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ABSTRACT: Using ligand exchange on FAPbI; perovskite
nanocrystals (PNCs) surface with chiral tridentate L-cysteine (L-
cys) ligand, we successfully prepared chiral FAPbl; PNCs that
show circularly polarized luminescence (CPL) (dissymmetry
factor; g, = 2.1 X 107%) in the near-infrared (NIR) region from
700 to 850 nm and a photoluminescence quantum yield (PLQY)
of 81%. The chiral characteristics of FAPbI; PNCs are ascribed to
induction by chiral L/D-cys, and the high PLQY is attributed to the
passivation of the PNCs defects with r-cys. Also, effective
passivation of defects on the surface of FAPbI; PNCs by L-cys
results in excellent stability toward atmospheric water and oxygen. The conductivity of the L-cys treated FAPbI; NC films is
improved, which is attributed to the partial substitution of L-cys for the insulating long oleyl ligand. The CPL of the L-cys ligand
treated FAPbI; PNCs film retains a gj,,, of —2.7 X 107, This study demonstrates a facile yet effective approach to generating chiral

PNCs with CPL for NIR photonics applications.

As one of the novel optical properties of chiral materials,
circularly polarized luminescence (CPL) in different
wavelength regions is of strong interest in photonics
applications.' ™ In particular, the near-infrared (NIR) CPL
has potential applications in chiral synthesis, biology, and
communication, attributed to its combination of chiral
characteristics and high penetration."™® To date, few NIR
CPL materials have been reported, mainly based on lanthanide
complexes,”” organic helical polymers,”” and small organic
molecules (SOM).'”"" However, these materials suffer from a
low photoluminescence quantum yield (PLQY) and complex
preparation. The lanthanide complexes tend to have a
relatively high dissymmetry factor (g,,) besides low PLQY,
which is attributed to the Laporte-forbidden nature.'”"?
Meanwhile, according to energy gap theory, the design of
organic molecules for superior NIR CPL (650—900 nm) is
highly difficult.”’* Both helical polymers and SOM used for
NIR CPL have low PLQY as well as requiring tedious
preparation.®™ "'

Metal halide perovskites have great potential for superior
NIR CPL due to their extreme brightness, high PLQY, and
coverage of visible to NIR optical emission.''® Outstanding
chiral properties can be obtained through the regulation of
nanostructure, the incorporation of chiral ligands, or the
change of chemical environment.'” ™"’ Among them, the
incorporation of chiral ligands has become a popular approach
to realize chiral perovskite nanocrystals (PNCs) because of its
low cost and easy implementation."”””*" Some chiral ligand-
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induced PNCs have been reported for CPL, which have mainly
concentrated in the visible region.”*”**

In this work, we prepared FAPbI; PNCs with induced CPL
in the NIR region using ligand exchange. In the process of
FAPbI; PNCs synthesis, the conventional oleyl ligands
(oleylamine (OAm) or oleic acid (OA)) are partially replaced
by chiral tridentate L-cysteine (L-cys) ligands, which not only
induce CPL of PNCs due to the chiral characteristics of L-cys
but also effectively passivate the surface defects.”>~>” The CPL
tests have shown that L-cys treated FAPbI; PNCs exhibit a
CPL signal between 700 and 850 nm and a maximum g, of
2.1 X 1073, while the PLQY of PNCs reaches 81%. Moreover,
the time-dependent PL and X-ray diffraction (XRD) indicate
that the L-cys treated FAPbI; PNCs have excellent stability
toward water and oxygen. In addition, we additionally prepare
thin films of FAPbI; PNCs using L-cys postprocessing to
explore their potential for applications in spintronics devices.
The electrochemical impedance spectroscopy (EIS) and CPL
measurements of their films show that the conductivity of the
L-cys treated FAPbI; NCs films is improved while the CPL
features are retained with a maximum g, of —2.7 X 107*.
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Figure 1. a) XRD patterns, b) TEM, c¢) HRTEM, d) UV—vis absorption, e) PL spectra (excited by 365 nm), and f) TRPL (excited by 405 nm) of
the control and the L-cys treated FAPbl; PNCs (15 mg/mL in toluene).

