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Enhancing Chiroptoelectronic Activity in Chiral 2D
Perovskites via Chiral-Achiral Cation Mixing

Hao Li, Pranab Sarker, Xiaoyu Zhang, Maxwell W. Terban, Sanjit Ghose, Ibrahim Dursun,
Mircea Cotlet, Mingxing Li, Yugang Zhang, Yuanze Xu, Shripathi Ramakrishnan, Tao Wei,

Deyu Lu, and Qiuming Yu*

Rational design of chiral two-dimensional hybrid organic—inorganic
perovskites is crucial to achieve chiroptoelecronic, spintronic, and ferroelectric
applications. Here, an efficient way to manipulate the chiroptoelectronic
activity of 2D lead iodide perovskites is reported by forming mixed chiral

(R- or S-methylbenzylammonium (R-MBA* or S-MBA™)) and achiral
(n-butylammonium (nBA™)) cations in the organic layer. The strongest and
flipped circular dichroism signals are observed in (R/S-MBA, snBA, ;),Pbl,
films compared to (R/S-MBA),Pbl,. Moreover, the (R/S-MBA, ;nBA, 5),Pbl,
films exhibit pseudo-symmetric, unchanged circularly polarized
photoluminescence peak as temperature increases. First-principles
calculations reveal that mixed chiral-achiral cations enhance the asymmetric
hydrogen-bonding interaction between the organic and inorganic layers,
causing more structural distortion, thus, larger spin-polarized band-splitting
than pure chiral cations. Temperature-dependent powder X-ray diffraction and
pair distribution function structure studies show the compressed intralayer

example of this emerging class,?! in which
an inorganic layer comprising the corner-
sharing metal-halide octahedra is sand-
wiched between layers of chiral organic
cations. The chirality of organic cations is
considered to be transferred to the inor-
ganic layers via hydrogen bonding between
the -NH;* of chiral organic cations and
halides of [MX;]*~ octahedra (X = a halide
anion; M = a divalent metal cation).[>3]
The resulting 2D-CHOIPs exhibit oppo-
sitely signed circular dichroism (CD) re-
sponses in the low-energy region due to the
asymmetric absorption rates of left-handed
and right-handed circularly polarized lights
according to different Einstein coefficients
possessed by the inorganic framework.[*]
The chirality-induced spin-polarized band-

lattice with enlarged interlayer spacing and increased local ordering. Overall,
this work demonstrates a new method to tune chiral and chiroptoelectronic

properties and reveals their atomic scale structural origins.

1. Introduction

Chiral hybrid organic-inorganic perovskites have recently
emerged as an appealing class of semiconducting materials
because of their potential applications in chiroptoelecron-
ics, spintronics, and ferroelectrics.'! Two-dimensional chiral
hybrid organic—inorganic perovskites (2D-CHOIPs) are a prime

splitting is responsible for such asymmet-
ric absorption rate in 2D-CHOIPs. As such,
the CD responses, such as the position,
sign, and intensity of peaks or the chiropti-
cal activity in 2D-CHOIPs, are governed by
the underlying band structure, in particular,
band gap, spin-polarized band splitting, and
rotatory strength. Band engineering via chirality transfer is thus
critical to tune the CD responses in 2D-CHOIPs.[%!

The strategies to manipulate the chirality transfer, and hence,
band engineering, in 2D-CHOIPs are generally through varying
either the inorganic sublatticel®! or the organic spacer layer.”] An
intriguing and unique way to manipulate the chirality transfer is
to mix achiral and chiral organic cations in the organic layer. The
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CD signals are not only enhanced but also flipped sign simply by
blending chiral and achiral cations.!®) 2D-CHOIPs with a broad
array of chiral and achiral organic cations are investigated us-
ing the crystallographic and first-principles methods.P”! The study
shows that a specific bond angle disparity associated with asym-
metric tilting distortions of the metal halide octahedra breaks lo-
cal inversion symmetry and is strongly correlated with the com-
puted spin-splitting. This result indicates that local distortions in
the inorganic layer induced by an appropriate choice of organic
cations provide a key design rule to achieve strong spin-splitting
in 2D-CHOIPs.

Apart from the controlled spin-splitting, the stability of photo-
luminescence is another key optoelectronic component for the
application of chiral perovskites in optoelectronic devices. In
2D perovskites, it has been demonstrated that the temperature-
dependent emission peak was affected by the synergetic effect
of thermal expansion and electron—phonon interaction.! All ex-
isting chiral and achiral 2D perovskites exhibit a peak shift with
changing temperatures.['% Since the peak shift reflects the dy-
namic changes of color purity and color gamut with the chang-
ing external conditions, a simple, common strategy to enhance
the color stability is highly needed. To address this issue, a sys-
tematic investigation of the impact of chiral and achiral cations,
as well as their mixtures, on thermal expansion interaction and
electron—phonon interaction is required.

Density-functional theory (DFT) is a powerful method to in-
vestigate the effect of chirality-induced inversion asymmetry
on the electronic structures and has been successfully used
to predict a substantial bulk Rashba-Dresselhaus splitting in
the inorganic-derived conduction band, which is absent in the
racemic analog.’! The crystal structures and electronic band
structures obtained from DFT calculations can help to estab-
lish the structure—property relationship for 2D-CHOIPs and ac-
celerate their rational designs. However, despite recent explo-
rations on both experimental and theoretical fronts, the rational
design of 2D-CHOIPs is still in its infancy because the structure—
property relationship for 2D-CHOIPs has not been fully under-
stood. In addition, the limited choice of chiral organic cations and
weak chirality greatly hinder their chiral optoelectronic applica-
tions, such as emission™) and detection of CPL.['?] Also, most
of the existing methods only focus on varying the strength of
the CD signal but not on the chiroptoelectronic activity. Thus,
conducting a comprehensive and synergetic experiment-theory
study is imperative to reveal the structure—property relationship
of 2D-CHOIPs, which is the cornerstone to fulfill the promises
of future chiral optoelectronic applications.

In this work, we manipulate the chirality of 2D-CHOIPs
by blending achiral cation (n-butylammonium, nBA*) and chi-
ral cation (R/S-MBA*) to form ((R/S-MBA), .nBA,),Pbl, 2D-
CHOIPs and perform a systematic and comprehensive investi-
gation of the relationship between structure and chiroptoelec-
tronic properties. By partial substitution of chiral cations with
achiral cations, we demonstrate an effective strategy to tune the
polarity and intensity of the CD signal. Additionally, we con-
duct DFT calculations to investigate the crystal structures, hy-
drogen bonding, and band structures. We find that incorporat-
ing achiral cations into the chiral organic spacer layer results in
stronger and more asymmetric hydrogen bonding, larger octa-
hedral distortion, and rigid crystal structure. We also carry out
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temperature-dependent powder X-ray diffraction (PXRD), pair
distribution function (PDF) analysis, and circularly polarized
photoluminescence (CPPL) measurements to understand the
structure—chiroptoelectronic property relationship. Local struc-
ture characterization of the PDFs suggests that the presence of
mixed cations increases local ordering, particularly at low tem-
peratures. The fixed peak position and only slightly asymmetric
peak broadening with increasing temperature exhibited in the
CPPL spectra of (R/S-MBA, snBA5),Pbl, suggest that the pres-
ence of mixed cations impacts the nature of electron-phonon
coupling. Our work thus sheds light on the manipulation of chi-
roptoelectronic properties of 2D-CHOIPs via a simple yet power-
ful method.

