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Introduction

Atomistic modeling of metal-ligand chirality transfer and

chiroptical properties of lead and tin hybrid perovskites
Mariagrazia Fortino,? Alessandro Mattoni®* and Adriana Pietropaolo?”

Hybrid organic—inorganic perovskites have emerged as excellent material for solar cell implementations. Indeed, their
extreme tunability and facile synthesis open the door to many new applications. Chiral hybrid perovskites are attracting
great interest as promising chiroptoelectronics systems with perspectives for optoelectronic, spintronics, among others. To
date the mechanism through which the chiral bias is generated from the chiral organic ligand to the inorganic lattice is
unclear. Herein we present a bespoke simulation workflow based on DFT and TD-DFT for the study of the chiroptical
response of lead- and tin-based 2D chiral perovskites, namely the 2D R- and S-(MBA*):Pbls and R- and S-(MBA*);Snls. The
most impacting factors influencing their CD signals were explored through ab-initio molecular dynamics simulations and
analysis of the density of electronic states (DOSs) showing that the relevant chiroptical features are associated to a chirality
transfer event driven by a metal-ligand overlap of electronic levels. This effect is more evident for the tin-based chiral
perovskites showing higher chirality with excitonic coupling, starting from the chiral ligands propagating within the
inorganic layer. The difference between tin and lead is due to the higher mixing of metal-ligand electronic states of the
tin chiral perovskite, inducing chiroptical signals with wavelengths of 350-500 nm. These signals are red-shifted within the
range of 500-600 nm for the lead chiral perovskite. The high electronic coupling between the chiral ligands and the tin
octahedra can be ascribed from a radically different assembling of the chiral ligands encapsulated in the tin
perovskite, resulting in a highly distorted coordination forming CH-t interactions with distance values of 3.2 A, not
formed in the lead-based system.

controlling their structure and size compared to their 3D
counterpart.23-27

Very recently, new roots of applications for LDHPs particularly
the 2D frameworks, have emerged when embedding chiral

In the recent years, hybrid organic—inorganic perovskites have
spearheaded the field of material science for optoelectronics,
owing to the highly tunable band gap, strong quantum
confinement effect, as well as high optical absorption
coefficients.># In addition to the excellent performances in the
photovoltaics field, the large absorption coefficients, good
charge transport properties and resilience to defects of these
materials have attracted considerable attention also for their
use in developing high-performance optoelectronic devices
such as light-emitting diodes,>10, photonic lasers,11-13
photodetectors41® and solar cells.20-22 |n particular, low-
dimensional hybrid perovskites (LDHPs) have shown to possess
unique electrical and optical properties easily tuned by
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organic ligands in the inorganic polyhedra.28-34 A chiral bias has
been postulated to originate from the chiral ligand, thereby
propagating towards the inorganic scaffold, inducing a
chiroptical response from the inorganic metal-halide
sublattice.3536 Different explanation have been proposed: i) a
geometrical distortion of the inorganic lattice with a
consecutive chirality transfer event;37 ii) the coupling of the
static dipole of the chiral ligand to the transition dipole moment
of the perovskite cluster;38 iii) restricted molecular rotations of
the organic ligand inducing distortions,3® enhancing the
asymmetry with halogen substitutions at the aliphatic carbon;4°
iv) generation of helical chirality into the entire perovskite
frameworks;4! v) micro-strain affecting the electronic
interactions between the inorganic building blocks and the
chiral organic spacer. 42

The most studied chiral hybrid perovskite is undoubtedly the
one embedding methylbenzyl ammonium (MBA*) as chiral
organic ligand within the [Pblg]?- inorganic layer, displacing
important opposite circular dichroism (CD) 354143 and circularly
polarized luminescence (CPL) signals,*3 for the corresponding R-
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and S- enantiomers. Noteworthy, recent CD measurements on
lead-free non-toxic alternatives have shown a chiroptical
activity in the 300-500 nm wavelength range with significative
opposite signals for the R- and S-(MBA*),Snl, enantiomers.44
Despite the importance of these chiral hybrid nanomaterials,
the elucidation of their fundamental chiroptical properties
inducing the chiral bias mechanisms is today unclear.3945-47 In
this scenario, considering the importance of chiral information
and asymmetry transmission across the inorganic structural
perovskite motifs, atomistic modeling can contribute in the
research for innovative technologies based on chiral hybrid
perovskites. Ab-initio methods based on density functional
theory (DFT) and its time-dependent extension (TD-DFT) may
lead to an accurate analysis and prediction of structural,
electronic and physical-chemical properties of chiral LDHPs.

