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Birefringent crystals have important applications in optoelectronics due to their ability to modulate and
polarize light. Hybrid halide perovskites were not considered as promising candidates for birefringent
crystals until quite recently, when we reported a hybrid lead bromine perovskite with large birefringence.
Herein, we report a novel lead-free hybrid pseudo-perovskite layered structure of MLASNCl, (MLA = mela-
mine). Remarkably, MLASNCl, reveals a large birefringence of 0.294@550 nm, which is comparable to that
of the previously reported hybrid lead bromine perovskite MLAPbBr,. Furthermore, the surface mor-
phologies of the reported crystals exhibit excellent air stability investigated by their exposure to air at
room temperature for various time ranges. The observed birefringence is generated from the delocalized
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n-conjugations of melamine cations and stereochemically active lone pair electrons on the Sn?* cations
of highly distorted SnCl, tetrahedra, as suggested by theoretical calculations. This current research effort
may open new windows for the design of hybrid perovskite materials for polarization-dependent optical
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Introduction

Birefringence is an important functional property of optical
materials because of their unabated features of modifying the
polarization of light."™ Thus far, birefringent materials e.g.,
a-BaB,0, (0.122@546 nm),® LiNbO; (0.074@546 nm),” YVO,
(0.204@532 nm),® CaCO; (0.172@532 nm),” and TiO,
(0.256@546 nm)"° have been broadly applied in commercially
available optical devices. The established birefringent
materials are inadequate to fulfill the demand for optical
materials in the applied field due to their relatively high cost,
high energy consumption for crystal growth, and lack of crystal

quality.
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In particular, several m-conjugated groups were effectively
introduced for the design of birefringent materials e.g,
(C5N;305)°” (cyanurate), (BO3)®7, (B,0s)*7, (B30e)*”, (NOj),
and (CO;)*~."*"® Among them, the well-known commercial
material o-BaB,0, exhibits a relatively large birefringence,
which originated from the electronic contribution of the
6-membered anionic (B;Og)*~ group. Recently, a series of com-
pounds containing (C;N;0;)* groups have been successfully
explored.’” In addition, compound 2(C;H,Ng)"2CI™-H,O with
large birefringence was investigated through the incorporation
of functional melamine cations.'® The birefringence of this
compound could increase due to the introduction of a planar
6-membered z-conjugated melamine group which acts as a
birefringent chromophore. The structural configuration of the
(C5Ng)®~ (melamine) unit is similar to that of the (B;O)*~ and
(C5N;05)*~ groups.

The introduction of two or more birefringent chromophores
could be a promising strategy to explore novel optical func-
tional perovskite materials."*" In particular, the combination
of planar m-conjugation systems and transition metal cations
with stereochemically active lone pair electrons in a parallel
arrangement could be an excellent strategy to enhance the
birefringence of materials.*>>* A new phosphate compound,
Sn,PO,I, with a large birefringence was reported. Theoretical
calculations suggest that the stereochemically active lone pair
electrons on the Sn>* cation might enhance the birefringence
of Sn,PO4L.>° The reported inorganic perovskite material
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Cs,PbBrs containing CsPbBr; nanocrystals suggested that
employing transition metals with lone pair electrons would
also be a potential strategy for designing birefringent crystals.
Recently, the hybrid perovskite structure MLAPbBr, with an
experimental Dbirefringence value of 0.322@550 nm was
reported by our research group. The observed birefringence of
this compound was relatively large despite the absence of
stereochemically active lone pair electrons on Pb®>" cations.*®
Hence, the development of novel hybrid perovskite com-
pounds with large birefringence is still attractive in various
applied fields.

To avoid the toxicity of the Pb element and the stereochemi-
cal inertness of the Pb>* cation in the symmetric coordination
environment, we focused on the development of lead-free
novel hybrid perovskite materials with birefringence pro-
perties. A new 2D hybrid pseudo-perovskite layered structure
of MLASnCl, (MLA = melamine) was successfully synthesized
by incorporating the planar n-conjugated melamine cations
and the stereochemically active Sn>* cations into halide
systems.