2. Results and Discussion

2.1. Chiral Optical Activity and Crystal Structure

To investigate how mixing achiral cations with chiral cations in
the organic layer affects the chirality of the 2D-CHOIPs, we fabri-
cated a series of 2D-CHOIP thin films with the formula of (R/S-
MBA,_,nBA,),Pbl,, where x = 0, 0.1, 0.2, 0.5, 0.7, 0.9, and 1.0,
as well as racemic 2D perovskite (rac-MBA)PbI, thin films us-
ing one-step spin-coating method.[? We confirmed that all the
thin films adopted layered structures with blending of chiral and
achiral ammonium ions sitting in between [Pbl,]*~ sheets by X-
ray diffraction (XRD) (Figure S1a,b and Table S1, Supporting In-
formation). All the samples exhibit a set of strong 00! reflections
with the (001) peak located between the 26 angle of 6°~7°, demon-
strating the formation of the inorganic layers intercalated by the
organic cations. The UV-vis absorption spectra exhibit a strong
exciton peak around 500 nm, characterizing 2D Ruddlesden—
Popper phase. The exciton peak appears at 498 nm for the (R/S-
MBA),Pbl, thin films (Figure 1a,) and gradually red shifts with
the increase of the nBA* fraction to 514 nm for the (nBA),PbI,
film (Figure S1c, Supporting Information).

We collected CD spectra to investigate their chiral optical ac-
tivities. The CD spectra display a distinct derivative feature for
the (R/S-MBA),Pbl, films, while the (rac-MBA),Pbl, film ex-
hibits no CD signal (Figure 1c,d). The low energy CD signals
around 500 nm can be assigned to the optical activities within
the inorganic framework induced by chiral cations (R/S-MBA™),
which results from the Cotton effect.!'3] By incorporating achi-
ral nBA* cations, the CD signal gradually changes from positive
to negative, except for the R-MBA/nBA molar ratios of 1:9 and
0:10, where the weak signal intensity made the identification of
opposite polarity ambiguous (Figure S1d, Supporting Informa-
tion). The CD signals of (R/S-MBA,nBA;),Pbl, films are not
only flipped in sign in comparison to (R/S-MBA),Pbl, but also
enhanced to ~#+100 mdeg, with a magnitude about five times
greater than that of (R/S-MBA),Pbl, (Figure 1c,d).

We calculated the anisotropy factor (g-p)!'* and obtained gq,
of 2.61 x 10™* and — 2.91 x 10~* for the (R/S-MBA),PbI, films,
respectively, which are close to the reported values.['*! In con-
trast, the (R/S-MBA,snBA,s),Pbl, films show almost one order
of magnitude larger g, of — 1.92 x 10~% and 1.56 x 1073, re-
spectively. The substantially higher g., value and opposite polar-
ity indicate that the incorporation of achiral organic cations to
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Figure 1. UV-vis absorption and CD spectra. a) Normalized UV-vis absorption spectra and c¢) CD signals of (R-MBA),Pbl,, (R-MBA( 5nBAs),Pbly,
and (rac-MBA),Pbl, films. b) Normalized UV-vis absorption spectra and d) CD signals of (S-MBA),Pbly, (S-MBA, snBA5),Pbl,, and (rac-MBA),Pbl,

films. UV-vis spectra were normalized to the exciton peaks.

2D-CHOIPs enhances the CD signal and modifies its polarity in
perovskite lattice structures.

We characterized the morphology and crystal orientation of
these films. The top-view scanning electron microscopic (SEM)
images reveal that the mixture of organic cations tends to re-
duce the crystal grain size of (R/S-MBA(;nBA;),PbI, as com-
pared with (R/S-MBA),Pbl, thin films (Figure S2, Supporting
Information). The grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) patterns show a slight decrease in preferred
crystal orientation after introducing nBA* cations into the (R-
MBA, snBA ), Pbl, film. However, obvious difference for the (S-
MBA, snBA, 5),Pbl, film is observed (Figure S3, Supporting In-
formation). Even though the film morphology and crystal orien-
tation can contribute to CD response due to the linear dichroism
and linear birefringence (LDLB) effect,!'®! the enhanced CD sig-
nals exhibited by the (R/S-MBA, snBA;),Pbl, films are mainly
due to the enlarged structural distortions to be elaborated below.

2.2. Inorganic Layer Distortions and Asymmetric Hydrogen
Bonding Interactions

To understand the change of chiral optical activity upon intro-
ducing achiral cations in 2D-CHOIPs, we conducted DFT cal-
culations to quantify their inorganic layer distortions at both
intra- and inter-octahedral levels. The DFT calculations were per-
formed with the frozen-core projector augmented-wave (PAW)
method!®! implemented in the Vienna Ab initio Simulation Pack-
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age (VASP) (version 6.2.1)'7] (see Computational Methods in
Section 4 for details). The crystal phase and space group sym-
metry of (R/S-MBA),Pbl, and (rac-MBA),Pbl,, shown in Table
S2 and Figure S4a,b (Supporting Information), agree with pre-
vious studies.[>!®] However, for (R/S-MBA,;nBA,;),Pbl,, both
P2,2,2, (Z=4) and P2, (Z = 2) phases are found to be likely the
ground state crystal structures after structure optimization of var-
ious polymorphs. The P2,2,2, phase is energetically more stable
(1.3 meV atom™" lower) than the P2, phase at T= 0 K. Given that
a temperature-induced structural transition between P2,2,2, and
P2, was observed for (R/S-2-MeBA),Pbl, at ~#180 K'?! and that
the P2, phase was identified for (R/S-MePEA snBA, ), PbBr, by
single crystal XRD analysis,'®] we examined the thermodynamic
phase stability at finite T by calculating the Gibbs free energies.
We find that the P2, phase becomes thermodynamically more
stable at T > 190 K (Figure S5, Supporting Information). More-
over, the band gap obtained from the P2, phase is smaller than
that from the P2,2,2, phase (Figure S6, Supporting Informa-
tion), which will be discussed later. We thus choose this high-T
P2, phase as the crystal structure for (R/S-MBA,;nBA,),Pbl,
for the rest of the DFT calculations, unless otherwise stated, to
better mimic the experimental conditions.

A small but symmetric distortion of the [PbIj]*~ octahe-
dra around the inversion center at Pb is observed for (rac-
MBA),Pbl, (Figure S7a, Supporting Information), while (R/S-
MBA),Pbl, and (R/S-MBA,;nBA),Pbl, show sizable distor-
tion that breaks the inversion symmetry (Figure 2a—d). In (R/S-
MBA),Pbl,, the organic cation phenyl rings align approximately

© 2024 Wiley-VCH GmbH

oQ ‘0 ‘1L01S61T

:sdny woiy papeoy

ASUAOI'T suowwo)) daAnear) a[qedrjdde ay) Aq pauIdA0S aIe Sa[o1IR Y asn JO Sa[NI 10 AIeIqI] Aul[uQ AJ[IA\ UO (SUOIIPUOD-PUB-SULId) /W0 AJ[IM"ATeIqi[aul[uo//:sdny) suonipuo) pue swia ], ay) 39S “[H20z/01/1¢] uo Areiqry autjuQ Kopipy ‘Areiqy LsioAtup [jouio)) £q Z8L10%20Z WOPE/ZOOT 0 1/10p/ W0 K[1m ",


http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401782&mode=

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

a) (R-MBA),Pbl,
A A A A A

b) (S-MBA),Pbl,

www.advopticalmat.de

¢) (R-MBA, snBA, 5),Pbl, d) (S-MBA, ;nBA, 5),Pbl,

3 —()

Figure 2. Crystal structural analysis of 2D-CHOIPs. a,e) (R-MBA),Pbl, b,f) (S-MBA),Pbl,, ¢,g) (R-MBA, 5nBA 5),Pbly, and d,h) (S-MBA| 5nBA; 5),Pbl,
Side (top row) and top (bottom row) view of [Pbl,]?~ layers, along with the organic spacer layer containing either pure chiral R/S-MBA* cations or mixed
chiral R/S-MBA™ and achiral nBA* cations. Color labeling of atoms: Pb (orange); | (purple/pink); C (cyan); H (white); N (blue). Structures are optimized
at the DFT level with the D3 van der Waals corrections. The pink and purple axes indicate the screw axes along “a” and “b” directions for (R/S-MBA),Pbl,
and (R/S-MBA, snBA, 5), Pbly, respectively. The larger thickness of the pink arrow indicates larger distortions of the Pb-I-Pb angles from 180°.

