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By employing a chiral spacer in the crystal lattice and another chiral ligand on the
surface of perovskite nanocrystals, we enhance asymmetric light absorption and
delay the spin flip of photogenerated charge carriers. The coexistence of two types
of chiral molecules in low-dimensional perovskite nanocrystals leads to a CPL
signal at room temperature. We also demonstrate the use of these bichiral
perovskite nanoscintillators to improve the reactivity and enantioselectivity of
asymmetric photopolymerization under X-ray irradiation.
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emission in perovskite nanocrystals through
bichiral-molecule-induced lattice reconstruction

Chenlu He, "¢ Jian Qiu,"#¢ Zhen Mu, "¢ Jiaye Chen,"' Yiming Wu,? Zhengzhi Jiang,' Pinzheng Zhang,’

Xian Qin,* Guichuan Xing,>* and Xiaogang Liu"#37*

SUMMARY

Circularly polarized luminescence in halide organic-inorganic perov-
skite nanocrystals is attainable using chiral organic components.
However, this phenomenon is typically restricted to cryogenic con-
ditions due to exciton spin-flip processes. Here, we present a chi-
ral-molecule-mediated lattice reconstruction method to induce
circularly polarized luminescence in hybrid perovskite nanocrystals
at room temperature. By employing a chiral spacer in the crystal lat-
tice and another chiral ligand on the crystal surface, we enhance
asymmetric light absorption and delay the spin flip of photogener-
ated charge carriers, as confirmed by circularly polarized pump-
probe transient absorption spectroscopy. This cooperative interac-
tion among chiral molecules results in circularly polarized emission
with a polarization degree of 5.2% in mixed-phase perovskite nano-
crystals. We demonstrate the application of chiral perovskites as
nanoscintillators, where X-ray-induced asymmetric photopolymeri-
zation is achieved at room temperature through emitted circularly
polarized radioluminescence. This property facilitates controlled in
situ asymmetric photochemical reactions, fostering advancements
in materials, drug delivery, and bioengineering applications.

INTRODUCTION

Halide organic-inorganic perovskites are promising alternatives to conventional
semiconductors for a variety of applications, such as solar cells, lasers, light-emitting
diodes, and photodetectors'™ These materials offer several advantages, including
high defect tolerance, solution processability, and ease of optoelectronic modula-
tion.”'” Due to their predominantly ionic lattice and relatively soft crystal structure,
halide perovskites can accommodate various dopants and organic molecules.”" In
particular, the generation of chiral perovskites by incorporating chiral organic mol-
ecules into the host scaffold has attracted considerable research interest, as the re-
sulting chiral structures could serve as a source of circularly polarized luminescence

(CPL) that facilitates the development of smart optoelectronics and S|ointronics.12'13

Chiral spacers, such as R/S-methylbenzylamine (R/S-MBA), are frequently employed
to synthesize chiral perovskite films with intrinsic circular dichroism (CD). These
spacers can impose symmetry constraints on the atomic geometry, resulting in chiral
perovskite structures that exhibit unique CPL properties under cryogenic condi-
tions.'*'® To date, two-dimensional chiral perovskites have exhibited the highest
degree of polarization (P = 17.6%) at 77 K.'® In another study, a polarization of
approximately 11% was observed for chiral perovskite films with low geometric

4')
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PROGRESS AND POTENTIAL
Chiral perovskite nanocrystals are
promising for optoelectronics and
spintronics due to their circularly
polarized luminescence (CPL).
However, these materials often
lose their CPL properties at room
temperature. This work reports a
simple method to create bichiral
perovskite nanocrystals that
maintain their CPL at room
temperature. By combining chiral
interior spacers and surface
ligands, these nanocrystals
develop a chiral structure that
significantly enhances light
absorption asymmetry. Moreover,
the surface ligands can suppress
the spin flip of the
photogenerated charge carriers.
The coexistence of large
asymmetric light absorption
(circular dichroism) and the
inhibition of spin-flip of carriers
contributes to a CPL signal with
5.2% circular polarization. These
nanocrystals have the potential to
enhance the enantioselectivity of
asymmetric photopolymerization
under X-ray irradiation.
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dimensionality and a mixed-phase structure at 2 K in a 7 T magnetic field."” Despite
the success, the CPL signal decreases significantly with increasing temperature, re-
sulting in unpolarized emission at room temperature. This phenomenon is mainly
attributed to the thermally activated spin flip of excitons, which occurs indepen-
dently of the structural chirality of the perovskite lattice.'® In this regard, it is vital
to develop a simple and effective approach to suppress exciton spin flipping in chiral
perovskites at room temperature.