The hot injection method was used to synthesize the FAPbI;
nanocrystal.”**’ Meanwhile, 1-cys was directly added in the
process of synthesizing nanocrystals. The effect of L-cys on the
crystallization process of FAPbI; PNCs was investigated by
XRD. Figure S1 shows the XRD of all concentrations of L-cys
treated FAPbI; PNCs, which are all maintained in the cubic
phase. Furthermore, locally amplified XRD is shown in Figure
la, demonstrating that the relative strength of the (0 0 2)
diffraction peak of FAPbI; PNCs after L-cys treatment is
enhanced. This predicts that L-cys does not disrupt the crystal
structure of FAPbI; while directing its crystal selective growth
along the (0 0 2) plane to form relatively small-sized
nanocrystals, which may be more stable.”>*’

Transmission electron microscopy (TEM) was used to
further investigate the FAPbI; PNCs. As shown in Figure 1b
and Figure S2, the FAPbI; PNCs treated with 15%, 30%, and
45% L-cys had an average grain size of 35.1 16.5, and 19.5 nm,
respectively, while the control PNCs had larger PNCs with an
average grain size of 55.4 nm (Figure S3). This can be
attributed to the fact that L-cys forms more stable coordination
interactions with the nanocrystal surface than the oleyl ligand,
thus preventing their further growth and reducing nanocrystal
size.”” Furthermore, the HRTEM of 30% L-cys treated FAPbI,
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PNCs in Figure lc reveals the lattice stripe corresponding to
the (0 0 2) plane of the cubic structure, which agrees with the
XRD outcome.”

We used UV—vis absorption to evaluate the effect of L-cys as
a surface ligand on the FAPbI; PNCs. As seen in Figure. 1d,
there is a blue shift in the absorption band edge of the FAPbI,
nanocrystal as the percentage of L-cys added increases from 0%
to 45%. The PL intensity of L-cys treated FAPbI; PNCs is
shown in Figure le, which also appears to be blue-shifted. This
is consistent with the TEM results, where the nanocrystal size
reduction leads to the blue-shifted phenomenon.’”** Tt is
attributed to the size-dependent bandgap variation from
quantum confinement. Moreover, the PL intensity of L-cys
treated FAPbI; PNCs is enhanced compared to the control
sample (Figure le). This is attributed to the fact that short-
chain ligands L-cys can overcome the steric hindrance brought
by long-chain ligands (OAm or OA) to approach the surface of
nanocrystals, effectively passivating defects and reducing
nonradiative recombination.*®

We further investigated the time-resolved PL (TRPL) of L-
cys treated FAPbI; PNCs, as shown in Figure 1f. The double-
exponential function is used to fit the TRPL curve well,* and
all parameters are listed in Table S1. Compared with control
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Figure 2. XPS spectra of a) S 2p and b) Pb 4f for the control and the 1-cys treated FAPbI; PNCs, c) liquid-state *C NMR of the L-cys-HI/Pbl,
mixture in DMSO-dg, d) FTIR spectra, and e) and f) projection mapping of temperature-dependent photoluminescence of the control and the L-

cys treated FAPbI; PNCs.

PNCs, all concentrations of L-cys treated FAPbI; PNCs show a
longer average carrier lifetime (Tavg). Moreover, the optimal
passivation effect is achieved when the content of L-cys reaches
30%. The 30% L-cys treated FAPbI; PNCs have the longest 7,,,
of 252.6 ns, wherever the control PNCs have a 7,,, of 39.1 ns
(Table S1). This indicates that the nonradiative recombination
of FAPbI; PNCs is maximally suppressed when 30% L-cys is
used for ligand exchange on it. Meanwhile, PLQY is adopted to
further explore the passivation effect of L-cys on the surface
defects of FAPbI; PNCs. The original data are shown in Figure
S4, and the comparison of PLQY values of FAPbI; PNCs
treated with different contents of L-cys is shown in Figure 1f.
The 30% L-cys treated FAPbI; PNCs have a champion PLQY
(81%), wherever the control PNCs get a PLQY of 60%. This is
consistent with the TRPL as well as PL findings that the
radiative recombination of 30% L-cys treated FAPbI; PNCs is
improved. The FAPbI; PNCs treated with excessive L-cys
(45%) obtained lower PLQY (72%), which may be attributed
to the change of the coordination mode between L-cys and
FAPbI; PNCs surface under high concentrations of L-cys,
which eventually led to an unexpected effect.”