«

parallel to the “c” axis (normal to the [Pbl,]*~ sheets), while in
(R/S-MBA, ;nBA,5),Pbl,, the phenyl rings align parallel to the
“a” axis due to the CHj; - - - x interactions.?”! To quantitatively
describe the octahedral distortion, we examine the bond length
distortion index (Ad), bond angle variance (¢?), and in-plane
Pb—I—Pb bond angles. We also measured the hydrogen bond
lengths to understand how the mixed chiral-achiral cations im-
pact the octahedral distortions in the inorganic layer.

Both Ad and 62 have been used to quantify the intra-octahedral
distortion.’! (R/S-MBA, snBA, 5),Pbl, exhibits the largest Ad of
0.017 and 62 of ~35 deg? in comparison to the values of (R/S-
MBA),Pbl, and (rac-MBA),Pbl, (Table S2, Supporting Informa-
tion), suggesting the largest intra-octahedral distortions. These
values are also at the high end compared to those surveyed chiral
and achiral cations in 2D perovskites.!]

The in-plane Pb—I—Pb bond angles reflect the tilting dis-
tortions of neighboring octahedra within the inorganic layer
(Figure 2e-h and Figure S7b, Supporting Information). Due
to the tilting of neighboring octahedra in all four (R, S) com-
pounds, any set of four linked octahedra creates a crinkled
square pattern, causing equatorial Pb—I—Pb bond angles to dif-
fer drastically from the ideal 180° for an undistorted perovskite
sheet (Figure 2e-h). (R/S-MBA,;nBA),Pbl, features similar
but more prominent tilting asymmetric distortions than (R/S-
MBA),Pbl,, with two widely disparate equatorial Pb—I—Pb an-
gles 0of 150.5° and 136.5°, thus differing by ~14° compared to ~9°.
The inversion asymmetric inorganic layers are indicated by the
different thicknesses of pink and purple arrows. We notice that
the pair of (R-MBA),Pbl, and (S-MBA,;nBA,;),Pbl,) have the
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same order of the distortion (thin, pink vs thick, purple arrows),
so do the pair of (S-MBA),Pbl, and (R-MBA, ;nBA,;),Pbl,). But
the order is opposite between the two pairs (Figure 2e-h), con-
sistent with the flipped CD signals of (R/S-MBA,snBA ) com-
pared to (R/S-MBA),Pbl,. In contrast, (rac-MBA),PbI, exhibits
equal Pb—I—Pb bond angles (150.8°), suggesting that an inver-
sion center is retained (Figure S7b, Supporting Information).
Exploring hydrogen bonding interactions with the in-plane I
anions in the inorganic layers provides important insights into
the mechanism of the chirality transfer between the organic and
inorganic layers. Figure 3a,b shows that, in (R/S-MBA),PbI,,
each pink-colored I atom interacts with two chiral cations, R- or
S-MBA*, on the opposite sides of the inorganic layer, forming
two hydrogen bonds that differ by 0.05 A. However, each purple-
colored I atom does not form hydrogen bonds with chiral cations
because the distance between I and H atoms exceeds the van
der Waals limit.?!l The slightly asymmetric hydrogen bonding
induces the uneven R/S-MBA™ dependent distortion of in-plane
Pb—I—Pb bond angle on the opposite sides of crinkled squares
formed by Pb atoms (Figure 2e,f), but that asymmetry does not
cause any out-of-plane shift of Pb.l In (R/S-MBA, snBA, s ),Pbl,,
each pink-colored I atom interacts with one chiral cation, R- or S-
MBA™ on one side of the inorganic layer and one nBA™ cation
on the opposite side of the inorganic layer, forming two more
asymmetric and much stronger hydrogen bonds (Figure 3c,d)
compared to those in (R/S-MBA),Pbl,. The difference between
two hydrogen bonds is up to 0.16 A. Moreover, the hydrogen
bond formed between the chiral cation and I (2.48 A) is much
shorter than those (2.81 and 2.86 A) formed in (R/S-MBA),Pbl,.

© 2024 Wiley-VCH GmbH

a0 “1LOTS61T

:sdny woiy papeoy

ASUAOI'T suowwo)) daAnear) a[qedrjdde ay) Aq pauIdA0S aIe Sa[o1IR Y asn JO Sa[NI 10 AIeIqI] Aul[uQ AJ[IA\ UO (SUOIIPUOD-PUB-SULId) /W0 AJ[IM"ATeIqi[aul[uo//:sdny) suonipuo) pue swia ], ay) 39S “[H20z/01/1¢] uo Areiqry autjuQ Kopipy ‘Areiqy LsioAtup [jouio)) £q Z8L10%20Z WOPE/ZOOT 0 1/10p/ W0 K[1m ",


http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401782&mode=

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

a) (R-MBA),Pbl,

www.advopticalmat.de

b) (S-MBA),PbI,

d) (S-MBA, 5nBA, 5),Pbl,

pr.

Figure 3. Hydrogen-bonding interactions between the equatorial | anions and organic cations. a) (R-MBA),Pbl,, b) (S-MBA),Pbl,, c) (R-

MBAgsnBAy5),Pbly, and d) (S-MBAqsnBAgs),Pbly.

The purple-colored I atoms can form a relatively weak hydrogen
bond with nBA* cation with the bond length of ~3 A. The analy-
sis of the hydrogen bonds in (R/S-MBA, ;nBA,;),Pbl, suggests
that the incorporation of nBA* cations results in stronger and
more asymmetric hydrogen bonding interaction between the or-
ganic cations and inorganic layers.!!! Consequently, a higher de-
gree of asymmetric hydrogen bonds in (R/S-MBA, snBA, ;),Pbl,
leads to larger differences in adjacent equatorial Pb—I—Pb bond
angles (Figure 2c,d). Moreover, the alternating arrangement of
R/S-MBA* and nBA* on both the same and opposite sides of the
inorganic layer in (R/S-MBA,;nBA,),Pbl, causes an opposite
push-and-pull effect of equatorial I atoms, inducing a large an-
gular distortion of the linear Pb—I—PDb bond angle (Figure 3c,d
and Figure 2c,d). This out-of-plane distortion contributes to re-
duced intralayer dimensions and an increased stacking distance,
aligning with the XRD structural analysis in this work. In (rac-
MBA),Pbl,, equal hydrogen bonding interactions are shown on
the opposite sides of the inorganic layer (Figure S7c, Supporting
Information), which creates equal equatorial Pb—I—Pb bond an-
gles (Figure S7b, Supporting Information) and prevents any out-
of-plane shift of Pb atoms (Figure S7c, Supporting Information).

The stronger hydrogen bonding interactions in (R-
MBAsnBA;),Pbl, are supported by the Fourier transform
infrared (FTIR) spectra (Figure S8, Supporting Information).
Furthermore, the steady—state Raman spectra reveal the changes
in the ground-state phonon modes in (R/S-MBA,;nBA;),PbI,
compared to (R/S-MBA),Pbl, (Figure S9, Supporting Informa-
tion), supporting the octahedron titling, along with Pb—I—Pb
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bond angle and Pb—I bond length variations,[??] observed in the
corresponding DFT-optimized structures.

