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Hybrid organic-inorganic perovskites (HOIPs), in particular 3D HOIPs, have demonstrated
remarkable properties, including ultra-long charge-carrier diffusion lengths, high dielectric
constants, low trap densities, tunable absorption and emission wavelengths, strong spin-orbit
coupling, and large Rashba splitting. These superior properties have generated intensive
research interest in HOIPs for high-performance optoelectronics and spintronics. Here, we
demonstrate 3D hybrid organic-inorganic perovskites that implant chirality through introducing
the chiral methylammonium cation. Based on structural optimization, phonon spectra,
formation energy and ab initio molecular dynamics simulations, we found that the chirality of

the chiral cations can be successfully transferred to the framework of 3D HOIPs, and the
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resulting 3D chiral HOIPs are both kinetically and thermodynamically stable. Combining
chirality with the impressive optical, electrical and spintronic properties of 3D perovskites, 3D
chiral perovskites would be of great interest to the field of piezoelectricity, thermoelectricity,
ferroelectricity, topological quantum optics, circularly polarized optoelectronics and

spintronics.

Chirality is a universal phenomenon in nature and the carrier for biological recognition
and replication. For example, all twenty natural a-amino acids exhibit L-configuration except
glycine, while the natural saccharides and saccharide units in cellulose, starch and
deoxyribonucleic acid (DNA) exhibit D-configuration. Furthermore, novel chiral functional
materials can also be employed to exploit the intrinsic non-centrosymmetric properties,
including optical rotation, circular dichroism, second-harmonic generation, piezoelectricity,
pyroelectricity and ferroelectricity.!"! However, for practical application in the fields of
electronics, photonics and spintronics, the desired chiral material should combine low
production cost (e.g., low-temperature solution-processability) with impressive optical,

electrical, and spintronic properties.

Hybrid organic-inorganic perovskites (HOIPs), especially 3D HOIPs have

demonstrated remarkable properties, such as ultra-long charge-carrier diffusion lengths,™™ high

dielectric constants,””! low trap densities,' tunable absorption and emission wavelengths,™

strong spin-orbit coupling,'® ferroic ionic coupling!”’ and large Rashba splitting.”® This has

prompted intensive research in HOIPs for high-performance optoelectronics and spintronics

[10] [5, 11] [12]

including in photovoltaics,”’ light-emitting diodes,"” lasers, photodetectors' ' and

magneto-resistance devices."”!

Most importantly, the flexible crystal structure and ionic composition of HOIPs offer a

key lever to control the structure-property relationship through rational material design:

2
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specifically, HOIPs allow the incorporation of chiral organic ligands. In 2003, Billing ez al.
reported the synthesis of the one-dimensional (1D) chiral HOIP single crystals, which

(141 and also the two-dimensional (2D) chiral HOIP single crystals

incorporated chiral ligands,
later in 2006.">! Recently, we have extended this to reduced-dimensional chiral perovskites
(a.k.a. Ruddlesden-Popper or quasi-2D perovskite) through combined strategies of chirality

(161 Both spin-polarized absorption and spin-polarized

transfer and energy funneling.
photoluminescence were observed in these reduced-dimensional chiral perovskites even in the
absence of an external magnetic field. In contrast, comparable photoluminesceence polarization
could only be achieved with 3D achiral perovskites under an external magnetic field of 5

[17] perovskite nanocrystals in chiral

Tesla.!” On the other hand, chiral perovskite quantum dots,
organic matrix,""® and metal-free 3D chiral perovskites!” were reported recently, and second
harmonic generation was also observed in chiral perovskite nanowires.*”’ These pioneering
works show that low-dimensional perovskites have paved the way for chiral HOIPs as powerful
optoelectronics and spintronic materials. In this study, we proposed several 3D chiral HOIPs

by introducing chiral cations, which have been proved to be kinetically and thermodynamically

stable.
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Figure 1. Structures of 3D chiral HOIPs. a) The chemical structures of methylammonium and
its chiral derivatives: (R)- and (S)-deuterotritomethylammonium, (R)- and (S)-
chlorofluoromethylammonium. The optimized structures of 3D chiral HOIPs, (R)-
CHFCINH;PbI; (b), (S)-CHFCINH;PbI; (c) together with the achiral (RS)-CHFCINH;PbI; (d).
The framework of the optimized 3D chiral perovskite after removing chiral cations, (R)-
CHFCINH;PDbI; (e), (S)-CHFCINH;3PbI; (f) together with the achiral (RS)-CHFCINH;PbI; (g).
The direction of the electrical dipole moment of the chiral cations in these 3D chiral HOIPs is

shown in (e)-(g).

