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Abstract

Chiral perovskite nanocrystals have emerged as an interesting chiral excitonic platform
that combines both structural flexibility and superior optoelectronic properties. Despite
several recent demonstrations of optical activity in various chiral perovskite
nanocrystals, efficient circularly polarized luminescence (CPL) with tunable energies
remains a challenge. The chirality imprinting mechanism as a function of perovskite
nanocrystal dimensionality remains elusive. Here, we synthesize atomically thin
inorganic perovskite nanoplatelets (NPLs) with precise control of layer thickness and
functionalize them by chiral surface ligands, serving as a unique platform to probe the
chirality transfer mechanism at the organic/perovskite interface. We find that chirality
is successfully imprinted into mono-, bi-, and tri-layer inorganic perovskite NPLs,
exhibiting tunable circular dichroism (CD) and CPL responses. However, chirality
transfer decreases in thicker NPLs, resulting in decreased CD and CPL dissymmetry
factors for thicker NPLs. Aided by large-scale first-principles calculations, we propose
that chirality transfer is mainly mediated through a surface distortion rather than a
hybridization of electronic states, giving rise to symmetry breaking in the perovskite
lattice and spin-split conduction bands. The findings described here provide an in-depth
understanding of chirality transfer and design principles for distorted-surface
perovskites for chiral photonic applications.



Introduction

Chiral excitonic nanomaterials imprint the chirality into the ground-state and excited-
state excitonic transitions, giving rise to unequal absorption and emission of circularly
polarized light, which are of practical interest for chiral photonics, catalysis, spintronics,
and information technologies' % 3. Such chirality imprinting in nanostructures is
generally achieved by surface chiral organic ligands or chiral self-assembly strategies.
While the majority of chiral excitonic nanomaterials is currently developed in group II-
VI semiconductor nanocrystals (NCs)*®, chiral metal halide perovskite (MHP) NCs
have emerged as a promising platform due to their high photoluminescence quantum
yield (PLQY), large spin-orbit coupling, and rich chemical and structural versatility.
Several recent reports have shown successful chirality imprinting in colloidal MHP
NCs by various chiral ligands’!%; however, it remains rare and challenging to achieve
tunable circularly polarized luminescence (CPL) based on inorganic chiral perovskite
nanostructures. Inorganic chiral perovskite NCs in the strong quantum confinement
regime are undeveloped. In addition, the mechanism of chirality transfer from surface
ligands to perovskite nanocrystals remains elusive.

Since Gun'ko’s first report on chiral luminescent CdS NCs, tremendous effort and
progress have been made in understanding the chirality transfer mechanism from chiral
organic ligands to individual NCs. Two dominant mechanisms are generally proposed
in chiral II-VI semiconductor NCs. The first mechanism involves mostly the electronic
interactions between the inorganic core and chiral ligands either through the dipolar
interactions!! or orbital hybridization* between these two phases. The second chirality
transfer mechanism suggests that the surface distortion induced by chiral ligands twists
the inorganic NC lattice, resulting in asymmetric chiral NCs or a twisted chiral NC
surface. Compared to the conventional II-VI NCs which are inherently more covalent
and structural rigid, chiral MHP NCs might possess a different chirality transfer
mechanism as they are more structurally soft with large ionic bonding character.
However, such a chirality transfer mechanism in MHP NCs remains inclusive, which
impedes the rational design of chiral MHP NCs with high chiroptical activity. For
instance, Waldeck's work on chiral perovskite NCs proposed a direct chirality
imprinting mechanism into the excitonic states of perovskite NCs through electronic
interactions!?. Zhang’s recent work suggested that orbital hybridization between chiral
organic ligands and perovskite NCs accounts for the observed chirality transfer’.
However, reports from Yan®, Duan®, and Beard? independently suggested that chirality
transfer mainly arises from a surface structural distortion induced by chiral surface
ligands® in the perovskite NCs. Thus, a unified picture for the chirality transfer
mechanism is still lacking at the perovskite/organic interface.

At the same time, theoretical and computational methods based on first-principles
density functional theory (DFT) are also being developed to understand the chirality
transfer mechanisms'?> . However, most of the reported chiral semiconductor NCs
represent challenging computational problems as they consist of at least several
hundreds of atoms and precise crystal structures of nanocrystals do not exist!®. As such,
many computational studies are necessarily based on simplified models and fail to
provide an exhaustive search for the most favorable surface chiral organic conformation,
crucial for a detailed understanding of their electronic and structural interactions with



the inorganic NC core.