2.3. Electronic Band Structures and Spin-Polarized Band-Splitting

To investigate the impact of structural distortions on spin char-
acteristics, we calculated the electronic band structures of 2D-
CHOIPs (Figure 4) at the HSE06+SOC level.?*! Both (R/S-
MBA,snBA),Pbl, have band gaps smaller by ~0.07-0.08 eV
than their respective (R/S-MBA),Pbl,, consistent with the ob-
served red shift of excitonic-peak position in the UV-vis spectra
(Figure 1a,b). These results imply that the substitution of chiral
R/S-MBAY cations with achiral nBA* cations has a noticeable ef-
fect on the band gap due to larger distortion of inorganic octahe-
dra, which has been observed in other 2D perovskites.!?*]

The overall features of the electronic band structures for (R/S-
MBA),Pbl, (Figure 4a,b) are consistent with previous studies.[*]
Valence bands (conduction bands), denoted by VB1 and VB2
(CB1 and CB2) in Figure 4, were reported to be spin—split bands
resulting from chirality transfer and the SOC effect in the previ-
ous studies.[*] However, a closer inspection reveals that each of
VB1 and VB2 (CB1 and CB2), in fact, contains two spin-polarized
bands, colored red (spin-up), and green (spin-down), with the
energy separations less than 4 meV. The splitting of these bands
arises from the SOC effects of Pb p orbitals, resulting from the
chirality-transfer-driven (i.e., asymmetric hydrogen bonds) inver-
sion symmetry breaking (Figure S10, Supporting Information).
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Figure 4. DFT (HSE06+SOC) band structures. a) (R-MBA),Pbl,, b) (S-MBA),Pbl,, c) (R-MBA, snBAy;s),Pbl,, and d) (S-MBA, snBA, 5),Pbl,, obtained
with the 43% exact exchange (a = 0.43).[28] The blue rectangle boxes illustrate the zoomed-in view of a segment of the selected (bottom) valence
(conduction) bands of near I point (at (0.0, 0.056, 0) in the reciprocal lattice coordinates). Red- and green-colored branches indicate the bands with the
lifted degeneracy resulted from the inversion symmetry breaking of the octahedra (due to the chirality transfer) and SOC effect. Red (Green): up (down)
spin texture of z-component of the spin vector. VB (CB): valence (conduction) band. The Fermi level is referenced at E =0 eV.

These results were further verified by using the all-electron
code FHI-AIMS!?! with HSE06+SOC.[*] Although the narrow
band-splitting in (R/S-MBA),PbI, was not reported in previous
studies,!®®>?”] the recent work on (R/S-2-MeBA),PbI, shows the
same band-splitting features."”! Without HSE06+SOC, both
VB1/VB2 and CB1/CB2, including CB3 and CB4 (third and
fourth conduction bands), are nearly twofold degenerated, and
the spin-polarized texture of VB1-VB2 and CB1-CB4 is absent
(Figure S1la, Supporting Information). For (rac-MBA),Pbl,,
no such spin-polarized band-splitting is observed, even when
the SOC is considered, clearly highlighting the lack of chi-
rality effect on its band structure (Figure S7e, Supporting
Information).

In contrast to (R/S-MBA),Pbl,, VB1, and CBI1 in (R/S-
MBA,snBA;),Pbl, comprise two spin-polarized bands along
the I'Z direction (Figure 4c,d). The SOC effect removes the spin-
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degeneracy of VB1 (CB1), by comparing the band structures with-
out the SOC effect (Figure S11b, Supporting Information). The
enhanced spin-polarized band splitting of VB1 (~24 meV) and
CB1 (=100 meV) originates from the stronger octahedral distor-
tions caused by the asymmetric hydrogen bonds between I atoms
and mixed R/S-MBA* and nBA*, as compared to their counter-
parts containing only R/S-MBA* cations. Therefore, the chiral-
ity transfer via asymmetric hydrogen bonding is maximized in
2D-CHOIPs with mixed achiral-chiral cations, leading to larger
spin-polarized band-splitting. These splits have a stronger effect
on conduction bands than valence bands.

The observed CD signals in Figure 1c,d are also likely at-
tributed to the transition of electrons between these Pb/I states,
e.g., from Pb(6s) to Pb(6p). We verify this possible permitted tran-
sition by calculating the density-of-states of total angular momen-
tum (jDOS; j = I + s; j = total angular momentum; | = orbital

© 2024 Wiley-VCH GmbH

oQ ‘0 ‘1L01S61T

:sdny woiy papeoy

ASUAOI'T suowwo)) daAnear) a[qedrjdde ay) Aq pauIdA0S aIe Sa[o1IR Y asn JO Sa[NI 10 AIeIqI] Aul[uQ AJ[IA\ UO (SUOIIPUOD-PUB-SULId) /W0 AJ[IM"ATeIqi[aul[uo//:sdny) suonipuo) pue swia ], ay) 39S “[H20z/01/1¢] uo Areiqry autjuQ Kopipy ‘Areiqy LsioAtup [jouio)) £q Z8L10%20Z WOPE/ZOOT 0 1/10p/ W0 K[1m ",


http://www.advancedsciencenews.com
http://www.advopticalmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadom.202401782&mode=

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

www.advopticalmat.de

a) b) <)
observed (R-MBA);Pbls (powder), 90 K 100 240 002 020

=1 —— simulated S w— 105 255 S

! (002) — difference, R, = 8.8533% . | — 120 270 ) 201
© interlayer © |- 135 285 © 006
b o spacin = 150 300 =
> SR > >
o o 165 — 315 | o
ucw 2 180 — 330 / 2
o o 195 —— 345 [ o
+ . 210 — 360 =
— = 225 - J

/ \
— - T — T — T —r—T—r—T v T —r — T T
1 2 3 4 5 6 7 0.35 0.40 0.45 13 1.4 1.5
d) e) f)
preferred observed (R-MBA),Pbls (film), 90 K — 90 240

3 orientation — ;"f‘;“"“ed = 26762 3 =]

3 —— difference, Ry = % . .
© along x3 © ©
~ ~ "y
> > >
] ) ]
C = =
V] (] ]
- - —
(= [= =

LN S S S S S S S S S S S S e S S S S

035 040 0.45

) i s 2 3 4 5 6 7 h) _)
observed (R-MBA; snBAgs);Pblg (film), 90 K — 90 001
:; — simulated (P2,2,2; model) 3 3
= —— simulated (P1 model) % -
© — difference (P2,2;2; model), R,, = 2.2520% © ©
; x3 — difference (P1 model), R, = 1.7589% ; ;
a ] @
[= c c
Q () Q
4 -~ -
£ = =
L
-
1 2 3 4 5 6 7 0.35 0.40 0.45 13 14 1.5
Q/A™ Q/A? Q/A?

Figure 5. The Rietveld refinement using a two-phase model. a) (R-MBA),Pbl, powder at 90 K and b,c) with peak shifting due to thermal expansion over
selected ranges of 20. The peak indexing is based on the P2;2;2; unit cell. d—f) The same for the (R-MBA),Pbl, film sample. g) Rietveld refinement of
two possible models using either P2;2;2; or PT symmetry to the (R-MBA, snBA5),Pbl, at 90 K and h,i) peak shifting due to thermal expansion over

selected ranges with peak indexing based on the P17 model.

angular momentum; s = spin angular momentum) (Figure S10,
Supporting Information). Note that the CD transitions are gov-
erned by the electronic transition dipole moment and magnetic
transition dipole moment permitted by the selection rules, Aj=0,
+1. We found that all Pb(6s)- and Pb(6p)-derived valence and con-
duction bands near the Fermi level correspond to j = V2 (Figure
S10, Supporting Information), i.e., Aj = 0.

2.4. Crystal Structures as a Function of Temperature

The crystal structures of (R-MBA),Pbl, and (R-
MBA,snBA;),Pbl, were further investigated using
temperature-dependent powder X-ray diffraction (PXRD) and
pair distribution function (PDF) analysis. The PXRD patterns at
90 K and respective Rietveld refinements for (R-MBA),Pbl, pow-
der and film samples and (R-MBA snBA ),Pbl, film are shown
in Figure 5a,d,g, respectively. The shifting of Bragg reflections
due to thermal expansion for all three samples over selected
ranges of 26 is observed (Figure 5). A more detailed discussion
of Rietveld refinements is reported in a separate paper.['! The
first diffraction peak at Q ~ 0.43 A~! (where Q = 2x/d,,) for
all samples corresponds to interlayer spacing of ~14.6 A. With
increasing temperature from 90 K to around 300 K, a continuous
peak shifting was observed without any indication of phase
transitions.
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The trends in a, b, interlayer distance, and volume per layer are
compared for the three samples in Figure 6. The diffraction pat-
tern measured from the (R-MBA),Pbl, film was different from
that measured by the signal crystal flakes in capillary geometry
which has been reported by our previous work.[1 There are clear
systematic (near)absences of the 00l reflections in the film sam-
ple geometry. This suggests that the film has preferred orienta-
tion along the stacking direction [00]], which can be expected to
reduce intensities in the 001 and hkl peaks, while hk0 peaks re-
main strong. To further test this, the March-Dollase model®! was
used as implanted in TOPAS v6 to correct for the preferred ori-
entation effects. This led to a reasonably good description of the
diffraction pattern from the (R-MBA),Pbl, in film-transmission
geometry, as shown in Figure 5, confirming the use of the same
structure model as for the capillary samples. A good agreement
in the results is obtained for the (R-MBA),Pbl, powder and film
samples, suggesting that the sample geometry does not have a
substantial impact on the thermal expansion, and that the pre-
ferred orientation does not hinder us from obtaining reliable val-
ues. Regardless of the model used, the refinements suggest that
the addition of nBA* cations has a large effect on the unit cell
dimensions. There is a significant contraction in both a and b,
which become more isotropic. Although further confirmation is
needed, these findings align with the trends in the thermal ex-
pansion of lattice parameters and volume for the published struc-
tures with nBA* and MeBA™" rather than MBA™* as the organic
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Figure 6. Trends of the unit cell parameters as a function of temperature. a) a, b) b, c) interlayer spacing, and d) volume per layer for the different

samples.