Compared to the low-dimensional counterparts, 3D HOIPs exhibit smaller exciton

binding energy and much longer charge-carrier diffusion lengths,”) making them more
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promising toward applications in circularly polarized electronics, photonics and spintronics
after combining with chirality. However, the design of 3D chiral HOIPs is still challenging
because the cuboctahedral cavity in 3D perovskites is very small, and only small organic cations
(e.g. methylammonium (CH3NH;") or formamidinium (NHCHNH, ")) or inorganic cations (e.g.
Cs" or Rb") can be inserted.'”!! The smallest chiral cation for 3D HOIPs is CHDTNH; ™ (D=2H,
T=3H), but the strong radioactivity of T and its short half-life belies its usefulness. Instead, we
look to fluorine and chlorine, whose Van der Waals radii of 147 pm and 175 pm, respectively,
are only slightly larger than that of hydrogen (120 pm). Thus, we choose the smallest functional
chiral cation: (R)- and (S)-chlorofluoromethylammonium (as shown in Figure 1a), along with

the corresponding 3D chiral HOIPs for further study.

As shown in Figure 1b-1d, we have optimized the structures of chiral (R)-
CHFCINH;PbI; and (S)-CHFCINH;PbI;, together with the achiral (RS)-CHFCINH;PbI;. Since
we could not forecast the exact chiral space group of the proposed 3D chiral HOIPs, we have

defined the chiral (R)-CHFCINH;PbI; and (S)-CHFCINH;PbI; into the simplest P2 chiral space

group, while (RS)-CHFCINH;Pbl; was built into the P1 centrosymmetric space group.

The structures of the 3D chiral perovskites were optimized by Vienna ab initio

simulation package (VASP),*

which implements the projected augmented wave (PAW)
approach.'”’! The exchange correlation was calculated by the Perdew-Burke-Ernzerhof (PBE)
functional,”® and the energy cutoff was set as 400 eV. DFT-D2 method of Grimme was
employed to describe the Van der Waals interactions.””) The geometric structures of these 3D
chiral perovskites were optimized until the force on every atom was smaller than 0.001 eV/A.
Intriguingly, the chiral space group and the octahedral structure of these chiral perovskites still

maintain during the structure relaxation. The optimized cell parameters are summarized in

Table S1. The Pb-I bond length in (R)-CHFCINH;PbI; is in the range of 3.003 A and 3.399 A,
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slightly longer than the Pb-I bond length of 3.196 A in CH;NH;Pbls, ! which we attribute to

the increased volume of the chiral cation.

We then looked to confirm whether the chirality is successfully transferred from the
chiral cations to the framework of the 3D HOIPs. After removing the chiral cations (as shown
in Figure 1e-1g), we re-defined the space group of the 3D Pbls* framework; the chiral space
group of P2 still maintains, indicating the successful chirality transfer. As shown in Figure 1¢
and 1f, the electrical dipole moments of the chiral cations in (R)-CHFCINH;PbI; and (S)-
CHFCINH;PDbI; point to the opposite direction, owing to their enantiomeric nature. However,
the situation in (RS)-CHFCINH;PbI; differs. The electrical dipole moments of the neighboring
chiral cations adopt an anti-parallel arrangement, and the total polarization is zero, consistent

with the centrosymmetric structure of the achiral (RS)-CHFCINH;PbI;.

o
w
(=)
w
0
w

XU/AN

Frequency (THz)

N
—

Frequency (THz)
Frequency (THz)

d. e. f .46
-~ -~ -~
> - > - > -47
J J o
& - - £ -484
- - L -494 & n
o ] o AN :
o a -4
P P >-50-
o o o
P - -
@ -51 @ -51- @ -51
c c c
w w w

-52 ' : - - -52 - : r : -52

1 2 3 4 1 2 3 4 1 2 3 4
Time (ps) Time (ps) Time (ps)

Figure 2. The thermodynamic and kinetic stability of the 3D chiral HOIPs. The phonon spectra
of (R)-CHFCINH;PbI; (a), (S)-CHFCINH;3PbI; (b) and (RS)-CHFCINH;PbI; (c) at 300 K. The
energy fluctuation of (R)-CHFCINH;PbI; (d), (S)-CHFCINH;PbI; (e) and (RS)-CHFCINH;PbI;