Experimental section
Synthesis

Ce¢HgNg (melamine) (Alfa Aesar, 99%), SnCl, (Aladdin, 99%),
HCI (aq. 37 wt%), and hypophosphorous acid (H;PO,) (AR, aq.
50 wt%) were used as reagents without further purification.
Melamine and SnCl, (1:1 molar ratio) were mixed in concen-
trated HCI solution with hypophosphorous acid. The mixture
was heated and a colorless clear solution was obtained since
the starting reagents are easily dissolved in an aqueous HCI
solution. The hot solution was put in the fume hood and natu-
rally cooled down to room temperature. Then, colorless trans-
parent flake-like crystals of MLASnCl, (MLA = melamine) were
precipitated from the solution. Hypophosphorous acid acts as
a reducing agent in the synthesis process, which inhibits the
conversion of Sn(u) to Sn(w).

Results and discussion

The crystal structure of MLASnCl, was determined by single-
crystal X-ray diffraction (XRD) analysis, which shows that it
crystallizes in the non-centrosymmetric orthorhombic crystal
space group Pna2, with cell parameters of a = 21.8661(7) A, b =
6.0217(2) A, ¢ = 17.5955(5) A, a = f =y =90°, Z = 8, and V =
2316.82(13) A® (detailed crystallographic information is pro-
vided in Tables S1-S5%). The structural unit consists of mela-
mine cations and SnCl, tetrahedra (Fig. 1a). The melamine
cations in the crystal structure of MLASnCl, are not arranged
in a completely parallel arrangement. Adjacent melamine
planes have a dihedral angle of approximately 61° (Fig. S17).
The Sn atom is coordinated by four chlorine atoms, forming a
[SnCl,]*~ seesaw with Sn-Cl bond lengths of 2.517(2)-2.980(3)
A. The [SnCl,]*~ seesaw is in a highly distorted environment
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Fig. 1 Ball-and-stick and the polyhedral model representing (a) proto-
nated MLAZ?* cations and [SnCl,4]?>~ tetrahedra. (b) The 2D extended layer
structure of MLASNCl, along the b-axis. (c) Pseudo-perovskite layered
structure of MLASNCl, presented along the b-axis. The SnClg octahedra
are represented as purple-colored polyhedra.

owing to the lone pair on the Sn>" cation, and the distorted
[SnCl,]*~ tetrahedra are also not aligned parallel to each other.
Adjacent [SnCl,]>~ seesaws are almost vertical to each other.
The Sn>" cations in [SnCl,]>~ interact with CI2, Cl5, Cl6, and
Cl7 in the adjacent [SnCl,]*~ tetrahedra with four Sn1-Cl5,
Sn1-Cl6, Sn2-Cl2, and Sn2-Cl7 bonds with distances of 3.551
(3) A, 3.402(3) A, 3.523(3) A, and 3.278(3) A, respectively, which
results in an infinitely extendable 2D pseudo-perovskite layer
(Fig. 1b). Thus, the structure of MLASnCl, can be described as
a pseudo-peroxide, which consists of corrugated [SnCl,].,
layers and interlayer melamine cations with N-H-Cl hydrogen
bonds connecting the melamine cations and inorganic layers
(Fig. 1c). The arrangement of both planar melamine cations
and distorted [SnCl,]*” tetrahedra in the structure is not con-
ducive to the production of large birefringence.

The photograph of the synthesized colorless transparent
single crystals is presented (Fig. S2}). The measured powder
X-ray diffraction (PXRD) data are consistent with the calculated
data, which ensures that the reported compound is pure
(Fig. S37). The mapping of SEM analysis shows that elements
Sn, Cl, N, and, C are uniformly allotted in the compound crys-
tals (Fig. 2a). Besides, the energy-dispersive X-ray (EDX) data
confirm the observed elemental ratios of 1:4.25 for Sn and ClI
with the stoichiometric ratios in the title compound (Fig. S4t).
The PXRD patterns of the samples after being exposed to air
for two weeks were measured at room temperature, which
show a good match with the original PXRD pattern of the com-
pound (Fig. 2b). Moreover, the surface morphologies of the
single crystals of the compound remain unchanged after
exposing the samples to air at room temperature for various

This journal is © the Partner Organisations 2023
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Fig. 2 (a) The mapping of elemental SEM analysis in a single crystal. (b) The measured PXRD pattern for samples exposed to air and the calculated
PXRD pattern for MLASNCl,. (c) The surface morphologies of the single crystals of the compound exposed to air at room temperature for various
time ranges. Single crystals are highlighted with dashed red boxes for magnified observation.

time ranges, such as three days, one week, and two weeks,
respectively (Fig. 2c). Based on this experimental observation,
it is noted that the crystals of the reported MLASnCl, perovs-
kite exhibit excellent air stability. Recently, 2D perovskite
materials consisting of organic cations and tin metal have
been explored, in which n-electron rich organic ligands could
become a significant factor for the stability of materials.?”>°
The synthesized compound may prevent the interaction with
oxygen and water molecules owing to the presence of
n-conjugated bulky hydrophobic melamine cations. In
addition, the intermolecular interactions between melamine
cations with n-conjugation systems should be stabilized by the
crystal structure through the improvement of intrinsic
stability.