Herein we present a simulation workflow based on ab-initio
molecular dynamics, analysis of electronic density of states
(DOSs) and TD-DFT simulations in order to disclose the main
features impacting the electronic transitions. DOSs calculations
have revealed subtle differences between the lead- and tin-
based chiral LDHPs. Indeed, for lead- and in more extent for tin-
based chiral LDHPs a chirality transfer event originated from

Journal Name

metal-ligand interactions of electronic states affecting the
chiroptical features. The electronic circular dichroism (ECD)
spectra were predicted at the TD-DFT level for representative
molecular clusters of the 2D R- and S-(MBA*),Pbl, and R- and S-
(MBA*),Snl,. A good agreement with the available experimental
data?344 highlights that the inclusion of two octahedral
inorganic layers and four chiral ligands is already a
representative model for the description of the electronic and
CD signals.

Results and Discussion

The density of states calculated at the PBE“8 level of theory
including spin orbit coupling?® (SOC) using periodic boundary
conditions (PBC) and projected on the Pb and Sn atoms of the
inorganic layer and on the C atoms belonging to the MBA*
ligands of the lead- and tin- based chiral LDHPs are reported in
Figure 1. Specifically, in panel 1la of Figure 1 we report the
electronic density of states projected (PDOSs) on the metal
(left) and aromatic carbon atoms (right) computed for the
whole lead- and tin- based chiral LDHPs.
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Figure 1. a) PDOS computed at PBE level of theory within SOC with periodic boundary conditions for the whole lead- and tin- based chiral LDHPs,
projected on Pb, Sn and C atoms belonging to MBA* ligands; b) PDOS computed at PBE level of theory within SOC in PBC projected on C atoms
belonging to MBA* ligands, excluding the inorganic layers. The molecular structures shown are relative to the S enantiomers of the MBA*. All the
reported DOS have been aligned respect to the computed Fermi level. c) Electron density difference Ap computed for S-(MBA*):Pbls and S-
(MBA*)2Snls perovskites; this is obtained by subtracting the electron densities of the inorganic layers and the organic ligands to the total density
(Ap = Pror — Poctahedra — PMmBa+)- Blue regions correspond to negative isovalues, while red region to positive isovalues.

2 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

ARTICLE

The PDOSs on aromatic carbon atoms are computed for the sole
chiral ligands by excluding the inorganic layers (Figure 1b). The
calculated PDOSs show a sizeable metal-ligand interaction of
electronic states, in both lead- and tin-based chiral LDHPs
associated to a chirality transfer occurring in the hybrid
systems. More specifically, the density of states projected on
the C atoms of the ligand rings and calculated for the whole
perovskite systems give rise to bands shifted in the higher
region of the conduction level and with less intensity compared to
the same calculations repeated on the systems without the inorganic
layer. This result is much more evident for the tin-based chiral LDHP
system. In particular the peaks near the Fermi level of the sole ligands
appear shifted with higher energy in the DOS of hybrid systems, with
a sharp peak approaching 1.5 eV for the tin-based perovskite
(Figure 1 a). Noteworthy, a partial energy transfer from the
inorganic lattice to the organic chromophore was recently
proposed in tetrazine-based achiral lead perovskite.’® To