molecule.”] These observations are consistent with the XRD re-
sults (Figure S1, Supporting Information) and the DFT calcu-
lations (Table S2, Supporting Information). Based on the DFT
calculations, the mixture of two different organic components
could cause stronger but asymmetric hydrogen bonding in (R/S-
MBA, snBA,;),Pbl,, leading to more isotropic (on-average) in-
tralayer dimensions, while larger out-of-plane octahedral distor-
tions could lead to reduced intralayer dimensions and an in-
creased stacking distance.

PDF measurements take the diffuse scattering into account in
addition to the Bragg reflections to generate a pair distribution
function G(r), which gives a weighted probability of finding two

atoms separated by a distance r. A major advantage of PDF mea-
surements is that they allow the local structure to be analyzed sep-
arately from the long-range average structure.*”) Temperature-
dependent X-ray total scattering measurements and PDF analysis
were obtained using PDFgetX3P! to characterize the local struc-
tures of (R-MBA),Pbl, and (R-MBA(;nBA;),Pbl, (Figure 7).
While methods for analyzing PDF data from textured samples
are being actively developed,’®”) we only analyzed the powdered
samples for (R-MBA),PbI, to avoid this issue. The published chi-
ral structure was used as a starting point to model the local struc-
ture signal.”] The R/S-MBA™ cations contribute little to the total
signal, because the x-ray scattering power is significantly weaker

oL 12 B 12 o
— 90 195 285 — 90 270 107 —— (R-MBA snBAg5),Pbly (film), 90 K
10+ — 105 210 —— 300 104 , 150 — 330 —— simulated, Ry, = 0.153
A — 120 225 — 315 210 — 390

W
oL
g
G
-0 PbP === 00 |
N-all
_15.
H-all
4 6 8 10
r/A

r/A riA

Figure 7. Comparison of temperature-dependent PDFs. a) (R-MBA),Pbl, and b) (R-MBA(5nBA;5),Pbl, plotted from lowest temperature (blue) to
highest temperature (red). c) The partial contributions to the total PDF are compared as calculated from the model refined to the data measured at 90 K.
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Figure 8. Temperature-dependent circular polarized photoluminescence (CPPL). Normalized CPPL of a) RCP and b) LCP of (R-MBA),Pbl,, c) RCP and d)
LCP of (S-MBA),Pbly, e) RCP and f) LCP of (R-MBA, snBA5),Pbl,, and g) RCP and h) LCP of (S-MBA( snBA 5),Pbl, thin films taken at the heating-up
process from 10 to 315 K. The PL emission was detected at the right and left circular polarized mode by setting the polarizer at 315° and 45°, respectively.

for the organic component due to the lower number of electrons
on these atoms. For this reason, we neglected modeling of any
specific structural modifications to the organic sub-structure as a
function of temperature or chirality.

The first large peak at a distance of ~3.2 A can be indexed
solely to neighboring Pb-I pair distances. The second large peak
at ~4.55 A comes from I-I pairs. The Pb—Pb pair distance is at
6.4 A and farther Pb-I pairs are at 7.1 and 9.4 A. In comparison to
the experimental data, the DFT structures show significantly con-
tracted atom-pair distances, as summarized in Table S3 (Support-
ing Information), which may be partially due to the absence of
thermally activated dynamics. Nevertheless, both DFT and PDF
determined structures show a slight contraction of atom-pair dis-
tances for (R-MBA,;nBA,),Pbl, versus (R-MBA),Pbl,, which
correlates with the smaller unit cell volume. From the DFT cal-
culations, this is ascribed to stronger hydrogen bonding interac-
tions and push-and-pull of alternative I atoms in the adjacent oc-
tahedra, resulting in increased buckling of Pb—I—Pb bond and
shortening of Pb—Pb distance. Interestingly, the local structure
of (R-MBAsnBA5),Pbl, shows narrower peak-widths than for
(R-MBA),Pbl, sample at lower temperatures, suggesting a more
ordered arrangement of the inorganic layers.

Comparison of temperature-dependent PDFs for (R-
MBA),Pbl, and (R-MBAsnBA;),Pbl, are plotted in Figure 7c.
Qualitatively, at low temperatures, the Pb-I and I-I pair distri-
butions are sharper, indicating a smaller spread of values. The
changes observed on increasing temperature are more drastic,
and at high temperatures, the PDF of the (R-MBA;nBA;),PbI,
sample shows broader peaks beyond ~6.5 A due to stronger
octahedral distortions. The trends in the nearest neighbor Pb—Pb
distances with the increase of temperature are given in Figure
S13 (Supporting Information) for both (R-MBA),Pbl, and (R-
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MBA, ;nBA5),Pbl,. The trends show an on-average shorter
magnitude for (R-MBA,nBA,;),Pbl, but a higher thermal
expansion value in conjunction with the larger crystallographic
thermal expansion. The second nearest neighbors are also
contracted and closer in value (not shown), as might be expected
for the shorter, more isotropic in-plane lattice parameters.

2.5. Circularly Polarized and Time-Resolved Photoluminescence
as a Function of Temperature

To investigate the impact of achiral-chiral cations induced
strong structural distortions and asymmetric thermal expan-
sion on chiroptoelectronic activity of (R/S-MBA,;nBA,;),Pbl,,
we measured the temperature-dependent circularly polarized
photoluminescence (CPPL) of the (R/S-MBA),Pbl, and (R/S-
MBA, snBA;),Pbl, thin films (Figure 8). The PL emission was
detected at the right and left circularly polarized mode (RCP
and LCP) for each film. In order to quantify the degree of the
difference of CPPL for 2D-CHOIPs, we calculated the degree

of photoluminescence polarization (DP) by: P = J& e

lefi+right
L and Iy, are the emission intensities at LCP and RCP mode,
respectively.'?! For both (R/S-MBA),PbI, thin films, the P%
values are below 0.1 without any clear trend along the variation
of temperature (Figure S14a, Supporting Information). The
exfoliated single crystal samples, however, show increased P%
values with decreasing temperature.'?l This might be attributed
to the polycrystalline and multilayer stacking features of thin
film samples, which bring additional traps and reduce the dif-
ference between the emissions of LCP and RCP light. However,
as shown in Figure S14b (Supporting Information), the addition
of achiral cations in (R/S-MBA,snBA),Pbl, thin films leads

, where
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Figure 9. Temperature-dependent CPPL characteristics at the RCP and LCP mode. a) Integrated PL intensity as a function of the reciprocal temperature,
b,c) The FWHM of PL peak and the PL peak energy versus temperature, respectively, of the (R-MBA),Pbl, and (R-MBA, snBA 5),Pbl, thin films. The

solid lines represent the fitting results.

to a significant increase in the P% values to 2.5 over a wide
range of test temperatures. The results suggest that the chirality
transfer is more efficient when achiral cations are included in
the organic layer.