The compound MLASnCl, which maintains a stable struc-
ture up to 450 K is investigated by thermogravimetric (TG) and
differential thermal analysis (DTA) diagrams (Fig. S51). Above
this temperature, this compound exhibits weight losses due to
the release of lattice water molecules, which is revealed
through the corresponding endothermic peak.

The ultraviolet-visible-near-infrared (UV-Vis-NIR) diffuse
reflectance spectrum of MLASnCl, was recorded in the wave-
length region of 200-800 nm. The result indicates that the
observed bandgap for this compound is ca.3.71 eV, and that of
the corresponding UV absorption edge is 334 nm (Fig. S67).

This journal is © the Partner Organisations 2023

The IR spectrum of MLASnCl, is depicted in Fig. S71 to
help verify the main functional groups and chemical bonds.
The sharp absorption peaks in the range of 760-1700 cm™*
represent the asymmetric stretching vibrations and the out-of-
plane bending vibration of the C-N side chain in the mela-
mine ring. The strong absorption bands in the range of
3000-3300 cm™" correspond to the asymmetric and symmetric
stretching vibrations of [NH,]. However, the absorption bands
of the [SnCl,]*~ vibration are not observed in the experimental
IR spectrum as they always appear below 500 cm™" in IR.

A polarizing microscope was employed to estimate the bire-
fringence of MLASnCl,. Fourth-order pink color is observed for
the original interference of MLASnCl, crystals under orthogonally
polarized light, which can be achieved from full extinction (Fig. 3a
and b). The thickness of the crystal is found to be ca. 9.6 pm
(Fig. S8t) and the observed optical path difference is 2.823 pm at
550 nm. The birefringence was measured on the (010) plane of
the crystal based on the SCXRD analysis of the sample (Fig. S97).
The refractive index difference was determined on the crystalline
(010) plane using the formula listed in the ESIf and the observed
refractive index difference value is ca. 0.294. The experimental
birefringence value ca. 0.294@550 nm of MLASnCl, closely
matches the reported values of materials, such as MLAPDbBr,
(0.322@550 nm),”® (CoH,N)SbCl, (0.095@546 nm),*® and CsPbl,
(0.275@1064 nm).>! In addition, the observed birefringence value

Inorg. Chem. Front., 2023,10, 2039-2044 | 2041
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Fig. 3 (a) Under orthogonally polarized light, fourth-order pink color is
observed for MLASNCl,. (b) The complete extinction of MLASnCl, crys-
tals. (c) Electronic band structure for MLASnCl, obtained from theore-
tical calculations. (d) Wavelength-dependent refractive indices with the
birefringence value of MLASNCl,.

of MLASNClI, is larger than the values of earlier reported birefrin-
gent materials, eg, oBaB,O, (0.122@532 nm)° YVO,
(0.204@532 nm)® CaCO; (0.172@532 nm),” and TiO,
(0.256@546 nm)."*

The electronic band structure recommends that MLASnCl,
exhibiting a direct band gap with a value of 3.10 eV is related
to the experimental result (Fig. 3c). The theoretical birefrin-
gence value was determined through first-principles calcu-
lations based on density functional theory using the plane-
wave pseudo-potential method including the CASTEP
package.’”** The calculated birefringence value, An =
0.34@550 nm, for the wavelength-dependent refractive indices
reflects a significant anisotropic environment in the com-
pound. The calculated birefringence value of the compound
agrees well with the value obtained from the experimental ana-
lysis (Fig. 3d).