further clarify the electronic coupling between the inorganic
and the organic moieties mainly observed for the tin-based
perovskites, the electron density differences have been
computed and shown in Figure 1c. The electron density
differences were calculated as the difference of the electron
densities of the whole chiral perovskite systems and the
electron densities of the inorganic layer and the organic ligand
(further details are reported in the Supplementary
Information), disclosing a redistribution of the electronic
density as a result of the organic/inorganic interaction in both
lead and tin chiral perovskites. It is observed a charge shift from
the aromatic ring towards the methylammonium groups and an
expansion of charge on the halides indicating the enhancement
of salt-bridge ion pair interactions. To the best of our knowledge
no quantum chemistry package taking account periodic
boundary conditions is currently available for the calculations of
rotational strengths, that can result highly demanding.
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Figure 2. a) Excitonic lines calculated for the whole lead- and tin- based chiral LDHPs and for the chiral organic ligands (cluster model). The rotational
strengths calculated for the tin perovskite are ten times higher than those calculated for the lead analogue.
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Although layered perovskites need to account for periodic
simulations when studying semiconductor propertiesst
directly linked to ionic mobility>2 or transport charge,>3
chiroptical properties may have a more local nature subtly
depending on the helix pitch within chemical coordinates
and the generated coupling between magnetic and electric
transition dipole moments.>* Therefore, to investigate the
chiroptical features for 2D R- and S-(MBA*),Pbl, and R- and
S-(MBA*),Snls, we combined DFT and TD-DFT calculations on
representative molecular clusters, that account for the
typical helix pitch of the perovskite coordinates. The chosen
models consist of two inorganic [Mlg]4- (with M=Pb2* or Sn2*)
octahedral layers and four chiral MBA* chains into the R and
S enantiomeric models; such models maintain the 2:1
stoichiometric ligand-perovskite ratio experimentally
reported and represents a compromise between simulation
cost and material representativeness. In principle, in order
to approximate the properties of infinite periodic layers it is
necessary to take into account large clusters; however, as far
as concern transitions relevant for CD as it will be shown
below the use of small clusters is already meaningful. The
DOSs computed in periodic conditions and the DOSs
computed for the molecular clusters of lead- and tin- based
perovskites are reported in Figure S1 of the Supplementary
Information. The DOSs of the optimized clusters exhibit
larger gaps with respect to the PBC layers due to the
expected quantum confinement effect; however the gap of
the cluster is still free of intra-gap levels and the bands are
not dramatically affected with respect to the pbc layers. It is
worth to remark the importance of SOC contributions. The
latter tend to close the gap and coupled with beyond-DFT
treatment including GW, DFT+1/2 or VPSIC (that opens the
gap) are necessary especially for tin hybrids in which the two
effects do not compensate as is instead the case of lead
(https://pubs.rsc.org/en/content/articlehtm|/2021/ta/d1ta
01573g ;
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09594). In
acluster representation of the chiral material the gap is likely
overestimated because of the quantum confinement effects
and the solely inclusion of SOC already tends to correct the
results. Furthermore, the excitonic transitions are much
higher than the energy gap and the approximations of the
cluster model are less dramatic. In particular, the
terminations of the cluster do not induce deep localized
states but affects the band extrema, consistently with the
well-known defect tolerance of metal halides.

Since thermal effects are expected to be relevant for chiral
perovskites and their chiroptical properties, we perform ab-
initio molecular dynamics simulations at PBE level of theory,
on such lead- and tin-based chiral perovskite models. Ab
initio molecular dynamics describes accurately the nuclei
trajectories and makes it possible to include in our
calculations the effect of distortions (though on a limited
timescale). From the computed ab-initio trajectories, a
representative set of configurations have been extracted
and used to calculate at the HSEO6/LANL2DZ level of theory,
the transition energies, the oscillator and the rotatory
strengths from the ground to the excited states, for the
prediction of the absorption UV-vis and ECD spectra. Those
together with the experimental spectra extracted from the
study conducted by Ma et al.*3are reported in Figure 3.