The CPPL spectra of (R/S-MBA),PbI, films show a clear
redshift and significant asymmetric peak broadening at both
RCP and LCP PL emissions with increasing temperature
(Figure 8a—d). In stark contrast, the (R/S-MBA,nBA;),Pbl,
films show no peak shift, and only slight asymmetric peak broad-
ening is observed with the increase in temperature (Figure 8e-g).
To further understand how the addition of achiral cations into
the organic layers affects the chiroptoelectronic activity, we fitted
experimental CPPL characteristics with theories to gain exciton
binding energy, electron-phonon coupling strength, and the ef-
fect of thermal expansion and electron—phonon coupling on the
band structures. We fitted the integrated PL intensity as a func-
tion of the reciprocal temperature with the Arrhenius equation
to extract the exciton binding energy!**!:

M= —0 o)

3 -E,
1+aTzexp<ﬁ)

where I(T) is the normalized integrated PL intensity at a given
temperature T, a is constant, k; is the Boltzmann constant,
E, is the exciton binding energy, and I, is the PL intensity at
low-temperature limit (0 K), respectively. The integrated wave-
length range was from 476 to 563 nm. The fitted results are
shown in Figure 9a. There is no obvious difference between the
RCP and LCP mode for each sample, but they exhibit different
trends with the increase of temperature, which implies the dif-
ference in their exciton binding energies (Table S4, Supporting
Information). Slightly lower E; (=89 meV vs 91 meV) for (R-
MBA, snBA,5),Pbl, suggests partially replacing chiral aryl R/S-
MBA™* with achiral alkyl nBA* can alter the exciton binding en-
ergy due to the dielectric confinement effect.?*] In addition, the
smaller exciton binding energies compared to those reported for
2D perovskites!*] suggest that the model in use may not fully cap-
ture the nuances of 2D systems, where additional considerations
such as the reduced dimensionality and dielectric confinement
are crucial. Indeed, PL spectra alone may not provide a complete
picture of exciton binding energy, especially in 2D systems, as
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other factors (e.g., exciton—phonon interactions and dielectric en-
vironment) could also play a significant role.

The Gauss-Lorentz fitted temperature-dependent CPPL full
width at half maximum (FWHMs) are presented in Figure 9b.
From which, we can investigate the charge carrier-phonon cou-
pling strength that has been attributed to the inorganic lead
halide octahedron motions.*®) The FWHM of (R-MBA),Pbl, in-
creases from 40 to 100 meV with the temperature increased from
10 to 300 K. This more than twofold broadening of the emission
peak implies a strong charge carrier-phonon coupling. In con-
trast, the FWHM of (R-MBA(;nBA,5),PbI, just increases from
50 to 70 meV in the same temperature range. The smaller broad-
ening of the peak indicates the reduced phonon coupling and
carrier scattering in (R-MBA,snBA,;),Pbl, perovskites.**) The
evolution of FWHM of the emission peaks can take into account
the coupling of the charge carrier to the acoustic phonons as well
as the longitudinal optical (LO) phonons described by Fréhlich
Hamiltonian:(*7]

1—‘homo
FWHM%% (T) = FO% + FaCT + m (2)
M z _ Mhomo
I_‘homo = Phomo %< D ) <2 —¢€ KhBT ) (3)
pL hwhomo

where I, is the inhomogeneous linewidth at 0 K due to structural
disorder, T,  is the acoustic-phonon and exciton coupling term,
[omo 1S the LO-phonon and exciton coupling term, @, is the
homopolar phonon angular frequency, hw,,,, is the energy of the
LO-phonon, M is the sum of electron and hole effective masses,
p is the mass density, L is the thickness of the quantum well
where the exciton is confined, and D is the deformation potential
of the band gap induced by the homopolar phonons. The effec-
tive masses of electron and hole are 0.78m,, and 0.94m, for (R-
MBA),Pbl, and 0.95m, and 0.76m, for (R-MBA,;nBA;),Pbl,,
extracted from our DFT calculations (Figure S15, Supporting In-
formation), where m, is the electron rest mass. The w,,,, for
the Pb—I—-Pb stretch, the density (p), and the width of the quan-
tum well (L) are 98.8 cm™, 2.804 X 10~ kg cm~3, and 0.61 nm,
respectively.'l The extracted values of Ty, T,., hwy,,,, and D
are summarized in Table S4 (Supporting Information). The val-
ues of [y for (R-MBA,;nBA,;),Pbl, at the RCP and LCP mode
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are about 3 meV larger than those for (R-MBA),Pbl,, implying
a larger structural disorder, which is consistent with the larger
octahedral distortions obtained in our DFT calculations. The val-
ues of I, for (R-MBA, snBA;),Pbl, at the RCP and LCP mode
are around 0.4 meV K7, significantly smaller than those of
~1.7 meV K! for (R-MBA),Pbl,. The weaker acoustic-phonon
and exciton coupling could be due to the stronger hydrogen
bonding interactions that enhances the rigidity of the inorganic
frameworks in (R-MBA,;nBA;),Pbl,. A small charge carrier
LO-phonon coupling typically would reduce the scattering dur-
ing charge transport and increase the carrier mobility of the film.
Subsequently, this will result in an augmented carrier injection
and transport efficiency. The D value of (R-MBA, snBA, 5),Pbl, is
about three times smaller than that of (R-MBA),Pbl,, further in-
dicating the weaker electron-phonon coupling with the addition
of nBA* cations in 2D-CHOIPs. The reduced electron—phonon
coupling in the (R-MBA ;nBA 5),Pbl, might arise from the dis-
tortion of the inorganic layer, introduced by the reduced z—= in-
teractions of chiral R/S-MBA* cations by nBA* substitution.

Further analysis of the peak position variation with temper-
ature is presented in Figure 9c. The temperature-dependent
changes in the emission peak are primarily governed by thermal
expansion (TE) and electron-phonon (EP) coupling.®®! In addi-
tion to the change in the band structure caused by thermal ex-
pansion, the electron—phonon coupling can also have a signifi-
cant impact on the band structure at different temperatures.>*"]
With the one-oscillator model, the following equation is used to
quantify the effects of TE and EP coupling on the band gap vari-
ation with temperature:[°!

E, (T) = Ey+ A T+ App [

2 + 1] (4)

e(h(u/KB T) -1

where E, is the unrenormalized bandgap, A and Ag, are the
weight of the TE and EP coupling, respectively, and Aw is the av-
erage optical phonon energy contributing to EP coupling. The fit-
ting results are in Table S4 (Supporting Information). A similar
trend of EP coupling was also obtained as fitted from FWHM.
It is worth mentioning that the obtained A;; value for (R-
MBA, snBA,5),Pbl, is much smaller than that of (R-MBA),Pbl,,
which indicates suppressed lattice expansion, especially in the
“b” direction as shown in Figure 6b.

We also collected temperature-dependent time-resolved PL
spectra and used them to further explore the electron—phonon
scattering in (R/S-MBA),Pbl, and (R/S-MBA ;nBA;),PbI, thin
films (Figure S16, Supporting Information). The PL decay pro-
cess ramps up as the temperature increases from 10 to 300 K for
all the four films. The decay process was fitted by two exponen-
tial components (I (t) = A, €+ Azefé) and plotted in Figure
S17 (Supporting Information). A power law dependence of scat-
tering rate T” was observed, which is also expected for electron—
phonon scattering.3%! y > 0 indicates that phonons are the main
sources of scattering, while y < 0 indicates that charge impu-
rities are the main sources of scattering. Scattering by acous-
tic phonons will lead to y = 1, while y > 1 suggests that opti-
cal phonons are included in the scattering process.[* In Figure
S17a (Supporting Information), (R-MBA),PbI, shows positive y
values over the test temperature, indicating phonons contribute
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to the scattering, which agrees with the results obtained from the
temperature-dependent CPPL measurements. Even though the
y values at low temperatures (10 to ~150 K) are much smaller
than 1, it is difficult to identify whether acoustic phonons con-
tribute to the scattering. However, there is no doubt that the op-
tical phonons contribute to the scattering at high temperatures
(~150-300 K), given by the y values of 3.91 and 2.73. For the
(R-MBA, snBA, ), Pbl, thin film (Figure S17b, Supporting In-
formation), y values are negative at low temperatures, suggest-
ing the existence of charge impurities. This indicates different
exciton formation and relaxation. At the high-temperature re-
gion (~120-300 K), the y values are much larger than 1, suggest-
ing the optical phonon contributes to the scattering.*!l Nonethe-
less, the temperature-dependent PL dynamics also show differ-
ent phonon scattering behaviors for (R/S-MBA),Pbl, and (R/S-
MBA, snBA,5),Pbl, films.