To explain the origin of the observed birefringence for
MLASNCl,, additional theoretical calculations were performed.
The diagrams of the density of states (DOS) and partial density
of states (PDOS) for MLASnCl, show that the 3p, 2p, and 5p
orbitals of Cl, N, and Sn atoms, respectively, dominate in the
upper side of the valence band, whereas the 2p, 2p, and 5p
orbitals of C, N, and Sn atoms, respectively, dominate in the
lower side of the conduction band (Fig. 4a). The strong
covalent bonding interactions of the C atom with the N atom
are generated from the w-electron-rich melamine cations, as
suggested by the DOS and PDOS diagrams. In addition, the
observed Sn-Cl bonding interactions for SnCl, tetrahedra
result from the strong overlaps between Sn 5p and Cl 3p orbi-
tals near the Fermi level.

The electron localization function (ELF) diagram is used for
the direct visualization of the electronic contributions from
melamine cations and SnCl, tetrahedra in MLASnCl, (Fig. 4b

2042 | Inorg. Chem. Front, 2023, 10, 2039-2044
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Fig. 4 (a) DOS and partial DOS of MLASnCl,. 2D ELF diagram of
MLASNCl, represents the slice cutting through Sn atoms in (b) the (100)
plane and (c) the (001) plane. The iso-value is changed from blue to red
which represents an increase from 0 to 1. (d) The HOMO for MLASNCly.
(e) The LUMO for MLASNCl, (purple, Sn; green, Cl; grey, C; blue, N; and
white ball, H).

and c). The resultant covalent networks between the C and N
atoms in the melamine cations are found in both (100) and
(001) planes. The anisotropic electron clouds around the Sn**
cations are obviously observed, which represent that the lone
pair electrons on the Sn** cations are stereochemically active.
The highly distorted SnCl, tetrahedra in the compound are
found to be attributable to the available lone pair electrons on
the Sn** cations. This would explain why the lone pair of elec-
trons of Pb®>" in the relatively symmetrically coordinated
MLAPbBr, compound is stereochemically inert, whereas the
title compound successfully introduced transition metal
cations with stereochemically active lone pair electrons. Such
resultant stereochemically active electron clouds may largely
contribute to the birefringence of the reported compound.
Moreover, analysis of the highest occupied molecular orbitals
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOSs) of MLASNnCl, was performed (Fig. 4d and e). The an-
isotropic electronic environments for highly distorted SnCl,
tetrahedra and the highly n-conjugated delocalization for mela-
mine cations are investigated by the HOMO and LUMO dia-
grams, respectively. Hence, both the distorted SnCl, tetrahedra
with stereochemically active lone pair electrons on Sn”* cations
and melamine cations with delocalized w-conjugation could
strongly contribute to the generation of large birefringence for
MLASNC,.

The structure-property relationship suggests that the bire-
fringence properties of materials are closely related to the an-
isotropic environments of structures, which potentially
depends on the geometric arrangement of the birefringent
chromophores.**” The planar n-conjugated melamine groups
in the structure of MLASnCl, are arranged with a large di-
hedral angle, which is attributable to the origination of a large

This journal is © the Partner Organisations 2023
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birefringence. In contrast, the n-conjugated anionic groups
B;0¢ and CO; have a parallel orientation in the structure of
a-BaB,0, and CaCOs;, respectively. It is noted that although
the stereochemically active lone pair of electrons on Sn**
cations contributes to the development of birefringence, the
highly distorted SnCl, tetrahedra exhibit an anti-parallel orien-
tation in the structure. This current research work may play an
important role in designing new promising birefringent hybrid
halide perovskites with toxic-free materials. The obtained
highly stable, lead-free, and environmentally friendly birefrin-
gent crystals can be a potential candidate for material appli-
cations. Hence, a lot of research efforts might be still focused
on the design and development of hybrid halide perovskite
materials with a large birefringence.

Conclusions

In summary, a hybrid pseudo-perovskite layered compound
MLASNCl, composed of corrugated infinite [SnCl,]*~ anions
and melamine cations was synthesized through a facile
aqueous solution method. The reported compound is highly
air-stable and environmentally non-toxic compared to lead-
based perovskites. The synthesized compound MLASnCl,
shows a birefringence value of 0.294 at 550 nm, which origi-
nated from the distorted SnCl, tetrahedra with stereochemi-
cally active lone pair electrons on Sn** cations and the mela-
mine ligand with delocalized wn-conjugation. It is noticed that
both melamine cations and SnCl, tetrahedra could not reveal
the optimal structural anisotropy, so, additional research
efforts might be still needed to increase the birefringence pro-
perties of hybrid halide perovskite materials.
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