(f) supercells in ab initio molecular dynamics simulations.
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The thermodynamic and kinetic stability of these 3D chiral HOIPs were then
investigated. To assess thermodynamic stability, we have calculated the formation energies
(Eformation) and dissociation energies (Egissociation), together with the phonon spectra of these 3D
chiral perovskites at 300 K. The formation energy and dissociation energy is with respect to the

atomic constituents (Equation 1) and solid constituents (Equation 2) here,

1 1 1 1 3 .
Efurmation = EPerovskite - Egraphite - EEHZ - EEFZ - EECIZ - EENZ - EPb - EEIZ qulatlon 1

Edissociation = EPbIZ + ECHFCZNHZ + EHI - EPerovskite qulatmﬂ 2

where Eperovskite, Epblz, £pb and Egraphite are the energies of 3D chiral perovskite, lead (1) iodide,
lead and graphite, respectively. Ey., Er., Ecr, Ex., EL, Ecurcing: and Ey; are isolated Ha, F», Cl,

Na, I, CHFCINH; and HI molecules respectively.

As shown in Table S2, all 3D chiral perovskites exhibit negative formation energies and
positive dissociation energies close to CH3NH;3Pbls, which confirms that 3D chiral HOIPs are
thermodynamically stable at 300 K. We then calculated the phonon frequencies at 300 K based
on a sampling mesh in reciprocal space by Temperature Dependent Effective Potential (TDEP
1.1)."" Such a method employs ab initio molecular dynamics simulations and provides a
consistent and easier computational way to extract the best possible harmonic or higher order
potential energy surface, together with the lattice dynamics and thermodynamic properties of
the investigated system at finite temperatures. It was found that the second-order terms are
sufficient to accurately describe the systems where the anharmonic effects are known to be
prevalent.[27b] As shown in Figure 2a-2c, only very small imaginary modes (< 1 THz) are found
in the 3D chiral HOIPs at 300 K, suggesting that 3D HOIPs are thermodynamically stable.

[28]

These small imaginary modes are a very common feature for the perovskite structures'™ and

)[29]

has been confirmed by both experiments (e.g., CH;NH3;PbBr3 and theoretical calculations
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(e.g., cubic phase CH;NH;Pbls)." The origin of imaginary frequencies may be potentially due

[30-31 [28,32]

to the anharmonicity, ] which was caused by the rotations and tiling of the octahedral.

For kinetic stability, we used ab initio molecular dynamics (AIMD) simulations.”” The
AIMD simulations were carried out under canonical NV'7 ensemble at 300 K for 4.5 ps with a
time step of 0.5 fs in supercells with the lattice constant larger than 17.5 A. As shown in Figure
2d-2f, all structures reached dynamic stable states after 0.5 ps. While the temperature and total
energy fluctuates with time, the inorganic 3D Pbl¢" framework still maintains. The rotation of
chiral cations distorts the inorganic frameworks within only a small amplitude, and no ion
migration is observed. Therefore, based on the above-optimized structures, formation energies,
together with the phonon spectra and AIMD simulations, we affirm that these 3D chiral and

achiral HOIPs should be both kinetically and thermodynamically stable.

Energy (eV)
Energy (eV)
Energy (eV)

Figure 3. The calculated band structures of the 3D chiral HOIPs based on the HSEO06
functional: a) (R)-CHFCINH;PbI;, b) (S)-CHFCINH;PbI; and c) achiral (RS)-CHFCINH;PbI;.

The electronic structures of the 3D chiral HOIPs were investigated based on the
screened hybrid Heyd-Scu-seria-Ernzerhof 2006 (HSE06) functional®* together with spin-
orbital couplings (SOC). The Brillouin zone samplings were done with I'-centered 9x9x9

Monkhorst-Pack k points mesh. As shown in Figure 3, the 3D chiral HOIPs exhibit direct
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bandgaps, and the enantiomer (R)-CHF CINH;PbI; and (S)-CHFCINH;PbI; exhibit similar band
structure. The bandgap for achiral (RS)-CHF CINH;PbI; is 1.24 eV, which is slightly lower than
that of 1.51 eV for chiral (R)-CHFCINH;PbI; and (S)-CHFCINH;PbI;. The reciprocal space of
(R)-CHFCINH3PbI; and (S)-CHFCINH;PbI; is identical, hence the band structures and phonon
spectra are similar. The unit cell of (RS)-CHFCINH;PbI; is actually a 1/2X+/2X+/2 super cell
of (R)-CHFCINH;Pbl; or (S)-CHFCINH;PbI;. Hence, the reciprocal space of (RS)-
CHFCINH;PbI; differs from (R)-CHFCINH;Pbl; and (S)-CHFCINH;Pbl;. This leads to
different shape of phonon spectra and band structures. The absorption spectra of the 3D chiral
perovskites were then calculated and shown in Figure S1. Consistent with the above band
structures, (R)-CHFCINH;PbI; and (S)-CHFCINH;PbI; exhibit the similar absorption spectra,

while which is different for (RS)-CHFCINH;PbI;.