Figure 2a,b shows the X-ray Photoelectron Spectroscopy
(XPS) analysis of the control and L-cys treated FAPbI; PNCs.
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The high-resolution XPS spectra of S 2p, Pb 4f, and I 3d are
calibrated with C 1s. As shown in Figure 2a, the S 2p
characteristic peak belonging to L-cys is detected at 163.28 eV
in L-cys treated FAPbI; PNCs. This indicates that L-cys is
successfully attached to the surface of FAPbI; PNCs.”””’
Moreover, Figure 2b shows that the 4f,, and 4f;;, of L-cys
treated FAPbI; PNCs move toward higher binding energies to
137.38 and 142.28 eV, respectively, compared to the 4f;, at
137.29 eV and 4f;,, at 142.19 eV of the Pb 4f spectrum in
control PNCs. This is due to the strong chemical bonding
effect between L-cys and FAPbI; PNCs, which leads to changes
in the chemical environment on the surface of FAPbI,
PNCs.””** Meanwhile, as shown in Figure S5, the peaks of
the 3ds,, and 3d;,, of the I 3d spectrum in L-cys treated
FAPbI; PNCs shift to 618.16 and 629.62 eV, respectively,
wherever the peaks of control PNCs are located at 618.08 and
629.47 eV. This is caused by the changed chemical bond
between Pb and I, which is influenced by the chemical bond
effect between Pb and S.>” We additionally employed liquid-
state '3C NMR to probe the chemical coordination effects
between Pb and S by characterizing the L-cys/Pbl, mixture in
Figure 2c. The chemical shift of S-linked C in pure L-cys
induces a downfield chemical shift in the L-cys/Pbl, mixture.
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Figure 3. a) CD spectra of L/D-cys treated FAPbI; PNCs. b) CPL and DC of 1/D-cys treated FAPbI; PNCs (15 mg/mL in toluene) excited by 365
nm. c¢) Schematic illustrations of L-cys treated FAPbl; PNCs. d). Time-dependent PL in water. e) and f) Time-dependent XRD for the control
FAPbI; PNCs and the FAPbI; PNCs with 30% L-cys in the air with an average humidity of 75%.

This is due to the implication of changes in the electron cloud
density around the nucleus of the sulfur atom caused by
chemical coordination between Pb—S. Figure 2d shows the
changes in the Fourier transform infrared (FTIR) spectroscopy
of FAPbI; PNCs after L-cys treatment. Under the condition of
keeping the same amount of control and L-cys treated FAPDI,
PNCs used in the preparation of test samples, we observed a
decrease in the strength of C—H stretching peaks (2923 and
2856 cm™') which partially belong to the oleyl ligand.*
Meanwhile, the absorption peaks at 1059 and 939 cm™!
correspond to the N—H rocking vibrational and the S—H
bending vibrational, which belong to L-cys and are observed in
the infrared spectral fingerprint region of L-cys treated FAPDI,
PNCs.” This indicates that the proportion of long-chain
ligands on the FAPbI; PNCs surface is reduced, and L-cys
successfully lands on it. Temperature-dependent PL was used
to study the effect of L-cys treatment on the thermal stability of
FAPDI; PNCs. The different color plots in Figure 2e,f show the
positions and intensities of PL peaks at different temperatures.
As shown in Figure 2e,f, starting at temperatures of about 175
K, the PL peak position begins to mutate in both control and -
cys treated FAPbI; PNCs. This is attributed to the fact that
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FAPDI; has a phase transition from the rhombic to the
Theodoric phase near 165 K.** When the temperature is
higher than 175 K, the peak position of FAPbI; PNCs will
significantly shift blue with increasing temperature regardless
of whether L-cys is used to treat it. This is due to the widening
of the band gap caused by lattice expansion in increasing
temperatures.”~* In Figure 2e, the PL intensity of control
FAPbI; PNCs decreases with increasing temperature, owing to
phonon-assisted relaxation.*” As shown in Figure 2f, the PL
intensity of L-cys treated FAPbI; PNCs increases with
increasing temperature, which is the opposite of control
FAPbI; PNCs. This may be due to the strengthening of the
chemical relationship between L-cys and FAPbI; PNCs as the
temperature increases. The sulfur atom in L-cys may serve to
fill the iodine vacancy and passivate iodine defects on the
surface of FAPbI; PNCs to improve the photoactivity of
FAPbI; PNCs,””** and this process is thermally activated.*"*
This phenomenon reveals the possibility of L-cys treated
FAPDI; PNCs for stable operation of LED devices. It seems to
maintain high PLQY at the joule heat generated by device
operation due to its thermally activated PL.