CPL signals are usually obtained by introducing chiral ligands to nanocrystal sur-
faces.'”?° This induces chirality transfer by coupling the static dipole of chiral li-
gands with the transition dipole moment of the nanocrystals.?’ Although the atomic
structure of the core remains achiral, the chiral-ligand-induced electrical field on the
surface regulates the electronic distribution and generates CPL.?* For example, us-
ing chiral ligands, perovskite nanocrystals can achieve a room temperature circular
polarization of 3.4%, attributable to the chiral-induced spin selectivity (CISS).%°
The temperature-stable CISS effect demonstrates the strong coupling between mo-
lecular chirality and electron spin, providing a promising technique to achieve CPLin
achiral nanomaterials at room temperature.”” Nevertheless, the intrinsic CD signal of
perovskite nanocrystals is extremely weak, which makes it difficult to distinguish and

utilize left- and right-handed photons.?>*

In this work, we demonstrate a facile and cost-effective synthesis of chiral perovskite
nanocrystals of formamidinium lead bromide (FAPbBr;) with room temperature CPL
through the cooperation between chiral interior spacers and chiral surface ligands.
The introduction of R/S-MBA spacers into nanocrystals creates chiral crystal lattices,
resulting in greater asymmetric light absorption. Moreover, chiral R/S-2-octylamines
(R/S-OAms) are employed as surface ligands to hinder the spin flip of excitons (Fig-
ure 1). The coexistence of large asymmetric absorption and suppressed spin flip leads
to a CPL signal with 5.2% circular polarization, the highest ever observed in perovskite
nanocrystals at room temperature.”’*° We also demonstrate the use of these chiral
perovskite nanoscintillators to improve the reactivity and enantioselectivity of asym-
metric photopolymerization at room temperature under X-ray irradiation.

RESULTS AND DISCUSSION

Structural features of low-dimensional perovskite nanocrystals

In a typical experiment, we prepared low-dimensional FAPbBr; nanocrystals by in-
tercalating molecular spacers (MBA™ cations) between the planes of [PbBré]*~ octa-
hedra. The presence of MBA* within FAPbBr; nanocrystals was confirmed by solid-
state 'H nuclear magnetic resonance (NMR) spectroscopy, as evidenced by the NMR
signals at about 5.3 ppm, while undoped FAPbBr; showed signals above 6.0 ppm
(Figures 2A and 2B).”" It is noteworthy that protons on the chiral carbon of MBA*
are responsible for the NMR signals of ~5.3 ppm in the MBA-doped sample. This
MBA intercalation was further characterized by two-dimensional (2D) solid-state
NMR spectroscopy (Figures 2C and S1). Moreover, the use of MBA resulted in the
formation of large, low-dimensional mixed-phase nanocrystals, while undoped con-
trols produced 3D monodisperse nanocubes of approximately 15 nm.*%** In addi-
tion, high-resolution transmission electron microscopy (HRTEM) was used to confirm
the incorporation of MBA™ into the perovskite lattice. In the case of the conventional
3D FAPbBr3, the HRTEM image of a single particle showed a lattice spacing of 3.0 A,
which could be assigned to the (200) plane of cubic nanocrystals. In contrast, the
MBA-doped low-dimensional nanocrystals exhibited an increased interplanar
spacing of about 5.2 A, which could be assigned to the n = 3 (200) plane.**
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Figure 1. Design of bichiral perovskite nanocrystals for room temperature CPL

In our design, two types of chiral molecules are used to grow chiral perovskite nanocrystals: methylbenzylamine (MBA,; in orange) spacers are inserted
into nanocrystal lattices, while 2-octylamines (OAms; in green) molecules modify nanocrystal surfaces. Because of the cooperation between the two,
asymmetric light absorption increases and exciton spin flipping is suppressed, contributing to enhanced room temperature CPL. CB, conduction band;
VB, valence band.