We envision that a systematic control of the dimensionality of quantum-confined
perovskite NCs will allow one to probe the chirality transfer mechanism by tuning both
structural distortion and electronic interactions in the quantum confinement regime. We
first synthesize atomically thin colloidal lead bromide nanoplatelets (NPLs) with
different layer thicknesses (1-3 monolayers (MLs)), which display tunable bandgap,
absorption, and photoluminescence (PL) due to the quantum confinement effect. A
subsequent chiral ligand exchange reaction based on R-or S-f-methylphenethylamine
(R-or S-MPEA) affords chiral perovskite NPLs with tunable circular dichroism (CD)
and circularly polarized luminescence (CPL). These chiral perovskite NPLs with
tunable bandgaps and chiroptical activity thus serve as an ideal platform to study the
chirality transfer mechanisms. Spectroscopic studies show that chirality is successfully
imprinted into different perovskite NPLs; however, chirality transfer diminishes in
thicker NPLs, which leads to decreased CD and CPL dissymmetry factors in thicker
NPL. A large scale, first-principles DFT calculations through exhaustive enumeration
of more than 8,000 possible organic conformations at the nanoplatelet surfaces suggests
that direct electronic interactions through hybridized organic-inorganic orbitals do not
occur near the band edges and strongly support the lattice symmetry breaking induced
by organic ligands as the dominate source for band spin-splitting in these chiral
perovskite NPLs. Our study provides a CPL manipulation strategy and an in-depth
understanding of the interfacial chirality transfer in MHP NPLs from combined
experimental and computational efforts.

Results and discussion

Figure 1. Schematic illustrations of chiral 1 ML, 2 ML and 3 ML CsPbBr3; NPLs.

ssAtomically thin achiral 2D lead bromide perovskite nanoplatelets (NPLs) are first



synthesized by a modified room-temperature ligand assisted re-precipitation (LARP)
method (see Methods)® 4. By tuning the molar ratio of CsBr to PbBr2, precursor
concentration, and reaction time, the layer thickness (n = 1-3 MLs) can be precisely
controlled (Figure 1).
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Figure 2. (a) Absorption (solid line) and PL spectra (dashed line) of as-synthesized achiral

MHP NPLs with 1, 2 and 3 MLs. (b) XRD pattern of 1, 2 and 3 ML achiral MHP NPLs; (c-e)

AFM images of achiral 1, 2 and 3 ML MHP NPLs (left) and corresponding thickness profiles

(right).

Due to the quantum confinement effect, thinner perovskite NPLs display larger
bandgaps. The thickness of perovskite NPLs can thus be directly probed by their optical
bandgaps. Figure 2a shows the UV-vis absorption and PL spectra of different
perovskite NPLs. The sharp first exciton peak shifts from 400 to 430 and 452 nm,
indicating the formation of CsPbBr; perovskite NPLs with 1, 2, 3 ML thickness,
respectively 316 Their corresponding PL peaks shift from 409, to 431, and 450 nm. The
uniformity in thickness is indicated by the single exciton peak and narrow full width at
half maximum (FWHM) of PL peaks. Interestingly, we observed a decreased Stokes
shift with increasing perovskite NPL thickness. Similar size-dependent Stokes shifts
were previously observed in perovskite nanocrystals,!” where smaller nanocrystals
exhibit larger Stokes shifts compared to larger nanocrystals. This effect was ascribed
to an inherent, size-dependent, confined hole state above the valence band edge state,
which shifts toward the valence band edge as the nanocrystal size increases. This state
is relatively dark in absorption but bright in emission. Therefore, the thinnest
nanoplatelets with strongest confinement exhibit the largest Stokes shift.

The phase purity of achiral perovskite NPLs is further characterized by powder X-ray
diffraction (PXRD). PXRD patterns of 1, 2, 3 ML CsPbBr3; NPLs all display a primary
peak below 6° (Figure 2b) corresponding to the (002) plane, which indicates a
preferred 2D orientation. The (002) peak shifts to lower angles from 5.2°, to 4°, and
3.5°, indicating an increased doo2 spacing of 1.7, 2.2, and 2.5 nm for 1, 2, 3 ML CsPbBr3
NPLs, respectively. The perovskite structure can be confirmed by characteristic Bragg
diffraction peaks at 15.1° and 30.6°, which are more prominent in thicker NPIs (i.e., 3
ML NPLs). Our PXRD patterns of perovskite NPLs are consistent with previous



literature reports® ', The morphology of perovskite NPLs is further probed by atomic
force microscopy (AFM) and transmission electron microscopy (TEM). As shown in
the height profile (Figure 2c-e) and thickness distribution (Figure S1), the average
thickness is determined as 2.0, 3.0, and 3.6 nm for 1, 2, 3 ML CsPbBrs NPLs,
respectively. Considering the achiral amine attached in 2 and 3 ML CsPbBrs NPLs
(oleyl amine, OAm) is longer than that in 1 ML NPLs (octylamine and butylamine), the
increment is nearly one [PbBrs] octahedron (0.6 nm). Therefore, these results show the
layer-by-layer transformation in the vertical direction of perovskite NPLs. TEM images
(Figure S2) indicate the round shape of 1 ML NPLs with an average diameter of 10 nm
and square shape of 2 ML and 3 ML NPLs with an average lateral size of 12 and 20
nm, respectively.