The excitation energies of the hybrid system related to the
electronic coupling and calculated for a cluster model
including two octahedra and four chiral ligands fall in the
region between 2.5 eV and 5.0 eV, whereas those of the
chiral ligands fall within 4.5 eV and 6.5 eV. The values of the
rotational strengths calculated for the chiral ligands increase
within inorganic octahedra, resulting ten times higher in the
presence of tin octahedra (Figure 2a). A further analysis of
the tin- and the lead-based chiral LDHP molecular structures
suggests an explanation of the observed differences in terms
of metal-ligand interaction. The tin-based chiral LDHP
system shows radical morphological differences if compared
with the lead analogue. The inorganic layers of the chiral tin
perovskite show larger level of octahedral bond distortion.44
Furthermore the organic ligands display significant
differences of molecule assembling if compared with the
lead-based system. Such evidence can be ascribed to CH-1t
interactions of the chiral ligands observed in the tin-based
perovskite with distance values of 3.2 A. This spacing of the
ligands is present in the tin LDPHs crystallized structures*
together with the structural models herein reported and it is
presumably related to the highly distorted geometry of the
coordination octahedra of the layered Sn-I perovskite. For
this reason, these contacts are not revealed in the lead-
based system, showing distance values approaching 6.2 A.
The UV-vis and ECD spectra simulated on small molecular
clusters already reproduce the experimental spectra,
indicating that to simulate the circular dichorism spectra the
minimum requirement is a unitary cell model preserving the
helix pitch, in this case the 2; axis with at least two
octahedral inorganic layers and four chiral ligands.
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Figure 3. a) UV-vis and b) ECD spectra computed by using a representative set of configurations extracted from the ab-initio trajectories in order to adequately
describe the ground states of S- and R- (MBA*)2Pbls coordinates; c) a sketch of the investigated models. In the inset, the experimentally available UV-vis and
ECD spectra are also reported.*® Reprinted with permissions from Reference* Copyright 2022 ACS Publications.
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Figure 4. a) UV-vis and b) ECD spectra computed by using a representative set of configurations extracted from the ab-initio trajectories in order to adequately
describe the ground states of S- and R- (MBA*)2Snls coordinates; c) a sketch of the investigated models. In the inset, the experimentally available UV-vis and
ECD spectra are also reported. * Reprinted with permissions from Reference* Copyright 2022 ACS Publications.

The computed UV-vis spectra exhibit an absorption band located at 490 nm showing a good agreement with the experimental ones having
a band at 510 nm.*3 The agreement with the experimental spectra is also observed with the calculated ECD spectra, predicted to have a
prominent positive signal at 490 nm for the S-(MBA*),Pbl, enantiomer and a negative one in the same position for the R-(MBA*),Pbl,
enantiomer. The calculated absorption UV-vis and ECD spectra together with the experimental spectra, extracted from the study conducted
by Lu et al.** of the tin-based chiral perovskite are reported in Figure 4. Similarly for the lead case calculations those were obtained from a
collection of configurations extracted from the ab-initio trajectories of R- and S- (MBA*),Snl4 coordinates.

The calculated spectra of the tin chiral perovskite at the HSEO6/LANL2DZ show a good agreement in terms of the band shapes and the signs
of excitonic couplings, despite a systematic blue-shift of the vertical energies that can be attributed to the high extent of the density of states
localized within the tin cation and the chiral ligand (Figure 1a).

It is worth noting that the ECD spectra of the tin-based chiral perovskites are characterized by the presence of a series of excitonic lines that
are well reproduced by the TD-DFT simulations. These chiroptical signals can be rationalized by considering that the chirality transfer (and
organic-inorganic coupling) is stronger in tin-based chiral LDHPs than the lead-based ones, as already discussed in PDOSs analysis (Figure 1).
Noteworthy the calculated absorption electronic transitions of lead- and tin-based perovskite models, well fit the bands positions
predicted through the DOSs calculations on the same clusters, as shown in Figure S1 of Supplementary Information.

Computational Details
Periodic simulations and density of state calculations

The density of states of the (MBA*),Pblsand (MBA*),Snl, chiral perovskites were computed at the PBE“8 level of theory by including the spin-
orbit coupling as implemented in Quantum Espresso package.>>56 The Pb.rel-pbe-dn-rrkjus_psl.1.0.0.UPF, l.pbe-n-rrkjus_psl.1.0.0.UPF,
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C.pbe-rrkjus.UPF,  H.pbe-rrkjus.UPF,  N.pbe-rrkjus.UPF,  Sn.rel-pbe-dn-rrkjus_psl.1.0.0.UPF  ultrasoft  pseudopotentials from
http://www.quantum-espresso.org5>56  were used during the calculations. The crystallographic coordinates of the (MBA*),Pbl, and
(MBA*),Snl, chiral perovskites were optimized starting from the crystallographic cell parameters reported by Jana et al.41 and by Lu et al.#
respectively and available in the Cambridge Crystallographic Data Center (CCDC) database with the deposition number of 2015617 for the
lead-based chiral perovskite and of 1994338 for the tin analogue. Electronic densities of states were calculated after optimizing the atomic
positions under periodic boundary conditions at fixed experimental cell parameters and with a vacuum of 14 A orthogonal to the periodic
layer. The density of states calculations were then performed on the optimized coordinates in periodic boundary conditions by maintaining
the same cell parameters, a kinetic energy cutoff of 400 Ry for the wave functions and a kinetic energy cutoff of 35 Ry for the charge density.
The total densities of states were then projected on |, Pb, Sn, and C atoms. The density of states were calculated at the same level of theory
for the tin-based and lead-based chiral perovskites by excluding the atoms belonging to the inorganic layers and keeping the
coordinates of the organic layer in the original positions. Such total densities of states were then projected on the C atoms of the
chiral organic ligand. For the calculations of the electron density differences, the electron densities were computed at PBE level
on i) the whole lead- and tin-based perovskites, on ii) the organic ligands and on iii) the octahedral layers, separately within
Quantum espresso package 7.0.5556

