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Birefringent crystals for modulating the polarization of light are of technological importance in optical
communications. Herein we provide two novel two-dimensional hybrid halide perovskites, [(H>-dpys)
(PbBr4)] (1) (dpys = di(pyridin-4-yl)sulfane) and [(H-cmpy)4(PbsBrig)] (2) (cmpy = 4-chloro-3-methyl-
pyridine), which can act as birefringent crystals. Remarkably, the crystal structures and the optoelectronic
performance of the hybrid lead bromide perovskites are elaborately regulated by the organic cations of
pyridine derivatives. Compound 2 constructed from the H-cmpy* cations containing the single pyridyl
moiety has a significantly enhanced birefringence (0.315@550 nm) compared to compound 1
(0.192@550 nm) with two pyridyl moieties of H,-dpys?* cations, and it is larger than those of all commer-
cial birefringent crystals and most of the hybrid metal halide perovskites. The results of the theoretical cal-
culations showed that the highly distorted PbBrg octahedra and the delocalized =-conjugation of
H-cmpy* cations synergistically contribute to the enhanced birefringence of 2. This work provides a
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Introduction

Birefringent crystals show great applications in optical devices
such as polarizing microscopes, polarization beam splitters,
optical isolators, achromatic quarter-wave plates, and
advanced optical instruments." As a key component of the
optical devices, it is desirable that the birefringent crystals
have a large birefringence (An), which is conducive to minia-
turizing polarization devices.® The currently used commercial
birefringent crystals mainly refer to calcite with a birefringence
of 0.172 at 532 nm,’ yttrium vanadate with a birefringence of
0.204 at 532 nm,® titanium dioxide with a birefringence of
0.256 at 546 nm,’ lithium niobate with a birefringence of 0.074
at 546 nm,'® and barium metaborate with a birefringence of
0.122 at 546 nm."" It is known that the growth of the single
crystals of the artificial birefringent crystals such as lithium
niobate, yttrium vanadate, and barium metaborate is energy-
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intensive. Furthermore, for the natural birefringent crystals
such as calcite and titanium dioxide, defects and impurities
are commonly observed. Most importantly, the currently com-
mercial birefringent crystals such as barium metaborate and
magnesium fluoride have a restrictedly working wavelength
and fairly small birefringence.'*"* With the rapid development
of scientific and industrial communities, the discovery of new
birefringent crystals is thus of crucial scientific and techno-
logical importance.

To improve the birefringence, a general approach is to
introduce different components to modulate the optical an-
isotropy of a crystal. It is known that the planar n-conjugated
groups generally have large polarizability anisotropy, which
generates large optical anisotropy to induce large
birefringence.'*"* The inorganic units with n-conjugated struc-
tures such as BO3,'®"” CO;,'® and NO; *° units are the exten-
sively explored birefringent functional active groups. Recently,
organic groups with a planar structure, which act as birefrin-
gent functional units, have been utilized for the construction
of birefringent crystals.**>* Besides, metal cations possessing
stereochemical activity lone pairs such as Pb*", Bi**, Nb®*, and
V?* are other kinds of important birefringent functional
units.>*** These metal cations exhibiting uneven electron dis-
tribution are particularly prone to form highly distorted poly-
hedra, resulting in large birefringence. With these in mind,
the n-conjugated pyridine molecules and Pb** with a lone pair
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were utilized for constructing birefringent crystals. Two novel
birefringent crystals, namely, [(H,-dpys)(PbBr,)] (1) (dpys = di
(pyridin-4-yl)sulfane) and [(H-cmpy)s(PbsBrio)] (2) (cmpy =
4-chloro-3-methylpyridine), were obtained from similar reac-
tions. Compounds 1 and 2 are two-dimensional (2-D) hybrid
halide perovskites exhibiting different structures and opto-
electronic performances. It is interesting that the crystal struc-
tures and optoelectronic performance of the present hybrid
lead halide perovskites are modulated by the pyridine deriva-
tive cations. Compound 2 with large polarization anisotropy
displays a large birefringence of 0.315 at 550 nm, and outper-
forms all commercial birefringent crystals and almost all
reported hybrid halide perovskites. The microscopic mecha-
nism of the optical properties of these materials is disclosed
through theoretical calculations.