https://doi.org/10.1021/acs.jpclett.3c01184
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https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01184?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
a 6000 R
Control b Y TSR “_“u'-
) ?‘J IV (] .‘ R
5000 R W/30% L-cys 2 ' :;;. . L
g v\."m’b I ", Y
= 2 DT ,df '
) v X
. 4000 1 = [ [
q o 4 ‘-”“:‘m ’ ,"""‘
~ FAPDI, flim W/ 30% L-cys A
= 3000+
N
20001 2 03
o
1000 4 =
§' N 1
0 1000 2000 3000 4000  S000 6000 600 650 700 750 800 850

ALY

Wavelength (nm)

Figure 4. a) EIS of the FAPbI; PNCs film with and without 30% L-cys. b) CPL and DC of the FAPbI; PNCs film with 30% L-cys.

As shown in Figure 3a, the circular dichroism (CD) of L/p-
cys treated FAPbI; PNCs is measured to explore the effect of
30% L/D-cys on the optical chirality of FAPbI; PNCs. The CD
spectrum starts to show signals around 760 nm, which is
completely different from that of L/p-cys (Figure S6). The
intensity of the CD spectrum increases dramatically as the
wavelength lowers, most likely due to its positive association
with UV—vis absorption.””***” That means that the CD signal
is coming from FAPbI; PNCs. This proves that CD-active
chiral perovskites were successfully induced by L/p-cys’s chiral
properties.”” Figure 3b and Figure S7 show further
examination of the CPL of FAPbI; PNCs treated with different
amounts of L-cys, demonstrating a DC (nonpolarized
fluorescence) spectrum between 700 and 850 nm, which is
similar to the PL spectrum. And, the CPL of these FAPbI,
PNCs also displays a signal in the same range, suggesting that
L-cys successfully induces the CPL signal of FAPbI; PNCs.
The maximum g, of the CPL signal was calculated to be 1.3
X 1073, 2.1 X 1073, and 0.9 X 1073 for 15%, 30%, and 45% L-
cys treated FAPbI; PNCs respectively, which was measured
experimentally using a JASCO CPL-300 spectrometer. As the
L-cys content increased, the g, of FAPbI; PNCs increased
initially and then decreased. This is likely due to the
coordination mode between L-cys and FAPbI; PNCs
transitioning from tridentate to bidentate coordination when
the L-cys content surpasses 30%, thus affecting the chiral
characteristics of FAPbI, PNCs.>® Meanwhile, the influence of
the synthesis temperature on the CPL of nanocrystals had been
investigated. Figure S8 shows the CPL signals of nanocrystals
at synthesizing temperatures of 323 and 383 K, corresponding
t0 Gium = 1.6 X 107 and 1.9 X 1073, respectively. It proves that
the synthesis temperature has little effect on the CPL signal,
with the g, value remaining around 107>, The CPL signal
clearly shows little sensitivity to the synthesis temperature,
with the g, value maintaining close. The chiral characteristics
of FAPbI; PNCs may have originated from this process:
smaller PNCs produced by 1/p-cys modification have a higher
surface-to-volume ratio, which, in turn, allows more L-cys to
attach to the surface of PNCs. The distance between L/D-cys
and the electronic states in the core PNCs is short, which
causes L/D-cys treated FAPbI; PNCs to produce significant
lattice distortion”™*® and electronic coupling"”*” to produce
optical chiral effects.”> Consequently, the chiral FAPbI, PNCs
can achieve CPL upon excitation, and this process is shown in
Figure 3c.
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Meanwhile, we explored the effect of L-cys on the stability of
the FAPbI; PNCs. First, as shown in Figure 3d, the PL decay
rate of FAPbI; PNCs dispersed in water is used to measure it.
The Ty, (the time for 50% of peak PL) of L-cys treated FAPbI,
PNCs is extended to 455s, while the T, of control FAPbI,
PNCs is only 90 s. Further, we continuously monitored the
XRD of FAPbI; PNCs exposed to the atmosphere to assess the
effect of L-cys on the crystal phase stability of the FAPbI,
PNCs. Figure 3e shows that the hexagonal yellow () phase
was quickly observed in the time-dependent XRD of control
FAPbI; PNCs and occupied a dominant position over
time.””>> And Figure 3f shows that L-cys treated FAPbI,
PNCs remain optically active cubic (@) phases after
continuous exposure to the atmosphere for about 30 days.
Meanwhile, the optical stability of L-cys treated FAPbI; PNCs
had been investigated. Figure S9 indicates that, after 30 days of
storage, the PL intensity had retained 70% of the original peak,
in comparison to that of the control FAPbI; PNCs, which had
retained 0.84% of the original peak. The significant improve-
ment in the stability of FAPbI; PNCs may be attributed to the
strong Pb—S chemical coordination effect between r-cys and
FAPbI; PNCs, which stabilizes surface defects of FAPbI,
PNCs and reduces interaction with environmental species
such as oxygen and water.”’