X-ray diffraction (XRD) investigations of 3D FAPbBr; nanocrystals displayed charac-
teristic diffraction peaks at 26 of approximately 15° and 30°, corresponding to the
(001) and (002) planes, respectively, of typical cubic nanocrystals (Figure 2E). How-
ever, MBA-doped nanocrystals exhibited diffraction peaks below 15°, which was
consistent with layered crystal structures.®® Furthermore, we constructed an MBA-
intercalated FAPbBr; atomic supercell in which a bilayer MBA was inserted into
the (001) planes of [PbBré]*~ octahedra, followed by structural optimization by
first-principles calculations based on density functional theory (DFT). The intercala-
tion of MBA increased the vertical distance between the [PbBré]*~ inorganic layers
by ~87% (Figures 2D and S2; Table S1), which was close to the increase in the lattice
spacing evidenced by XRD. The interaction between MBA and the inorganic frame-
works was dominated by H—Br hydrogen bonding.*® Moreover, the MBA intercala-
tion induced a strong rotation of neighboring FA* molecules. These distinct differ-
ences in crystal structure and morphology confirmed the successful formation of
low-dimensional nanocrystals using the MBA spacer.’’~*” The low-dimensional
MBA-FAPbBr3; displays enhanced quantum confinement, which effectively mitigates
ion migration and the self-doping effect, consequently leading to improved intrinsic
stability (Figures S3 and S4).

Optical properties of bichiral perovskite nanocrystals

These MBA-doped low-dimensional nanocrystals showed a large band gap and multi-
ple quantum well structures, similar to low-dimensional polycrystalline perovskite films
(Figures 3A-3C)."9*? The high miscibility of chiral MBA and OAm molecules allowed
for the fabrication of four types of chiral nanocrystals with unique chiroptical signatures
in CD spectroscopy: SS, SR, RS, and RR, where the first letter denotes the chiral config-
uration of the spacer MBA and the latter denotes the chiral configuration of the surface
ligand OAm. Compared to the CD signals of MBA or OAm in the UV region, we
observed characteristic bisignate CD signals of SS and RR nanocrystals at the corre-
sponding absorption band in the UV-visible (UV-vis) region (Figures 3D and S5). The
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Figure 2. Structural characterization of perovskite nanocrystals

(A and B) "H NMR spectra and TEM images of FAPbBr3; and MBA-doped FAPbBr; nanocrystals, respectively. Scale bar: 100 nm. Insets are the
corresponding HRTEM images. Scale bar: 1 nm.

(C) 2D solid-state NMR spectra of MBA-doped FAPbBr; nanocrystals. The MBA™/FA™ value is approximately 11% through analyzing the integrated area

of the NMR peaks.
(D) Optimized atomic structure of MBA-doped FAPbBr3. Purple, silver, brown, gray, and white balls denote bromide, lead, carbon, nitrogen, and

hydrogen atoms, respectively.
(E) XRD patterns of MBA-doped and undoped FAPbBr; nanocrystals.

optical activity was likely induced by the chirality transfer from organic molecules to
inorganic scaffolds. Specifically, the SS nanocrystals showed a positive Cotton effect
with a maximum signal at ~465 nm and a crossover at ~354 nm. When RR nanocrystals
were tested, the corresponding CD spectrum reversed signs due to the mirror symme-
try of these two samples. In addition, the optical activity could be influenced by the
cooperative interactions between the chiral MBA and OAm molecules, which can be
quantified by the anisotropy factor g.p.** SS or RR nanocrystals exhibited a high level
of asymmetry, with a maximum | g.ps | of about 2.0 x 103, whereas the SR or RS nano-
crystals displayed a weaker Cotton effect with a maximum | g,ps | of about 0.5 x 1073,
This observation suggests that the coexistence of two types of chiral organic molecules
with identical chiral configurations enhances the nanocrystal’s intrinsic chirality, essen-
tial for achieving a high degree of polarization in CPL.
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Figure 3. Optical characterizations of bichiral perovskite nanocrystals

(A) Schematic showing a dimensional reduction from 3D to low dimensions through MBA doping.

(B and C) Photoluminescence (Aex = 365 nm) and UV-vis spectra of nanocrystals with MBA at various concentrations: (i-v) 0%, 3%, 6%, 9%, and 12%,
respectively. Right: corresponding photograph of nanocrystals under 365 nm excitation.

(D) CD spectra of SS and RR nanocrystals.

(E) Degrees of polarization of SR and SS nanocrystals with various S-MBA doping contents. Error bars are defined as standard deviations of n = 3
independent measurements.

(F) lllustration of spin transfer in MBA-doped perovskite nanocrystals. IS, intermediate state.

(G) Transient absorption spectra of MBA-doped mixed-phase perovskite nanocrystals (pumped at 400 nm).