a . d
*
{ ‘ 100 F
|
| i 95 &
‘ | -
MPEA | , \J,\‘\ - § 90
| S ss5}
Increasing A £ 80t
MPEA _JL = S-MPEA NPLs
* s 75] —— Achiral
A e = 70f
3ML NPLs A 65 y
8 7 6 5 4 3 2 1 0 3060 2880 “1680 1400
b Chemical shift (ppm) e Wavenumbers (cm™)
20 —— S-MPEA NPLs
- —o— Achiral
. R 15 T
Increasing MPEA >‘-_'
9 10
[

58 56 54 1 2
Cc Chemical shift (ppm) f Thickness (ML)

|

‘r.“UJ"«"h M - *  Achiral-2ML
MPEA A £ ° S-2ML
JM \§/ L o R-2ML
Increasing A V% S W 2
MPEA ~ A 2 °
8 L
o £ B
3ML NPLs h E o .
3.0 2.8 26 24 2.2 2.0 0 25 50 75 100 125 150
Chemical shift (ppm) Time (ns)

Figure 3. (a) "H NMR spectra and (b-c) enlarged ranges of the NMR spectra of 3 ML CsPbBrs;
NPLs with increasing amount (sece Experiment Section) of S-MPEA and of the NMR spectra
of pure S-MPEA(dark yellow) in C¢Ds (denoted by *); vinyl group (8 = 5.5-5.6 ppm) is
denoted with #; alkyl groups of MPEA (& = 2.2—-2.8 ppm) is denoted by yellow star symbol;
resonance of internal ferrocene standard is denoted by orange spot; (d) FTIR spectra of 3 ML
CsPbBr3 NPLs before (red) and after (black) ligand exchange; (¢) PLQY of MHP NPLs with
different thicknesses before and after ligand exchange; (f) TRPL decay curves of 2 ML
CsPbBr3 NPLs before and after ligand exchange with S-MPEA and R-MPEA.

Chiral amine S- or R-MPEA are then introduced into colloidal achiral perovskite NPLs



by a ligand exchange reaction. Superstoichiometric chiral amine is added to colloidal
NPLs and shaken vigorously to allow sufficient ligand exchange. No further
purification is conducted because more than one purification cycle will cause NPLs to
aggregate due to the loss of surface ligands.

In-situ solution 'H NMR experiments were first used to probe the ligand exchange
reactions, where chiral MPEA ligands were gradually added into the achiral NPL
solutions (Figures 3a-c, S3). The native ligands of perovskite nanocrystals are
generally described as dynamic pairs of cations (RCH>NH;3") and anions (RCOO )%

19 With increasing amount of MPEA ligands (see Experiment Section) added to the 2-3

ML NPLs, the broad peak associated with the vinyl group of oleylammonium at 5.6

ppm becomes sharper and shifts upfield into the free oleylammonium resonance

(Figure 3b, Figure S3b), suggesting the removal of oleylammonium ligands. For 1 ML

NPLs capped without oleylamine, the peak around 5.5 ppm associated with the vinyl

group of native oleic acid does not change, while the alkyl resonance (6 =2.0-2.15 ppm)
of native bound ammonium disappears with the addition of MPEA ligands (Figure S3e).
In addition, the broad peaks associated with the alkyl groups of MPEA (6 = 2.2-2.8

ppm) increase gradually (Figure 3¢, Figure S3c, f) in 1-3 ML NPLs. Taken together,

our NMR experiments suggest that chiral MPEA can replace native ammonium ligands

while leaving oleic acid unexchanged. We propose that the ligand exchange reaction

proceeds as follows:

NPL (RCOO )(RCH.NH;*) + MPEA — NPL (RCOO )(MPEAH") + RCH,NH,

where RCOO stands for oleic acid and RCH>NH3" is octyl-, butyl-, or oleyl ammonium.

During the ligand exchange reaction, chiral MPEA can quantitatively or near-
quantitatively replace native ammonium ligands, creating chiral perovskite NPLs.

Fourier-transform infrared (FT-IR) spectroscopy is also used to confirm the proposed
surface exchange reaction of perovskite NPLs. Taking 3 ML CsPbBr; NPLs as an
example, the achiral NPLs show several peaks due to the presence of native ligands,
that is, oleate acid (OA) and OAm. The peaks at v=2850-3000 cm™! and v=1461 cm’!
typically indicate asymmetric and symmetric stretching of C—H from both OA and
OAm?. The peak at v=1540 cm! corresponds to the COO~ symmetric stretching mode
of OA':2! For ligand-exchanged perovskite NPLs, the FT-IR spectra show a decreased
intensity of C—H vibrations in the 2850-3000 cm! region and new peaks appear at and
1500 cms! which are associated with C=C stretching vibrations of aromatic
hydrocarbons’.