Ultimately, the FAPbI; PNCs need to be purified to prepare
thin films that can be assembled into devices to achieve
application value. Overall, the relevant properties of FAPbI;
PNCs in thin film form profoundly affect its prospects for
applications in various optoelectronic devices. During the
purification process, the FAPbI; PNCs inevitably lose a large
number of surface ligands, resulting in fluorescence quenching.
We overcame this by readding L-cys in the purification process.
We used EIS to evaluate the charge transport capacity of the
FAPbI; PNCs films. The measurement method reported
previously was adopted,””** as shown in Figure SI10.
Meanwhile, to eliminate the influence of film thickness on
the results,” a unified spinning coating process was adopted to
prepare the film. SEM of the thin film cross-section shows that
control and L-cys treated FAPbI; PNCs film are close in
thickness (Figure S11). As shown in Figure 4a, we show the
charge-transfer (R¢r) ability of the FAPbI; PNCs film. The L-
cys treated FAPbI; PNCs film has a smaller Rcr, which means
its charge-transfer ability is improved.”* This is due to the
partial substitution of L-cys for the insulating long oleyl ligand.
Moreover, as shown in Figure 4b, we measured the CPL of the
L-cys treated FAPbI; PNCs film, which still maintains CPL at
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700—800 nm with a maximum g, of —2.7 X 10~* The CPL
signal of FAPbI; PNCs film is the opposite of that of FAPbI,
PNCs colloidal solutions, which could be attributed to the
alteration of the chemical environment caused by secondary
exchange of ligands on the nanocrystal surfaces, along with
rearrangement of nanocrystals due to solvent volatilization
during annealing,*®

In summary, FAPbI; PNCs with NIR CPL were synthesized
by modification with chiral tridentate L-cys ligand during the
hot injection method. The CD and CPL tests showed that
chirality of FAPbI; PNCs was successfully induced, and the -
cys treated FAPbI; PNCs exhibit a CPL signal ranging between
700 and 850 nm and a maximum g, of 2.1 X 107>, while the
PLQY of PNCs reaches 81%. TRPL and PLQY measurements
showed that defects in FAPbI; PNCs were reduced after the -
cys treatment. Time-dependent XRD study shows that the L-
cys treated FAPbI; PNCs are stable for over 30 days. In
addition, the EIS and CPL of the films show improved
conductivity and retained CPL of L-cys treated FAPbI; PNCs
films. This study demonstrates that chiral amino acids can
serve as unique short-chain ligands for the synthesis of stable
PNCs with CPL.
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