(H) Circularly polarized pump-probe transient absorption spectra of RR perovskite nanocrystals (pumped at 475 nm).

We next investigated the characteristics of CPL in SS and SR nanocrystals at room
temperature. Using a linearly polarized 405 nm laser, we recorded polarization-
resolved photoluminescence spectra of nanocrystals with different proportions of
S-MBA molecules (Figures $6-58)."® We found that 3D nanocrystals modified only
with R-OAm or S-OAm molecules generated left-handed or right-handed CPL with
an averaged |P| value of ~1% at room temperature. Notably, the addition of
S-MBA resulted in a contrasting maximum |P| value of 5.2% for SS nanocrystals, while
their SR counterparts showed a |P| value of O (Figure 3E). These results suggest that
the enhanced asymmetric light absorption and the suppressed exciton spin flipping
contribute to CPL.

The dynamics of photogenerated charge carriers in the MBA-doped nanocrystals
was investigated by transient absorption (TA) spectroscopy at room temperature,
revealing a distinct energy transfer process from the low-dimensional to the high-
dimensional phase (Figure 3G).”* The RR perovskite nanocrystals exhibited two
bleaching peaks at 485 (PB1) and 530 nm (PB2), corresponding to the low-dimen-
sional phase (n = 3) and the 3D phase (n = «), respectively.45 We further examined
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spin transfer using circularly polarized pump-probe TA (CP-TA) spectroscopy
(Figures 3F and 3H)."**® The upper curve was recorded under a right-handed circu-
larly polarized pump with a right-handed circularly polarized probe (6*¢*), while the
lower curve was obtained using a right-handed circularly polarized pump with a left-
handed circularly polarized probe (¢*67). In the case of ¥ ¢*, the bleaching peaks at
485 nm exhibited a rapid rise within 5 ps, which can be attributed to the selective
excitation of spin-up electrons by the pump ¢*. This resulted in a non-equilibrium
population of spin-up and spin-down electrons in the excited state. The excess
spin-up electrons subsequently underwent spin relaxation by which the spin direc-
tion of the electrons flipped downward and an equilibrium spin population was
reached. In contrast, the lower curve recorded under the ¢*¢~ conditions character-
ized the inverse process, where rapid state filling occurred, as evidenced by a nega-
tive upward signal within the initial 5 ps. This ultrafast spin relaxation characteristic
was observed in both RR and RS perovskite nanocrystals at PB1 and PB2 bleaching
peaks (Figure S9). Lifetime fitting revealed that the spin relaxation occurred on a
longer timescale (~3.0 ps) than energy transfer (~0.3 ps) from low- to high-dimen-
sional phases, supporting the possibility of simultaneous spin transfer and energy
transfer during rapid charge carrier formation in mixed-phase perovskite nanocrys-
tals (Figure S10).

Next, we investigated the spin coherence of charge carriers in chiral OAm-modified
perovskite nanocrystals at room temperature. By applying polarized pumping with
polarized probes (6*¢* and o*¢~), the OAm-modified nanocrystals showed distinct
carrier dynamics near the exciton bleaching peak, indicating ligand-modulated
spin relaxation of charge carriers (Figure 4A). Moreover, power-dependent experi-
ments indicate that nanocrystals modified with chiral OAm have a longer spin relax-
ation time than those modified with achiral OAm (Figures 4B and S11). The spin life-
time of nanocrystals modified with achiral OAm decreased gradually from ~2 to
~0.8 ps with increasing carrier density, which is consistent with previous reports.”*
In contrast, the spin lifetime of nanocrystals modified with chiral OAm also
decreased with carrier density but remained longer (~3-1.6 ps) than that of their
counterparts modified with achiral OAm, suggesting that the suppressed spin flip
was attributed to surface chiral ligands through CISS.

Asymmetric photopolymerization triggered by bichiral perovskite
nanoscintillators

The CPL of bichiral perovskite nanocrystals has the potential to induce asymmetric
photopolymerization of achiral diacetylene monomers under X-ray irradiation at
room temperature. The diacetylene monomer in the solid state showed an intense
absorption below 200 nm (Figure S12), indicating that photopolymerization could
be initiated by X-rays to generate conjugated polydiacetylene. However, X-rays
alone cannot induce CPL-responsive asymmetric photopolymerization, as this re-
quires specific waveplates that can convert X-rays into circularly polarized light,
which presents a significant manufacturing challenge. To overcome this issue, bichi-
ral perovskite nanocrystals synthesized with two types of chiral molecules can be
used as chiral scintillators to emit circularly polarized radioluminescence upon
X-ray irradiation.