Optical properties of the ligand-exchanged perovskite NPLs are then probed by a wide
array of steady-state and time-resolve spectroscopic techniques. UV-vis absorption
spectra (Figure S5) exhibit nearly no shifts of the first exciton peak compared to those
with native ligands, indicating the same nanocrystal morphology. To further probe the
impact of ligand exchange on the PL properties, we measure their PLQY. As illustrated
in Figure 3b and Table 1, the PLQY is generally improved with thicker perovskite
NPLs. Additionally, we observe a significant improvement of PLQY after the post-
synthetic ligand treatment. For 1 ML NPLs, a more than tenfold PLQY increase (from
0.28% to above 3.33%) is observed. For 2 and 3 ML NPLs, the PLQY is improved by
nearly a factor of two, with the highest PLQY of 1819 % obtained in ligand-exchanged
3 ML NPLs. The observed PLQY enhancement in thicker perovskite NPLs is consistent
with previous reports'®. To understand the PLQY enhancement, we collect time-
resolved photoluminescence (TRPL). The PL decay is fitted with a bi-exponential
decay function (Eq. S1 in Supporting Information). As illustrated in Figure 3¢, Figure
S4, and Table 1, the average PL lifetime (za, Eq S2) of perovskite NPLs with various
thicknesses all increase upon ligand exchange. Combined with their measured PLQY,
we calculated their radiative (k;) and nonradiative recombination rates (kur) (results
shown in Table 1). Notably, k- decreases upon ligand exchanged with chiral amines,
i.e., from 0.38 to 0.24 ns”! (1 ML NPLs), from 0.16 to 0.06 ns™! (2 ML NPLs) and from
0.30 to 0.20 ns™' (3 ML NPLs), respectively. We attribute this decline of nonradiative
process to an enhanced surface passivation of defect states. The synthesized NPLs
suffer from ligand-detaching after the purification process, resulting in surface defects.

Table 1 Fitting results of PL decay curves, PLQY, calculated radiative and non-radiative
recombination rates of MHP NPLs with different thicknesses before and after ligands
exchange.

Entry Ti(ns)  T2(ns)  ta(ns) k, (ns™1) k., (ms™1)  PLQY
I 1 ML Achiral I 1.04 I 3.85 I 2.59 I 0.0011 I 0.3844 I 0.28% I

R-1 ML 1.68 15.74 4.10 0.0081 0.2360 3.33%

S-1 ML 1.61 15.53 3.93 0.0105 0.2438 4.14%

2 ML Achiral 2.13 8.60 5.88 0.0073 0.1628 4.3%
R-2 ML 4.07 19.17 14.26 0.0069 0.0632 9.9%

S-2 ML 3.88 19.81 14.88 0.0066 0.0606 9.8%
3ML Achiral 1.15 3.52 2.94 0.0374 0.3025 11.0%
R-3 ML 2.58 6.42 421 0.0427 0.1946 18.0%

S-3 ML 2.37 6.14 3.97 0.0491 0.2026 19.5%




The subsequent addition of chiral MPEA ligands absorbed on the surface of perovskites
NPLs can effectively passivate those trap states??. Therefore, the likelihood of
nonradiative recombination processes is reduced by chiral ligands. In addition, the
enhanced PLQY and PL lifetime further support that chiral amine molecules are
effectively attached to NPLs surfaces.
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Figure 4. (a) CD spectra and (b) CPL spectra of as synthesized MHP NPLs of 1, 2 and 3 ML
thickness.

With the attached chiral surface ligands on perovskite NPLs (1, 2, 3 MLs), we then
study their optical activity using CD and CPL spectroscopy. All samples are tested in
the toluene. The CD spectra of chiral CsPbBr; NPLs (Figure 4a) of different
handedness are mirror images of one another, with strong CD signals at their first
exciton peak positions (Figure 2a), confirming the successful chirality transfer from
organic to the inorganic phase. The CD response shifts to lower energy with the increase
of layer thickness, consistent with the change of their optical bandgaps due to the
quantum confinement effect. 1 ML NPLs display the largest CD response, which
decreases with the increase of NPL thickness. Strong derivative features at their exciton
peaks are observed in 1 and 3 ML NPLs, while 2 ML NPLs exhibit less obvious Cotton
effect. Interestingly, the CD signal with the same chirality of ligands switches its sign
from 1 to 2 ML NPLs (Figure 4a). We tentatively attribute this to a different prototype
of distortion in the lattice of 1 ML NPLs, which results in a change in the angle between
the magnetic and transition state dipole. A more quantitative explanation would require
more work, which is out of the scope of current study. In 3 ML NPLs, clear bisignate
CD signals are observed in both the first exciton (~450 nm) and second exciton (~420
nm) transitions. Noticeably, our chiral MHP NPLs present a considerable room
temperature CPL signal (Figure 4b), which has not been observed in previously
reported 2D all inorganic chiral perovskite NPLs®. The CPL signal also shifts to lower
energies with a decreased intensity from 1 to 3 ML NPLs. CPL signals of 1 and 3 ML
NPLs exhibit clear bisignate peaks with the opposite chirality; however, CPL signals in