In addition, the projected density of states (PDOS) of these 3D chiral HOIPs
demonstrate that beside Pb and I (as shown in Figure S2), chiral cations also contribute to the
valence band and conduction band of the perovskites. As shown in Figure 4, we have plotted
the isosurface of the self-consistent electron density (isovalue=0.0005) of the conduction band
minimum (CBM) and valence band maximum (VBM) of (R)-CHFCINH:PbI;, (S)-
CHFCINH;PbI; and (RS)-CHFCINH3PbIs, respectively. Consistent with the reported lead
halide perovskite materials * the CBM of 3D chiral perovskite is also made up of an empty Pb
6p orbital, and VBM is made up of Pb 6s and I 5p orbitals. Most importantly, the contribution
of electronegative fluorine and chlorine atoms to the VBM and CBM could also be clearly
visualized. This further supports the idea that chiral cations indeed influence the optical and

electronic properties of the 3D chiral HOIPs.®!
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Figure 4. Isosurface plot of the self-consistent electron density (isovalue=0.0005) of the
conduction band minimum (a, b, ¢) and valence band maximum (d, ¢, f) of (R)-CHFCINH;PbI;

and (S)-CHFCINH;PbI; and (RS)-CHFCINH;PbI;, respectively.

From the relationship between the physical properties and point group of non-
centrosymmetric single crystals (a.k.a. Neumann-Curie principle!™ ")) these 3D chiral HOIPs
should have intrinsic properties such as optical rotation, circular dichroism, second-harmonic

generation, piezoelectricity, pyroelectricity and ferroelectricity (as shown in Figure $3)."-%7]

In summary, we have confirmed that 3D chiral HOIPs are both thermodynamically and
kinetically stable through structural optimization, formation energy, phonon spectra and ab
initio molecular dynamics simulations. Combining chirality with the impressive optical,
electrical and spintronic properties of 3D perovskites, 3D chiral HOIPs would be of great
significance in the production of circularly polarized perovskite light-emitting diodes,
waveguides, photodetectors, lasers, single photon light sources, X/y-ray detectors, spintronics

and topological quantum optics.

Experimental Section

10



WILEY-VCH

All calculations including AIMD simulations, were carried out by Vienna ab initio simulation
package??), which implements the projected augmented wave approach.”) The PAW potential
with valance electrons of s’ (H), 2s°2p (C), 2572p° (N), 2572p° (F), 35°3p° (C1), 55°5p° (I) and
5d"6s°6p° (Pb) are used. The exchange correlation was calculated by the Perdew-Burke-
Ernzerhof functional.**! As Van der Waals interaction has been shown important influence on
structure optimization, the DFT-D2 method of Grimme was also implemented.'””! Geometric
structures were relaxed until the force on every atom was smaller than 0.001 eV/A. The cutoff
energy was 400 eV for structure relaxations and AIMD simulations. '-centered 9x9x9
Monkhorst-Pack mesh k points were used to calculate density of states (DOS) and band
structures. For band structures, 40 points were inserted between every two high-symmetry k
points with cut-off energy of 550 eV. In order to obtain more accurate electronic structures,
HSE06+SOC have been implemented to calculate the band structures. The temperature
dependent phonon spectra are calculated based on the last 1.5 ps of AIMD simulations by
Temperature Dependent Effective Potential (TDEP 1.1).*” which implemented advanced
methods that can use the second-order force constant to accurately describe the systems where
the anharmonic effects are known to be prevalent.”” Supercells with size of 24.7 A x 19.2 A
x18.6 A for (R)-CHFCINH;PbI; and (S)-CHFCINH;Pbl;, and 18.7 A x 17.6 A x 17.9 A for
(RS)-CHFCINH;PbI; with Gamma point were used to perform AIMD simulations with time

step of 0.5 fs.
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