The photopolymerization was carried out by exposing a hybrid film of diacetylene
monomers with bichiral perovskite nanoscintillators (yellow film in Figure 4C) over
an X-ray source. This film turned blue with intense absorption maximums at about
650 nm, thus confirming the formation of polydiacetylene.® With the use of chiral
SS scintillators as the structural symmetry breaker, the resulting hybrid
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Figure 4. Spin dynamics and asymmetric photopolymerization of perovskite nanocrystals

(A) Spin dynamics of charge carriers in nanocrystals modified with chiral OAm ligands under ¢* pump and ¢* probe and under ¢* pump and ¢~ probe.
(B) Power-dependent spin-coherence lifetime of nanocrystals modified with chiral OAm or achiral OAm ligands. Inset is the mechanistic illustration of
spin-coherence lifetime measurement. The probe ¢* selectively detects the change in spin polarization. The flip of a spin would simultaneously lead to a
decay of the ¢* bleach and a formation of the ¢~ bleach.

(C) UV-vis spectra and illustration of solid-state photopolymerization of diacetylene monomer under X-ray irradiation assisted with bichiral perovskite
nanoscintillators. The insets show the hybrid film (i) before and (ii) after photopolymerization.

(D) CD spectra and illustration of left- and right-handed polydiacetylenes induced by chiral RR and SS perovskite nanoscintillators. The insets depict
left- and right-handed polydiacetylene chains.

polydiacetylene films showed a right-handed polymer configuration and exhibited
optical activity, as proven by the positive Cotton effect (Figure 4D). If chiral RR scin-
tillators were used instead, the corresponding CD spectrum of resulting polydiace-
tylene flipped signs, indicating a predominantly left-handed polymer configuration.
These results demonstrated that bichiral nanoscintillators can induce asymmetric
photopolymerization under X-ray initiation, where the helical behavior of polydiace-
tylene chains was regulated by the CPL feature of chiral nanoscintillators. To further
support this conclusion, two control experiments were performed. Firstly, polydiace-
tylene induced by RS and SR nanocrystals showed no chiral preference. Secondly,
chiral organic molecules (MBA and OAm) were unable to generate chiral polydiace-
tylene under X-ray irradiation (Figure S13). Therefore, the successful break of struc-
ture symmetry in this photopolymerization can be attributed to the highly circular
polarized emission from chiral nanoscintillators, which could improve the reactivity
and enantioselectivity of photopolymerization (Figure S14). Moreover, by taking
advantage of the very deep penetration of X-rays, asymmetric photopolymerization
was achieved through materials that are challenging to penetrate with conventional
UV or visible light, such as wood, polypropylene, and pig skin tissue. The resulting
polymer exhibited similar CD signals with various intensities, indicating the
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successful formation of chiral polydiacetylene (Figure S15). These results reveal the
potential of chiral perovskite nanoscintillators to assist in X-ray-initiated asymmetric
photopolymerization under challenging conditions.

Conclusions

We outlined a feasible and economical protocol to produce chiral perovskite nano-
crystals with high circularly polarized emission (P = 5.2%) at room temperature. The
synergistic effect resulting from chiral OAm and MBA molecules functionalized in the
nanocrystals leads to enhanced asymmetric light absorption and suppressed spin
flip. Additionally, these bichiral perovskite scintillators were deployed as tools to
induce asymmetric photopolymerization under X-ray. These findings open up new
avenues for applications, in particular in situ asymmetric photochemical reactions
within internal conditions or biological systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Professor Xiaogang Liu (chmIx@nus.edu.sg).

Materials availability

Formamidinium acetate (FA-acetate; 99%), oleic acid (technical grade 90%), oleyl-
amine (technical grade 70%), 1-octadecene (technical grade 90%), hexane (reagent
grade >95%), R-MBA (98% purity), S-MBA (98% purity), and acetic acid (99% purity)
were purchased from Sigma-Aldrich. Compound 10,12-pentacosadiynoic acid was
purchased from Sigma-Aldrich and purified by being dissolved in hexane, followed
by filtration to remove the polymer before use. R-OAm (98% purity) and (S)-2-octyl-
amine (S-OAm; 98% purity) were purchased from Alfa Aesar.

Data and code availability
All relevant data that support the findings of this work are available from the corre-
sponding author upon reasonable request.