Femtosecond transient absorption (fs-TA) spectroscopy can
provide information on hot-carrier cooling, which involves the
electron—phonon interactions at the excited states. Therefore,
we conducted the fs-TA spectroscopic measurements at differ-
ent excitation fluences. Figure S18a,b (Supporting Information)
shows the normalized TA spectra at an excitation of 3.54 eV
(350 nm) for (R-MBA),PbI, and (R-MBA;nBA;),Pbl,. As the
delay time increases, the photobleaching and photoinduced ab-
sorption bands red shifts for (R-MBA),Pbl,, while they remain
almost unchanged for (R-MBA(;nBA;),Pbl,. The hot carrier
temperature (T.) evolutions at two pump fluences show the ini-
tial hot-carrier cooling in (R-MBA),Pbl, is dominated within
the sub-picosecond time scale (<1 ps), while an additional slow
cooling process is observed on a timescale of up to hundreds
(Figure S18c, Supporting Information), which is attributed to
the hot-phonon bottleneck effect.[*?l However, hot-carrier cool-
ing in (R-MBA, snBA5),Pbl, shows a similar cooling rate over
the timescale from sub-picosecond to hundreds picosecond, in-
dicating different carrier—-phonon interactions after the introduc-
tion of achiral nBA™ cations as discussed for the temperature-
dependent CPPL and time-resolved PL studies.

3. Conclusion

Mixing chiral R/S-MBA* and achiral nBA" cations in the or-
ganic spacer layer is used as an effective method to manipu-
late the structural and chiroptoelectronic activity of 2D-CHOIP
(R/S-MBA, ,nBA,),Pbl,. Flipped and enlarged circular dichro-
ism signals are observed in (R/S-MBA,;nBA),Pbl,. DFT cal-
culations reveal the enhanced asymmetric hydrogen bonding
interactions between the organic and inorganic layers in the
mixed chiral-achiral 2D-CHOIPs, which causes more distorted
inorganic layers at both the intra- and inter-octahedral lev-
els, increases the chirality transfer, and enlarges spin-polarized
band-splitting. Temperature-dependent powder XRD and PDF
structure studies show the compressed intralayer lattice, en-
larged interlayer spacing, and more organized local structures.
Temperature-dependent CPPL and time-resolved PL as well as
femtosecond transient absorption spectroscopic studies indicate
that the electron-phonon coupling plays an increasing role in
emission and hot electron decay dynamics. The unchanged PL
peak position and slightly asymmetric peak broadening with in-
creasing temperature suggest the potential application of these
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2D-CHOIPs for promising color-stable circularly polarized light-
emitting diode devices. Our results open a gateway to manip-
ulate the chiroptoelectronic activity in 2D-CHOIPs, provide an
in-depth understanding of the structure-property relationship,
and demonstrate their potential for temperature-insensitive de-
vice applications.

4. Experimental Section

Materials: Lead (Il) iodide (Pbl,, 99.99%), N,N-Dimethylformamide
(DMF, anhydrous, >99.8%), diethyl ether (>99%), N,N-dimethyl sulfox-
ide (DMSO, anhydrous, >99.9%), ethanol (>99.5%), hydroiodic acid
(57 wt% stabilized with 1.5% hypophosphorous acid), organic amine (+)-
a-methylbenzylamine (rac-MBA, >98%), (R)-(+)-a-methylbenzylamine
(R-MBA, >98%), and (S)-(—)-a-methylbenzylamine (S-MBA, >98%) were
purchased from Sigma-Aldrich (St. Louis, Missouri) without further pu-
rification. n-Butylammonium iodide (nBAl) was purchased from GreatCell
Solar (Queanbeyan, Australia) without further purification.

Synthesis of Rac-MBAI, R-MBAI, and S-MBAI:  Rac-MBAI was synthe-
sized by dissolving (+)-a-methylbenzylamine (5 mL) in 30 mL of ethanol
in an ice bath. Hydroiodic acid aqueous solution (5.8 mL) was added
dropwise to the flask with vigorous stirring. After the addition of hy-
droiodic acid, the mixture was allowed to stand in an ice bath for another
20 min until a colorless precipitate appeared. The precipitate was filtered
under vacuum and washed thoroughly using cold diethyl ether. The crude
precipitate was collected and recrystallized in ethanol twice to obtain thin,
granular-like white crystals. R-MBAI and S-MBAI were synthesized follow-
ing the same procedure but simply replacing (+)-a-methylbenzylamine
to  (R)-(+)-a-methylbenzylamine  or  (S)-(—)-a-methylbenzylamine
(5 mL).

Fabrication of 2D Chiral Perovskite Thin Films: Plain glass substrates
(Fisher Scientific) were cut into a size of 15 mm X 15 mm and cleaned
followed the procedure reported before.['®] For pure (rac-MBA),Pbl,, (R-
MBA),Pbl,, and (S-MBA),Pbl, perovskite thin films, a 20 wt% perovskite
precursor composed rac-MBAI (0.8 mm) and Pbl, (0.4 mm) were added
in a 1 mL mixed solvent (972 uL DMF and 28 pL DMSO) and stirred
at 70 °C for 1-2 h. Perovskite films of (R-MBA,_,nBA),Pbl, and (S-
MBA,_,nBA,),Pbl, with x =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 were made
by replacing R-MBAI or S-MBAI with nBAI. The precursor was filtered with
a 0.22 um PTFE filter before spin coating. A 2D chiral perovskite film was
fabricated by spin coating a 30 pL precursor solution at 2000 rpm for 30 s
followed by annealing at 100 °C for 10 min.

Characterization of 2D Chiral Perovskite Films: Scanning electron mi-
croscopic (SEM), X-ray diffraction (XRD), Ultraviolet—visible (UV-vis) ab-
sorption spectra, Fourier transform infrared spectroscopy (FTIR) were
conducted on Cornell Center for Materials Research Shared Facilities with
the conditions in the previous publication.[**] Raman spectra were col-
lected using a WITec alpha300R confocal Raman microscope. Steady-
state photoluminescence (PL) measurements of spin-casted thin films
on quartz substrates were captured using an Edinburgh FLS1000 Spec-
trometer with an excitation wavelength of 410 nm and a long pass filter
of 490 nm wavelength. The transmission circular dichroism (CD) data of
spin-casted thin films were collected using a CD spectrometer (J-1500,
JASCO).

The grazing-incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were conducted at the Complex Materials Scattering (CMS, 11-
BM) beamline of the National Synchrotron Light Source Il (NSLS-Il) at
the Brookhaven National Laboratory (BNL) with the conditions in the pre-
vious publication.[*3] Broadband pump—probe transient absorption (TA)
spectroscopyl**] and temperature-dependent circularly polarized photolu-
minescence (CPPL)['®l measurements were performed at the BNL Center
for Functional Nanomaterials (CFN).

Time-resolved PL decays were measured with the same microscope by
using the time-correlated single photon counting method. A single photon
counting avalanche (COUNT 50C from Laser Components) in combina-
tion with a time analyzer (PicoHarp 300, Picoquant Germany) was used
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to record time-resolved PL signals. PL decays were individually fit with the
Fluofit (Picoquant) software using an exponent model.