2 ML NPLs appear to consist of signals from both 2 and 3 ML NPLs. This is due to the
sample instability in 2 ML NPLs despite of many attempts to stabilize it. However, we
can still quantitatively extract the asymmetry factors based on their PL wavelength of
1-3 ML NPLs.
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Figure 5. (a)Thickness-dependent gcp, (b) gum for S-MPEA modified MHP NPLs.

To further quantify the chiroptical properties, the g-factor of CD (gcp) and CPL (gium)
signals are calculated. gcp is calculated according to the following equation:

gep = A—; = (A, — Ag)/A = 8[mdeg]/(329804) Eq. (1)

where the AL and Ar represent left and right circularly polarized light absorbance, A is
linear light absorbance, and 8[mdeg] is corresponding CD signal peak intensity in
mDegree. The calculated gcp at the first exciton peaks of perovskite NPLs are all in the
order of 10~ for 1-3 MLs. gcp as the function of layer thickness of S-chiral NPLs is
plotted in Figure 5a and Figure S6a (R-chiral NPLs). The values of gcp decreases
gradually with the increase of layer thickness.

The dissymmetry factor of luminescence(gun) is also calculated as follows:

I1—1
Guum = 2 X === Eq. (2)

I +IRp

where the [, and I, are the intensity of left- and right-handed CPL at a given
wavelength. The obtained g, as a function of layer thickness is plotted (Figure Sb and
Figure S6b). In S-MPEA capped NPLs, the maximum gu.» value is determined as
2.30x1073, 6.67x104, and 7.0x10 for 1, 2, 3 ML NPLs, respectively. In R-MPEA
modified NPLs, the gium value is calculated as 6.70x104, 4.2x104, and 1.80x107 for 1,
2, 3 ML NPLs, respectively. Similar to the trend of gcp, gum decreases as NPLs
thickness increases. However, the decreased dissymmetry factors are accompanied with
an increase in PLQY at thicker perovskite NPLs due to the larger fraction of surface
defect density present in thinner NPLs. Considering these two factors, 2 ML CsPbBr3
capped with chiral ligands is believed to possess relatively better CPL performance.
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Figure 6. (2) An example of the monolayer slab models with R-MPEA ligands attached on
opposite surfaces. (b) A top-view of the c(2x2) unit cell showing the two cation adsorption
sites (corner site and center site). After considering the top and bottom surfaces of each slab,
four independent organic ligands were considered in our geometry enumeration. (c) A
conceptual figure showing the two discrete conformational differences of an organic ligand
attached on the inorganic slab: 1) the orientation of the aminomethyl group; 2) the cation
rotation as a whole with respect to the inorganic substrate. (d) The meaning of a 4-digit
identification code for ligand adsorption structures as used in our study. The first two values
represent the center- and corner-site ligands of the top organic layer and the last two values

represent the center- and corner-site ligands of the bottom organic layer. (¢) Three examples
of the 4-digit code and their corresponding initial geometries for DFT relaxation.

The optical activity suggests that the spin-degeneracy of optical transitions is lifted in
chiral perovskite NPLs; however, it is unclear what mechanism leads to the spin
splitting from a structural perspective. We envision that the chiral perovskite NPLs
provide a unique platform to understand the chirality transfer mechanism. On one hand,
thinner perovskite NPLs possess larger bandgaps, which might result in a stronger
electronic interaction between the organic and inorganic phases as their frontier orbital
energies approach each other. On the other hand, thinner NPLs also exhibit larger
surface-to-volume ratio, which will lead to relatively more chiral ligands on the surfaces
of NPLs compared to the overall amount of metal halide. Although both effects can
account for the larger optical activity in thinner perovskite NPLs, it is unclear which
mechanism plays a more dominant role.

To determine the degree of structural chirality in the perovskite NPLs, we perform first-
principles calculations to analyze the energetically preferred structure, chirality and
spin properties of the perovskite NPLs. One general challenge of simulating nano-scale
systems is that their detailed atomic structures are usually unknown since methods such
as single-crystal X-ray diffraction are generally not applicable to aggregates of
nanoscale objects. In reference 2, some of us studied the depth dependence of chiral-



induced distortions in perovskite nanocrystals, approximating the expected surface
structure of a relatively thick structure with the known arrangement in a layered
perovskite (1-(1-naphthyl) ethylammonium lead bromide)?. In the present work, we
take a much more rigorous approach to identify the probable ligand adsorption
geometries at thin (essentially, all-surface) nanoplatelets by computational means.
Specifically, we know little about the conformation of the organic cations and how they
interact with the inorganic substrate. Instead of purely relying on the crystal structures
of 2D hybrid perovskites and assuming organic cations to behave similarly, we aim to
construct nanoplatelet models from scratch, based on a systematic enumeration of
possible adsorption geometries. We subsequently perform direct structure
optimizations using van der Waals corrected?* semilocal DFT?, a level of theory well
suited for faithful structure prediction of complex organic-inorganic hybrid perovskite
in past work by our group.?* 26