CHARACTERIZATIONS

All UV-vis spectra were recorded using an Agilent Cary 3500 spectrophotometer.
Photoluminescence was recorded using a fluorescence spectrometer (FLSP920; Ed-
inburgh Instruments, Livingston, UK) equipped with an Xe lamp. Powder XRD pat-
terns were tested using a Bruker D8 Advance diffractometer with graphite-mono-
chromatized CuKa. radiation (A = 0.15406 nm). TEM images were acquired using a
JEOL JEM-3011 transmission electron microscope operated at 300 kV. HRTEM im-
ages were filtered using the ABSF Filter (average background subtracted filter) im-
plemented by Digital Micrograph. CD spectra were measured using a JASCO CD
J-815 spectrometer.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.12.007.
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Materials and Methods

Materials

Formamidinium acetate (FA-acetate, 99%), oleic acid (technical grade 90%), oleylamine (technical grade 70%), 1-
octadecene (technical grade 90%), hexane (reagent grade >95%), R-methybenzylamine (R-MBA, 98% purity), S-
methybenzylamine (S-MBA, 98% purity) and acetic acid (99% purity) were purchased from Sigma-Aldrich.
Compound 10,12-pentacosadiynoic acid was purchased from Sigma-Aldrich and purified by dissolving in hexane,
followed by filtration to remove the polymer before use. (R)-2-octylamine (R-OAm, 98% purity) and (S)-2-

octylamine (S-OAm, 98% purity) were purchased from Alfa Aesar.

Characterizations

All UV-Vis spectra were recorded using an Agilent Cary 3500 spectrophotometer. Photoluminescence was recorded
using a fluorescence spectrometer (FLSP920; Edinburgh Instruments, UK) equipped with an Xe lamp. Powder X-
ray diffraction (XRD) patterns were tested using a Bruker D8 Advance diffractometer with graphite-
monochromatized CuKa radiation (A = 0.15406 nm). Transmission electron microscopy (TEM) images were
acquired using a JEOL JEM-3011 transmission electron microscope operated at 300 kV. High-resolution TEM
images were filtered using the ABSF Filter (Average Background Subtracted Filter) implemented by Digital

Micrograph. Circular dichroism spectra were measured using a JASCO CD J-815 spectrometer.

Synthesis of MBA-acetate

Acetic acid and MBA were mixed in ethanol at a molar ratio of 1.2:1. The mixture reacted in an ice bath (0 °C) for 2
h. After completion of the reaction, the MBA-acetate was obtained by evaporation of excess acetic acid and ethanol.

To ensure the purity of products, the as-prepared MBA-acetate was recrystallized thrice.

Synthesis of FA/MBA Precursor

In a three-necked round-bottomed flask, 3 mmol of FA-acetate and MBA-acetate in different ratios (MBA/FA = 0,
3%, 6%, 9%, and 12%), 3 mL of oleic acid, and 3 mL of 1-octadecene were degassed under vacuum at room
temperature and 50 °C, respectively, for 30 min. The temperature was then increased to 120 °C under N, and kept at

this temperature for 15 min.



Synthesis of formamidinium lead bromide (FAPbBr3;) nanocrystals

In a three-necked round-bottomed flask, 0.148 mmol (54.4 mg) of PbBr; and 5 mL of 1-octadecene were degassed
under vacuum at room temperature and 120 °C, respectively, for 30 min. Mixtures of 2.42 mmol (0.8 mL) oleic acid,
0.9075 mmol oleylamine, and 0.3025 mmol R/S-OAm were preheated to 120 °C and then injected into the PbBr»
mixture under vacuum. After PbBr; was fully dissolved, the solution became clear. The temperature of the solution
was then reduced to 80 °C to prevent the rapid growth of FAPbBr; crystals. Under N, flow, 1 mL of FA/MBA
precursor was swiftly injected into the PbBr, mixture, which was then quenched by immersing the flask in an ice
bath after 5 s. After cooling to room temperature, the solution was centrifuged at 7000 rpm for 6 min to remove
unreacted ligands and 1-octadecene. The precipitate was dispersed in 3 mL of hexane and then centrifuged at 7000
rpm for 5 min to remove precipitated particles. The solution containing FAPbBr3; nanocrystals in the supernatant was

placed in a refrigerator under a N, atmosphere for storage.

Solid-state NMR spectroscopy

Measurements are performed using a 600 MHz spectrometer. Samples are packed into a 1.9 mM rotor and spun at

35 kHz MAS. For each 'H one-pulse measurement, 128 scans were performed and 80 kHz hard pulses were used.