Ab-initio molecular dynamics of cluster models

The starting coordinates representing molecular clusters were constructed starting from the crystallographic coordinates of the
(MBA*),Pbls and (MBA*),Snl, chiral perovskites experimentally available*144 and by considering two inorganic [Mlg]4~ (with M=Pb2* or
Sn2*) octahedral layers and four chiral MBA* chains of the R and S enantiomeric models in order to maintain the 2:1 stoichiometric
ligand-perovskite ratio experimentally reported. The iodine atoms of the crystallographic cell allow saturating the lead and tin
coordination spheres.

In order to evaluate if the constructed models well represent the periodic systems, density of state calculations were performed
on such molecular clusters and compared with the density of states computed in periodic boundary conditions (Figure S1 of
Supporting Information).

All the constructed enantiomeric LDHP models were firstly optimized at PBE*8 level of theory and by using the Pb.pbe-dn-
rrkjus_psl.1.0.0.UPF, l.pbe-n-rrkjus_psl.1.0.0.UPF, C.pbe-rrkjus.UPF, H.pbe-rrkjus.UPF, N.pbe-rrkjus.UPF, Sn.pbe-dn-rrkjus_psl.1.0.0.UPF,
ultrasoft pseudpotentials from http://www.quantum-espresso.org.5>5¢ The optimized coordinates of the constructed models are
reported in a separated ZIP file of the Supporting Information.

The density of state calculations were then performed on the optimized cluster models by including a vacuum of 14 A in the xyz directions,
a kinetic energy cutoff of 400 Ry for the wave functions and a kinetic energy cutoff of 35 Ry for the charge density. The same calculations
were performed also by including spin-orbit coupling, by using Pb.rel-pbe-dn-rrkjus_psl.1.0.0.UPF, I.pbe-n-rrkjus_psl.1.0.0.UPF, C.pbe-
rrkjus.UPF, H.pbe-rrkjus.UPF, N.pbe-rrkjus.UPF, Sn.rel-pbe-dn-rrkjus_psl.1.0.0.UPF, ultrasoft pseudpotentials from http://www.quantum-
espresso.org>>%¢, but no significant differences were predicted, as shown in Figure S1. A convergence test on the vacuum dimension were
performed by considering vacuum values of 12 A, 14 A and 16 A in the xyz directions (Figure S2 of Supporting Information).

The energy and temperature evolution plots of the computed ab-initio trajectories are reported in Figure S3 and S4 of Supporting
Information.

Circular dichroism calculations of cluster models

The UV-vis and ECD spectra were calculated from a collection of configurations extracted from the ab-initio molecular dynamics trajectories,
following the simulation workflows we developed to predict chiroptical properties>” and described below.

A set of exchange density functionals was preliminary tested with Gaussian16 software,>8 also including those counting for Van der
Waals D3 dispersion and reported in Table S1 of the Supporting Information. These tests indicates that PBE-based functionals
particularly the HSE06>° density functional, are those that well describe the CD spectra of the LDHPs under study, in agreement
with the general accepted simulation ab-initio protocol derived on achiral perovskites and previously reported.®® Simulations
accounting for spin-orbit coupling were tested using Douglas-Kroll-Hess®! 4th order relativistic calculation including spin-orbit terms. However
the latter largely increase the computational cost with no sizeable differences observed at HSE06> level.