We begin from the "c(2x2)" unit cell (see Figure 6b for a depiction) of a perovskite
layer of CsPbBrs3 to construct the inorganic component of the NPLs?’. The original 3D
orthorhombic bulk structure is cut (along the (101) plane) into 2D slabs containing one
or two octahedrons in thickness, to model the monolayer and bilayer NPLs. As shown
in Figure 6a, the inorganic slab extends along the (a,c) plane, and the lattice vector b
is set to 80 A to avoid possible interactions between adjacent slabs. In each 2D ¢(2x2)
unit cell, two cation absorption sites (corner site and center site) exist on either side of
the slab, leading to a total of four independent organic cation ligands in each unit cell
(considering the top and bottom surfaces, shown in Figure 6a and 6b). We then conduct
a systematic conformation enumeration for those organic ligands. In an R-MPEA cation,
the rotation of sigma bonds determines the overall molecular conformation (Figure 6c¢).
Still, most functional groups can undergo low-barrier rotations (for example, the methyl
group, the amino group, and the phenyl group). In our study, the only rigid
conformational feature in R-MPEA is the orientation of the aminomethyl group,
modulated by its interaction with the inorganic substrate. We consider the rotation of
this group by 0°, 90°, 180° and 270° to create four possible intra-molecule
conformations. Together with the two possible orientations (rotated by 0° and 90°) of
the whole cation with respect to the perovskite substrate, each R-MPEA cation has eight
possible conformations on its absorption site (Figure 6c). To concisely represent the
conformations of all four R-MPEA cations, we employ a 4-digit code (representing the
four independent cations in a unit cell) and each digit can assume a value from 1 to 8
(representing the eight different conformations of a R-MPEA cation) as shown in
Figure 6d. Examples of the 4-digit numbers and their corresponding initial geometries,
prior to structure optimization, are shown in Figure 6e.



Following the geometry enumeration strategy above, two sets of input structures were
constructed for monolayer and bilayer slab models (with R-MPEA cations on both
surfaces), each containing 8*= 4,096 initial geometries. Starting from these geometries,
we conducted high-throughput DFT relaxations utilizing the world-class GPU-
accelerated supercomputer Perlmutter (at the National Energy Research Scientific
Computing Center) and the GPU-accelerated FHI-aims code?® 2° with "light" settings.
Relative total energies of all relaxed structures with respect to the most stable one in
each set are shown in Figure S7. Different initial conformations of the organic cations
can cause significant energy differences (up to ~2.5 eV in monolayer models and up to
~1.6 eV in bilayer models) in the relaxed structures, and we attribute the less-dispersed
total energy values in bilayer models to the more rigid inorganic substrate. When
considering the thermal fluctuation at room temperature (ko Tr = 26 meV), a limited

portion of the relaxed structures have “indistinguishable” total energies compared to
the most stable one. Thus, these structures compose the output of our geometry
prediction.

Many publications emphasize the central role of inorganic distortion in the perovskite
band structure and spin-splitting® 2330, Therefore, we analyzed the predicted stable
geometries and found three distortion prototypes (i.e., 18 relaxed systems fall into three
similar structures) for the monolayer model and two distortion prototypes (i.e., 11
relaxed systems fall into two similar structures) for the bilayer model (shown in
Supporting Information Figure S8 and S9). Using one representative structure for each
distortion prototype, we further relaxed them using stricter settings (FHI-aims NAO
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Figure 7. (a) A top-view of the real-space c(2x2) unit cell. (b) High-symmetry points and k-
space paths included in the band structures of MHP slab models. (c,d) DFT-PBE+SOC based
band structure and the most significant spin texture components of their lowest conduction
bands for two representative monolayer and bilayer MHP slab models.