Circularly polarized pump-probe transient absorption spectroscopy

Circularly polarized pump-probe transient absorption measurements were carried out using a Helios setup. Transient
dynamics in the fs-ns time region (50 fs to 7 ns) was acquired with Helios in a nondegenerate pump—probe
configuration. Pump pulses were generated by an optical parametric amplifier (OPerA Solo) pumped by a 1-kHz
regenerative amplifier (Coherent Legend, 800 nm, 150 fs, 4 mJ). A mode-locked Ti-sapphire oscillator (Coherent
Vitesse, 100 fs, 80 MHz) was used to seed the amplifier. For the 800 nm pump, the laser of the regenerative amplifier
was directly used. The probe pulse was a white light continuum generated by passing the 800 nm fs pulse for the UV
part (320-650 nm) through a 2 mm sapphire plate. The measurement was performed in transmission mode. Linear

polarizers together with achromatic quarter-wave plates (A/4) were used to generate circular polarization of the beams.

X-ray-triggered photopolymerization

In a typical experiment, a 50 puL hexane solution containing chiral perovskite nanocrystals (20 mg/mL) was mixed
with 1 mL of diacetylene monomer (10 mg/mL in hexane). Then the mixed solution was spun onto a quartz substrate
(pre-treated with UV-Ozone). The hybrid films were kept in the dark, and the hexane evaporated after a few minutes

before being irradiated with X-rays. The intensity of the X-rays was set at 4 W. Various barriers can be put directly on
4



the top of the hybrid films. After photopolymerization, the polymer films were subjected to CD spectroscopy.
Measurements were carried out by rotating the samples around the normal of the film to exclude linear dichroism

and/or linear birefringence effects*>.

First-principles calculations

DFT-based calculations were performed using the Vienna ab initio simulation package with the projector-augmented
wave method"?. The Perdew—Burke-Ernzerh generalized gradient approximation was employed to describe the
exchange-correlation interactions between electrons®. The kinetic energy cut off the plane wave, energy convergence
criterion, and maximum remaining force on each relaxed atom were set to 520 eV, 1 x 107, and 0.02 eV/A,

respectively.
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Figure S1. Two-dimensional solid-state NMR spectra of reference FAPbBr3; perovskite nanocrystals.



Figure S2. DFT-optimized FAPbBr; (left panel) and MBA-doped FAPDbBr; (right panel) 1 x 1 x 5 supercells. Purple,

silver, brown, gray, and white balls denote bromide, lead, carbon, nitrogen, and hydrogen atoms, respectively.

Table S1. Lattice parameters of DFT-optimized FAPbBr; and MBA-doped 1 x 1 x 5 supercells

Sample a(d) | bA) | c(A) | o(degree) | P (degree) v (degree)
FAPDbBr3 6.224 | 5988 | 30.919 90.000 90.000 90.000
MBA-doped 6.266 | 6.139 | 42.22 89.407 88.897 85.662
FAPDbBr3
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Figure S3. (a and b) Photoluminescence (PL) spectra of 3D FAPbBr; and MBA-doped FAPbBr3
nanocrystals, respectively, exposed to 85 °C in an ambient atmosphere for varying durations. (¢) PL
intensity of FAPbBr3 and MBA-doped FAPbBr3 nanocrystals over time. Notably, the thermal stability of
perovskite nanocrystals was investigated by comparing the PL intensity between MBA-doped FAPbBr3
and 3D FAPbBr3; nanocrystals at 85 °C in an ambient atmosphere. After 5 min of heating at 85 °C, the PL
intensity of 3D FAPbBr3; decreased from 100% to 7%, while MBA-doped FAPbBr3; nanocrystals
maintained 76.8% of their original intensity, demonstrating the enhanced thermal stability of MBA-doped