Temperature-dependent powder X-ray diffraction (PXRD) and pair dis-
tribution function (PDF) measurements were performed on xPDFsuite. X-
ray total scattering measurements were conducted using beamline 28-1D-2
of NSLS-Il at BNL. The details for data collection and analysis can be found
in the previous publication.['0]

Rietveld Refinements: Rietveld refinements can be found in the pre-
vious publication.['%] The same basic fitting setup was used to generate
reasonable structure models for extracting the trends of the lattice pa-
rameters for the mixed cation film sample. Both the P2,2,2; and a P1
model with only one layer per unit cell were set up with half the R-MBA
molecules replaced with nBA. Then, the structures were refined to obtain
the best fit. For all three samples ((R-MBA),Pbl, powder, (R-MBA),Pbl,
film(R-MBA( 5snBA 5),Pbl,), the temperature-dependent lattice parame-
ters were tracked by iterative refinement from low to high temperature.

PDF Refinements: PDF refinements were done follow the same
method in the previous publication.['] The same model was used for the
mixed cation sample, assuming that it gives a suitable model of the local
intralayer structure in both cases.

Computational Methods: The structure optimization was performed
using the generalized gradient approximation (GGA) of exchange—
correlation functional with the Perdew—Burke—Ernzerhof (PBE)[44] param-
eterization plus the DFT-D3 method[*’! with Becke—Jonson damping to
incorporate the van der Waals (vdW) dispersion interaction. The hybrid
HSEO6 functionall?*] with spin—orbit coupling (SOC), with 43% exact ex-
change (¢ = 0.43),[27] was employed to obtain a more accurate descrip-
tion of the band gap and capture the relativistic effect introduced by heavy
atom Pb in the systems. For the DFT-HSE06+SOC band structure calcu-
lations, all the geometries relaxed at the DFT-vdW level were used, and no
vdW correction was applied. All structures were relaxed without any sym-
metry constraint until the force on each of the ions was 0.01 eV A~" or
less. A plane-wave basis set with an energy cutoff of 400 eV was used. The
Monkhorst—Packl®l k-point sampling was utilized for the Brillouin zone
integration. To speed up the calculation, all DFT-HSE06+SOC calculations
were performed with the GPU version of VASP 6.2.1. The Visualization for
Electronic and Structural Analysis (VESTA)[#7! software was used to ren-
der the crystal structures. The symmetries of all optimized structures were
obtained using FINDSYM.[“8] The AFLOW notations of the high-symmetry
points in the Brillouin zonel#’] were adopted for the band structure calcu-
lations.

(R/S-MBA),Pbl,: The initial structures were obtained from the liter-
ature and database.[>3°%] Among those, the structures taken from the
report!?] had the lowest energies at the PBE-D3 level. A k-mesh of 9 x 9 x 3
was used for energy calculation. The interplanar distances (d-spacing) and
lattice parameters of the optimized structures are presented in Table S1
and S2 (Supporting Information), respectively. The optimized structures
are displayed in Figure 2a,b,e,f.

(rac-MBA),Pbl,: Like (R/S-MBA),Pbl,, the initial structure of (rac-
MBA),Pbl, was also obtained from the literature.[>'l Additionally, mul-
tiple candidate structures differing in both symmetry and formula unit
(2) were generated by modification of the existing structure of (R/S-
NEA),PbBr,[27¢] and (R/S-MBA),Snl, [l following the reports.[%?] In
those structures, Br and Sn were replaced with | and Pb, respectively; NEA
was modified to form MBA. After DFT-D3 optimization, with a 5 x 9 x 9
k-mesh, the structure derived from the report[“b] was determined as the
lowest energy structure. The d-spacing and lattice parameters of the opti-
mized structures are presented in Tables S1and S2 (Supporting Informa-
tion), respectively. The optimized structures are displayed in Figure S7a,b
(Supporting Information).

(R/S-MBA( 5nBA; 5),Pbl,: Because there is no reported structure of
(R/S-MBA( 5nBA( 5),Pbl,, multiple candidate structures of these sys-
tems were generated from similar existing structures. These are (R/S-
MePEAC4),PbBr, (space group: P2;; Z = 2),I8] (R/S-MBA),Pbl, (space
group: P2,2;2;, Z = 4),[23] and the structures (with P1, P2;, and
P2,2,2; symmetries) from the Rietveld refinements of PDF/XRD data
of (R/S-MBAysnBA;5),Pbl, at 90 K (Figures 5-7) following the previ-
ous work.[520:d.53] Two approaches were taken. In the first approach, the
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motif structures of (R/S-MBA,snBA;s),Pbl, were obtained from (R/S-
MePEAC4),PbBr,, where all MePEA cations were converted to MBA by
removing the extra —-CH,— and replacing the Br~ anions with |~ anions.
In the second approach, the motif structures of (R/S-MBA( 5nBA 5),Pbly
were generated from (R/S-MBA),Pbl, by replacing half of the R/S-MBA*
cations with the same number of nBA™ cations in every alternating layer.

The low-T structure was obtained (Figure S4d, Supporting Information)
from the temperature dependent PDF analysis and the high-T structure
(Figure S4c, Supporting Information) from the DFT calculation. The DFT
energies were calculated (at T= 0 K) for both structures, and it was found
that the orthorhombic structure (Figure S4d, Supporting Information) is
the lowest energy structure, i.e., the most stable at T = 0 K. So, the or-
thorhombic structure (Figure S4d, Supporting Information) was called as
the low-T structure. However, when the phase stability was calculated at
finite T (Figure S5, Supporting Information), the monoclinic phase (Figure
S4c, Supporting Information) was found to be more stable at T = 200 K
(see Gibbs free energy, G, for the monoclinic phase (blue curve) is more
negative in Figure S5, Supporting Information). For this reason, the mono-
clinic phase was called (Figure S4c, Supporting Information) as the high-T
phase.

Non-colinear SOC total angular momentum (j) calculation: To obtain j
for different non-colinear SOC bands, it is necessary to carry out full rela-
tivistic DFT calculation, which is not implemented in the current version
of VASP. Thus Quantum Espresso (version 6.3)[>*] was employed for the
full-relativistic band structure and SOC density-of-state calculations, us-
ing PBE-GGA-PAW-based full-relativistic pseudopotentials (H: H.rel-pbe-
kjpaw_psl.1.0.0.UPF; C: C.rel-pbe-n-kjpaw_psl.1.0.0.UPF; N: N.rel-pbe-n-
kjpaw_psl.1.0.0.UPF; I: I.rel-pbe-n-kjpaw_psl.1.0.0.UPF; Pb: Pb.rel-pbe-dn-
kjpaw_psl.1.0.0.UPF). The optimized geometries obtained in the VASP cal-
culations were taken for all full-relativistic calculations. The kinetic energy
cutoff for the plane-wave basis set was 100 Ry (1360.57 eV).

Non-colinear SOC band structure calculations with all-electron pseu-
dopotentials: the non-colinear SOC band structure calculations was also
performed with all-electron pseudopotentials, as implemented in the FHI-
AIMS software (version 210716_3).[26°°] This was done to check whether
the observed band splitting into (R/S-MBA),Pbl, (Figures 4a,b) is due to
the non-colinear SOC effects or due to the PAW-frozen-core approximation
of pseudopotentials in the VASP calculations. Both DFT+SOC and DFT-
HSE06+SOC (a =0.25 and 0.43) frameworks with the PBE-GGA functional
were utilized. Irrespective of the flavor pseudopotentials, consistent band
splitting across the DFT packages was obtained.

Effective mass calculation: The effective mass of electron (m,*)/hole
(my,*) was estimated from the parabolic fitting of the band energy disper-
sion relation at the top (bottom) of the valence (conduction) band maxi-
mum (minimum) following the previous work:[1]

®)

PEKR]
]

m:/h :%h[

where k is the wavevector. E(k) are the band energies obtained from the
eigenvalues of an electron in a band at a wavevector k using DFT. No
SOC was applied to achieve a better agreement in the parabolic fitting
(Figure S15, Supporting Information). First m */m,* was estimated for
(R-MBA),Pbl, and (S-MBA snBAj5),Pbl,. Then those values were used
for (S-MBA),Pbl, and (R-MBAysnBAs),Pbl,, as the valence (conduc-
tion) band maxima (minima) are similar for R and S chirality for the re-
spective systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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