basis sets with “intermediate” numerical defaults) and conducted electronic structure
calculations using the DFT-PBE density functional including spin-orbit coupling?!.
Conceptual figures of the real-space 2D unit cell, the reciprocal 2D unit cell, and high-



symmetry k points sampled in the band structure calculations are shown in Figure 7a
and 7b. Figure S10 in the Supporting Information consist of all PBE+SOC band
structures and the most significant spin textures component ({cy)) of their lowest
conduction bands. We here use the PBE density functional for band structure
calculations since our objective is to analyze spin-orbit coupling, which is a large
qualitative effect based on the character of the eigenstates and already well represented
at this computationally affordable level of theory®!. Two representative examples are
shown in Figure 7c¢ and 7d. In general, inorganic elements are the dominant
contributors to the band edges both in the monolayer and bilayer slab models, and
negligible contributions from organic components in the band edges are found in 1-2
ML NPLs. By reducing the quantum confinement in the inorganic moiety, the bilayer
slab models have a significantly smaller fundamental bandgap (~1.9 eV) than the
monolayer slab models (~2.3 eV). All these features are consistent with the
experimental UV-vis absorption observations. Additionally, spin texture calculations??
further confirm the existence of spin-splitting in the conduction bands (Figure 7c-d).
This information indicates an overall chirality mainly due to the symmetry breaking in
the inorganic substrate and supports the active CD and CPL signals in experiments.
Different monolayer and bilayer models show spin splittings between ~4 and 20 meV
(Table S6) in their band segments, but not with an unambiguous trend (i.e., spin
splitting values above 15 meV can be achieved for both low-energy monolayer and
bilayer models). In view of the trend of chiroptical activity (rather than just spin
splitting), further factors can play a role. For instance, in Table S6, the absolute values
of the (ay) at the CBM are shown to be somewhat larger for the monolayer models than
for the bilayer models that we examined. Furthermore, in the presence of an actual
electronic excitation, monolayers may be structurally more flexible (and thus more
prone to further structural distortions) than bilayers, although we cannot determine this
from ground-state DFT. Regarding the three-layer case (which we did not predict in
DFT for reasons of computational cost), it is expected that the central layer, which is
not exposed to the surface, will be less prone to structural distortion than the monolayer
and bilayer case, i.e., the degree of symmetry breaking is larger in thinner MHP NPLs.
Therefore, the trends of dissymmetry factors with changed thickness collected in
experiments is rational.

Conclusion

In summary, we successfully realize tunable CPL in the deep blue to blue spectrum
from chiral perovskites NPLs for the first time in the strong quantum confined regime.
The chiral R- and S-MPEA ligands are functionalized onto perovskite NPL surface via
a facile ligand exchange strategy, which endows MHP chirality and passivate surface
defects simultaneously. Spectroscopic investigations indicate that thinner NPLs possess
larger surface defects and lower PLQY, but their large surface-to-volume ratio and
more flexible lattices leads to stronger chirality transfer from surface chiral ligands.
Our computational results suggest that the chirality mainly originates from inorganic
lattice distortions induced by the chiral surface and has little contribution from direct
orbital hybridization between the organic and inorganic components. Our work
provides an important strategy for optical activity manipulation and offers a better



understanding towards chirality transfer mechanism from organic molecules to
inorganic perovskites in the nanoscale.



Methods

Materials. Lead bromide (PbBr,, Macklin, 99.99%), oleic acid (OA, Aladdin, 90%),
oleylamine (OAm, Aladdin, 70%), toluene (CsHs, Sinopharm, AR), cesium bromide (CsBr,
Aladdin, 99%), acetonitrile (C,HsN, Aladdin, AR), N, N-dimethylformamide (DMF,
Sinopharm, AR). n-Octylammonium Bromide (Lumtec, >99.5%), n-Butylammonium bromide
(Lumtec, >99.5%), (S)-p-Methylphenethylamine (S-MPEA, Sigma, 99%), (R)-(+)-p-
Methylphenethylamine (R-MPEA, Aladdin, >98.0%(GC)), All chemicals were used as
received without any purification.

Preparation of CsBr stock solution.

64 mg of CsBr (0.3 mmol) is dissolved into 15 mL of DMF at room temperature under an
ambient atmosphere. The as-prepared DMF stock solution containing 0.02 M CsBr is stored at
4 °C for further use.

Preparation of LBr (L= octylammonium or butylammonium) stock solution.

1 mmol of LBr is dissolved in to 10 mL of DMF at room temperature under an ambient
atmosphere. The as-prepared DMF stock solution containing 0.1 M LBr is stored at 4 °C for
further use.

Synthesis of 1 ML perovskite NPLs.

0.5 mL octylammonium bromide, 0.5 mL butylammonium bromide and 10 puL. OA precursor
solution are mixed at room temperature. 0.05 mmol PbBr; is dissolved into as prepared
ammonium bromide solution. 20 uLL mixture is quickly injected to 5 mL toluene undergoing
vigorous stirring for 2 min. The crude product solution is first centrifuged at 3500 rpm for 3
min to remove unreacted materials and aggregated precipitates. Finally, the single layer
[PbBr4]* NPLs are collected by centrifuging at 12000 rpm for 3 min and redispersed in toluene.
Additional 1 pL OA is added for better dispersion of NPLs.

Synthesis of 2-ML and 3-ML CsPbBr3; NPLs.