FAPDbBr3 over 3D FAPbBr3; nanocrystals.
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Figure S4. Photoluminescence (PL) spectra recorded for 3D FAPbBr; and MBA-doped FAPbBr3
nanocrystals with and without (a) dichloromethane (DCM) in the solvent mixture (200 pL nanocrystals in
hexane with 40 pL. DCM), (b) water (H20) in the solvent mixture (200 uL nanocrystals in hexane with 20
pL H>0), and (c¢) ethanol in the solvent mixture (EtOH) (200 pL nanocrystals in hexane with 400 uL. EtOH).
The chemical stability of the nanocrystals was evaluated by comparing the PL intensity after immersion in
different solvents. The introduction of DCM enhanced the PL intensity of both 3D FAPbBr3; and MBA-
doped FAPbBr3 nanocrystals due to its ability to improve perovskite crystallinity. In contrast, the PL
intensity of 3D FAPDbBr; nanocrystals significantly decreased by 75.6% in H>O and was completely
quenched in EtOH. However, MBA-doped FAPbBr3; nanocrystals showed only a modest reduction of 18.9%
in H20 and 47.7% in EtOH, highlighting their enhanced chemical stability over 3D FAPbBr3; nanocrystals.
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Figure S5. CD and UV-Vis spectra of (a) MBA and (b) OAm molecules.
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Figure S6. Optical setup for the polarization-resolved photoluminescence spectroscopy. The main optical

components include a linear polarizer, a quarter-wave plate, and a longpass filter.
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Figure S7. Polarization-resolved photoluminescence spectra of SS perovskite nanocrystals with (a) 3%, (b) 6%, (c)

9%, and (d) 12% S-MBA in the crystal structure (Aex = 405 nm).
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Figure S8. Polarization-resolved photoluminescence spectra of perovskite nanocrystals functionalized
exclusively with R-MBA within the crystal structure. These measurements were conducted at room

temperature (Aex = 405 nm).
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Figure S9. Circularly polarized pump-probe transient absorption (CP-TA) spectra of RR and RS perovskite
nanocrystals with 475 nm excitation. For RR perovskite nanocrystals, by applying (a) a right-handed circularly
polarized pump with a right-handed circularly polarized probe (6*o*) and (b) a right-handed circularly polarized
pump with a left-handed circularly polarized probe (6 *a ™). For RS perovskite nanocrystals, by applying (c) a right-
handed circularly polarized pump with a right-handed circularly polarized probe (6o ™) and (d) a right-handed

circularly polarized pump with a left-handed circularly polarized probe (6t o ™).
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Figure S10. Spin-resolved kinetic curves for RS perovskite nanocrystals at (a) 485 nm and (b) 530 nm, and for RR

perovskite nanocrystals at (¢) 485 nm and (d) 530 nm. All data show the kinetic process within the first 15 ps. The

excitation light employed is a femtosecond pulsed laser with a wavelength of 475 nm and a repetition rate of 1 kHz,

generated by an optical parametric amplifier. The polarization states of the two beams are modulated using a

combination of a linear polarizer and a quarter-wave plate.
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Figure S11. Power-dependent spin relaxation dynamics of nanocrystals modified with (a) chiral and (b) achiral OAm
ligands. Circularly polarized transient absorption dynamics in perovskite nanocrystals modified with (¢) chiral and

(d) achiral OAm ligands at different excitation carrier densities.
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Figure S12. UV-Vis spectrum of diacetylene monomers. Inset shows the chemical formula and self-assembly

behavior of the diacetylene monomer in the solid state.
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Figure S13. (a) CD spectra of polydiacetylene films induced by (i) RS nanocrystals and (ii) SR perovskite
nanocrystals under X-ray irradiation at room temperature. (b) CD spectra of polydiacetylene films induced by (iii)

R-MAB and (iv) R-OAm under X-ray irradiation at room temperature.
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Figure S14. Time evolution of the maximum absorption at 650 nm for polydiacetylene polymerized with/without
the assistance of perovskite scintillators under the same condition of X-ray. The photopolymerization of monomers
is described as a first-order reaction, which can be determined as In [(A« - A))/(A« - Ag)] = -kt, where Ao, Ay, and A
are ascribed as the absorbance at the initial time, the present time t and the stationary state, while & is the
photopolymerization rate constant and t is the irradiation time. By empirical fitting, the polymerization rate constant
k for monomers film (without scintillators) and hybrid film (with scintillators) were estimated to be 0.028 s and
0.058 s7!, respectively. The reaction rate in the hybrid film was about two-times faster than that in pure monomers

film.
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Figure 15. (a) CD spectra depicting the response of polydiacetylene induced by SS nanocrystals under X-ray
irradiation while penetrating wood, polypropylene film and pig skin tissue. (b) Summary of CD intensity at ~670 nm
revealing the behavior of polydiacetylene induced by SS nanocrystals under X-ray irradiation when penetrating wood,

polypropylene film, pig skin tissue, and in the absence of any barrier (control).
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