA), L-cysteine, and hexane were obtained from Sigma-
Aldrich.

1.2. Preparation of Untreated CsPbBr; PNCs. Cesium-
Oleate Stock Solution. 133 mg (0.4 mmol) of Cs,CO; was
taken in 10 mL of octadecene (ODE) with 1 mL of oleic acid
(OA) in a 30 mL glass vial and heated to 120 °C, which led to
obtaining a clear transparent solution, implying the formation
of the Cs-oleate stock solution. This solution was then kept at
160 °C.

Hot-Injection Synthesis. A 69 mg portion (0.188 mmol) of
PbBr, was taken in S mL of an ODE with 0.5 mL of OA and
0.5 mL of oleylamine (OLA) in a 30 mL glass vial, heated to
120 °C, and kept for some time until we obtained a clear
transparent solution. The temperature was then ramped up to
175 °C and 0.4 mL of the Cs-oleate stock solution was injected
into this solution. The reaction mixture was then immediately
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quenched in ice-cold water, centrifuged at 10,000 rpm,
redispersed in 1 mL of hexane, and recentrifuged at 6000
rpm. The supernatant was then collected and redispersed in
hexane, which contains the monodisperse CsPbBr; nanocryst-
als, for further use.

1.3. Amino Acid Cysteine Incorporation into CsPbBr;
NCs. Cysteine Stock Solution. 40 mg of L-cysteine was
dissolved in 0.13 mL of milli-Q water to obtain the saturated
cysteine stock solution. The dissolution was performed by
taking the solution in a 2 mL Eppendorf and vortexing it.

Gold (Au) Stock Solution. 10 mg of AuBr; was dissolved in
0.08 mL of milli-Q water to obtain the saturated Au stock
solution. The dissolution was performed by taking the solution
in a 2 mL Eppendorf and vortexing it.

OLA Stock Solution. A 0.01 mL portion of the OLA was
dissolved in 2 mL of hexane to obtain the OLA stock solution.
The dissolution was performed by taking the solution in a 2
mL Eppendorf and vortexing it.

AA-Treated CsPbBr; PNCs. 0.04 mL of the cysteine stock
solution was taken with 0.4 mL of the OLA stock solution in a
2 mL Eppendorf and vortexed for 5 min. The solution was
then kept for about 5 min to settle down, and the water and
hexane phases to separate. The clear upper hexane phase of the
mixture was taken and added to 0.15 mL of CsPbBr; kept in
another 2 mL Eppendorf and vortexed. This solution was kept
for 48 h before performing any measurements on it.

AA (Au)-Treated CsPbBr; PNCs. A 0.2 mL portion of the
CsPbBr; was taken in a 2 mL Eppendorf tube, and 0.3 mL of
hexane was added to it to dilute the solution. 0.02 mL of
cysteine stock and 0.02 mL of Au stock solution were added to
it, and the mixture was vortexed for 1 min. The solution was
then kept for about 5 min to settle down; the water and hexane
phases separated, with a deposition of white powdery
precipitate. The upper hexane phase was extracted and kept
in another 2 mL Eppendorf. This solution was kept for 48 h
before performing any measurements on it.

AA (Au-OLA)-Treated CsPbBr; PNCs. 0.2 mL of the
CsPbBr; was taken in a 2 mL Eppendorf and 0.3 mL of the
OLA stock solution was added to it. 0.02 mL of cysteine stock
and 0.02 mL of Au stock solution were added to it and the
mixture was vortexed for 1 min. The solution was then kept for
about 5 min to settle down; the water and hexane phase
separated, with a deposition of white powdery precipitate. The
hexane phase, which was a little dirty brownish, was extracted
and kept in another 2 mL Eppendorf. This solution was kept
for 48 h before performing any measurements on it.
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