In typical experiments, 110 mg of PbBr; (0.3 mmol) is added into 1.50 mL of DMF. After
complete dissolving of PbBr;, OA (0.15 mL) and OAm (1.5 mL) are added, followed by the
addition of CsBr precursor solution (0.20 mL for 2-ML NPLs, 0.40 mL for 3-ML NPLs).
Finally, the mixture (0.35 mL for 2-ML NPLs, 0.7 mL for 3-ML NPLs) is quickly added into a
reaction flask containing 10 mL of toluene under vigorous stirring to initiate the formation of
CsPbBr3 nanocrystals.

After the reaction for 20~60 s, the reaction is terminated by the addition of acetonitrile (10 mL).
The as prepared nanoplatelets are collected by centrifugation at 12000 rpm for 6 minutes
followed by redispersion in 5 mL of toluene.

Induction of Chirality in perovskite NPLs.

Superstoichiometric (4 pul, ~28 umol) S- or R-MPEA is added in to 2 mL of purified NPLs and
shacked under the vortex mixer. After ligand exchange, the mixture is centrifuged at 3000 rpm
for 5 min to remove aggregates due to the loss of ligands during the process.

Characterization method

Powder X-ray diffraction (XRD) patterns are recorded on an Empyrean PANanalytical
diffractometer with an ADDS wide-angle X-ray powder diffractometer (Cu Ka radiation, A =
1.54184 A). Nuclear Magnetic Resonance (NMR) are collected on a Bruker AVII 400 MHz



NMR Spectrometer. This spectrometer is equipped with a PA BBO 400SB BBFO-H-DO05 Z-
gradient BB observe probe head, BB='F-*'P-"°N; with Z-gradient with active shielding for 5
mm and ATM accessory. In-situ NMR Experiment. Perovskite NPLs were collected by
centrifugation and redispersed in deuterated. 0.6 mL of NPL solution was loaded in an NMR
tube. 3.3 umol ferrocene was added as an internal standard. 0.5 pL. S-MPEA was then added
into the NMR tube each time. Ligand exchange reaction was promoted by shaking the NMR
tube for 5 min. "H NMR spectrum was then collected after each addition of S-MPEA. UV-vis
absorption spectroscopic measurements are performed using a UH5700 spectrophotometer.
The scans are performed for a wavelength range of 380 nm — 550 nm, with 1 nm step size and
repetition of one cycle. The nanoplatelets sample is dispersed in toluene and loaded in a 10 mm
x 10 mm quartz cuvette in colloidal form. Photoluminescence (PL) spectra are recorded using
a fluorescence spectrometer (FS5, Edinburgh) equipped with a xenon lamp, the excitation
wavelength is 360 nm. The absolute photoluminescence quantum yield (PLQY) of the
samples in toluene are measured using an FS5 spectrofluorometer with a SC-30 integration
sphere, Edinburg instruments. Circular dichroism (CD) spectra are measured by Chirascan™
Circular Dichroism Spectrometer (by Applied Photophysics Ltd) for a wavelength range of 360
nm — 500 nm with 1 nm resolution at room temperature. The spectra are obtained by one scan.
The samples are prepared in the same method of UV-vis absorption spectroscopic measurement
sample. The analysis of the layers is conducted with atomic force microscopy (AFM)
measurement by using a Nanoscope IIla/Dimension 3100 (Digital Instrument) in the tapping
mode. The Circularly Polarized Luminescence (CPL) spectra of samples in toluene are
recorded by ASCO CPL-300 spectrometer at room temperature. Time-resolved PL spectra
was obtained using a pulsed laser excitation from a Ti:sapphire oscillator (Coherent Mira900,
100 £s) through a pulse picker and tuned to 730 nm and frequency doubled to give 365 nm. The
PL is collected and analysed by a spectrometer (Acton SpectraPro 257) to disperse the PL from
the centre wavelength onto a photon counter, and time correlated single photon counting is
carried out using a Becker and Hickl system (SPC150). Fourier Transform Infrared
Spectroscopy (FT-IR) is performed using Bruker Tensor 27 FT-IR Spectrometer.

First-principles calculations

We employ the GPU-accelerated *’all-electron electronic structure code FHI-aims*® to perform
the DFT simulations. A total of 8,192 different input geometries and (3 X 1 X 3) k-grids for
each of them are processed using a massively parallel, high-throughput DFT approach. Numeric
atom-centered orbital (NAO) basis sets in FHI-aims with “light” numerical default settings, the
ELSI infrastructure’ and GPU acceleration for DFT? are employed in the step of high-
throughput geometry relaxations. In subsequent steps and for the lowest-energy target
structures, we employ to NAO basis sets with “intermediate” numerical default settings. All
geometry relaxations were based on the PBE functional® with a modified Tkatchenko-Scheffler
dispersion energy correction* %, and all band structure and spin texture calculations are based
on the PBE functional plus second-variational non-self-consistent spin-orbit coupling®'.
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