Considering such evidences, excitation energies, oscillator and rotatory strengths were computed for the coordinates selected from the ab-
initio trajectories at HSE06°%/LANL2DZ level of theory, by considering the first 100 electronic states for the lead-based coordinates and the
first 200 electronic states for the tin-based ones, with Gaussian16 software.>8 The calculations of the UV-vis and ECD spectra at a given
excitation wavelength have been carried out assuming Gaussian bands with 900 cm~1 full width at half-height for all transitions.

The rotational strengths were computed at HSEO6/LANL2DZ with Gaussian16 software>® for the S-enantiomers of the lead- and tin-based
cluster models, by considering the PBE-optimized coordinates within Quantum Espresso package.5>5¢ The same computations were then
repeated by neglecting the inorganic layers and by maintaining the organic ligands in the original optimized positions.

In order to verify if the SOC effects have significant contributions in the ECD spectra simulations calculated on the cluster coordinates of the
lead- and tin-based LDHPs, ab-initio molecular dynamics were performed at PBE*8 level of theory by including SOC contributions for the S-
enantiomers of LDHPs, by using Pb.rel-pbe-dn-rrkjus_psl.1.0.0.UPF, I.pbe-n-rrkjus_psl.1.0.0.UPF, C.pbe-rrkjus.UPF, H.pbe-rrkjus.UPF, N.pbe-
rrkjus.UPF, Sn.rel-pbe-dn-rrkjus_psl.1.0.0.UPF, ultrasoft pseudpotentials from http://www.quantum-espresso.org5>56 in the NVT ensemble
for a total time of simulation of 2 ps with a stepsize of 1 fs. A temperature of 300 K was enforced during the simulation by using the Nosé-
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Hoover thermostat as implemented in Quantum Espresso.5556 A vacuum of 14 A in the xyz directions, a kinetic energy cutoff of 400 Ry for
the wave functions and of 35 Ry for the charge density were set during the ab-initio molecular dynamics simulations.

The ECD spectra were calculated from a collection of configurations extracted from the ab-initio molecular dynamics trajectories, thereby
computing excitation energies and rotatory strengths at HSE065%/LANL2DZ level of theory. The first 100 electronic states were considered
for the lead-based coordinates and the first 200 electronic states for the tin-based ones, with Gaussian16 software.58 Scalar relativistic effects
were included by using the Douglas-Kroll-Hess method*® and the simulated ECD spectra are reported in Figure S5 of the Supporting
Information.

Conclusions

Overall, ab-initio molecular dynamics, projected density of state calculations, TD-DFT simulations and ECD spectra predictions
consistently give indications on how the chiral bias affects the inorganic octahedra and how it differs in lead and tin chiral
perovskites. The comparative analyses of the density of states of the hybrid perovskite and the ligands alone, unambiguously show
a metal-ligand interaction, with overlaps of their electronic levels and the shift of levels above the Fermi level related to aromatic
carbons of the ligands.

The difference in tin and lead stems from the extent of the electronic coupling. In fact, the chiral transfer appears larger for tin
than for lead, both considering the PDOS of the isolated ligands and the hybrid system, together with the rotational strengths
calculated for the isolated ligands and for the hybrid systems. Furthermore, the large electronic coupling between the chiral ligands
and the tin octahedra is caused from a radically different assembling of the chiral ligands encapsulated in the tin perovskite,
resulting in a highly distorted coordination allowing for CH-tt interactions.

These observations have been obtained by ab initio calculations based on molecular dynamics, electronic structure DFT and TD-
DFT. All of them elucidated the chiroptical features of 2D lead- and tin-based chiral perovskites, the R- and S-(MBA*),Pbl, and R-
and S-(MBA*),Snl,. By analyzing the DOSs of the hybrid systems compared to the isolated components we concluded that the main
factor controlling the resulting chiroptical features is a chirality transfer event originated from a metal-ligand interaction. This
hybrid coupling is more effective for the tin-based chiral LDHPs showing an ECD pattern featured by excitonic couplings in the
range of 300-500 nm. The lesser metal-ligand coupling in the lead chiral perovskite can explain the red-shift of the CD spectra
within the range of 500-600 nm.
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