Results and discussion

The optical photographs of crystals 1 and 2 are provided in
Fig. 1. In the presence of different organic pyridine molecules,
different 2-D lead bromide perovskites were generated.
Compound 1 is crystallized in an orthogonal space group of
Pbcm (Table S1 in ESIT). Half of a di(pyridin-4-yl)sulfane (H,-
dpys®") cation, half of a Pb*" atom, two Br~ atoms with an
occupation of 0.5, and one fully occupied Br~ atom in the
asymmetric unit of 1. The Pb** atom is coordinated with six
Br~ atoms to give an octahedral coordination geometry
(Fig. 1a). The Pb-Br bond lengths are between 2.9667(7) and
3.0626(9) A (Table S2 in ESIf). The Br3 atom is a terminal
ligand, whereas Brl and Br2 atoms serve as bridging ligands.
The single Pb*>" atoms are linked by the bridging bromide
ligands to form a 2-D layer running along the ab plane
(Fig. 2a). The anionic 2-D layer is charge-balanced by the dipro-
tonated H,-dpys>" cations, which fill the interlayered spaces
(Fig. 2b) and interact with the 2-D layers through N-H-:--Br
hydrogen bonds with a N---Br separation of 3.547(6) A. Under a
similar reaction, di((pyridin-4-yl)sulfane) was displaced with
4-chloro-3-methylpyridine, leading to compound 2. The asym-
metric unit of 2 contains one and a half Pb*" atoms, five Br~
atoms, and two H-cmpy' cations. Both Pb®>" atoms are co-
ordinated by six Br~ atoms in the distorted octahedral co-
ordinated geometry (Fig. 1b) with Pb-Br bond lengths ranging
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from 2.9396(14) to 3.1050(14) A (Table S21). It is interesting
that a trinuclear Pb;Br,, basic unit is formed from two Pb1
atoms and a Pb2 atom bridged by six Br~ atoms (Fig. 1b). The
Pb2 atom occupies an inversion center, resulting in a centro-
symmetric Pb;Bry, unit. Each Pb;Bry, unit shares four brid-
ging Br~ atoms with four neighboring Pb;Br;, units to gene-
rate a 2-D layer propagating along the bc¢ plane (Fig. 2c). The
polyanionic 2-D layers in compound 2 are charge-balanced by
plenty of H-cmpy" cations, which fill the interlayered spaces
(Fig. 2d). The H-cmpy" cations form N-H---Br hydrogen bonds
(N---Br distances of 3.270(11) and 3.482(12) A) with the 2-D
layers (Table S271). Thus distinct 2-D lead bromide layers are
constructed with different pyridine cations. Obviously, the
above findings show that the structures of the 2-D lead
bromide layers can be modulated by the organic cations,
which provides a feasible approach for rational regulation of
the structures of the hybrid metal halide perovskites.

The phase purity of both compounds was verified using
powder X-ray diffraction patterns (Fig. S11). Both compounds
show high thermal stability with the temperature at the first
weight loss being higher than 200 °C (Fig. S27). Furthermore,
the two compounds show high water- and humidity-resistance
(Fig. S1f). The ultraviolet-visible-near-infrared diffuse reflec-
tance spectra for compounds 1 and 2 were collected under
ambient conditions with wavelengths ranging from 200 nm to
800 nm (Fig. S31). The results of the absorption spectra give
the experimental band gaps of 2.62 and 2.73 eV for 1 and 2,
respectively. The birefringence for both compounds was
measured based on the transparent crystals under a cross-
polarizing microscope equipped with a quartz wedge compen-
sator. The original interference color of first-order violet was
observed for crystal 1 under a cross-polarizing light (Fig. 3a).
Such a color can show complete extinction as the quartz wedge
compensator is rotated (Fig. 3b). The thickness for crystal 1
obtained from the polarizing microscope is 8.6 pm (Fig. 3c).
With the formula of An = R/d, the birefringence for crystal 1 is
0.192 at 550 nm, which is much larger than those of LiB;O5
(0.040@532 nm)*® and CsLiB¢O;, (0.049@500 nm).>® A third-
order yellow-green interference color was observed for crystal 2
under orthogonally polarized light (Fig. 3d). Complete extinc-
tion was realized for crystal 2 when the compensator was
rotated (Fig. 3e). The crystal thickness measured with the
polarizing microscope for crystal 2 is 4.57 pm (Fig. 3e). Thus a
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Fig. 1 (a) Crystal structures of 1 and (b) 2 showing the coordination environments of Pb?* atoms (H atoms are omitted for clarity). (c) Optical photo-

graphs of crystals 1 and 2.
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Fig. 2 (a) 2-D inorganic [PbBr,4],2" layered structure and (b) 3-D packing structure in 1. (c) 2-D inorganic [PbsBr;o],*"~ layered structure and (d)

3-D packing structure in 2.

(@) (b)

(@)

Thickness

20 pm
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Thickness 20 pm
=4.57 pm kil

Fig. 3 Measurements of birefringence. Original interference colors for crystals 1 (a) and 2 (d). Crystals 1 (b) and 2 (e) under complete extinction.

Thickness of selected crystals 1 (c) and 2 (f).

birefringence of 0.315 for 2 was obtained at 550 nm. Such
large birefringence for crystal 2 is remarkable and comparable
to that of the benchmark halide perovskite material MLAPbBr,
(exp. 0.322@550 nm),”® ranking it among the halide perovskite
materials including CsPbBr; (cal. 0.26@550 nm),*' LiCl
(H3C5N;03) (0.266@1064 nm),”’ (C1oH11N;)PbBr,
(0.127@550 nm),”® and CH3;NH;PbI; (cal. 0.292@1064 nm)*°
(Fig. 4). In addition, the birefringence for crystal 2 surpasses

This journal is © the Partner Organisations 2024

those of all commercial birefringent crystals (CaCOs;
(exp. 0.172@532 nm),” YVO, (exp. 0.204@532 nm),® TiO,
(exp. 0.256@546 nm) and MgF, (exp. 0.012@1046 nm)),"* and
other leading birefringent crystals such as SbTeO;Br
(0.281@546 nm)*® and NavSeOs (0.180@546 nm),*" making it
a promising candidate for birefringent crystals.

For exploration of the birefringence observed for 1 and 2,
the calculated birefringence values were obtained using the

Inorg. Chem. Front,, 2024, 11, 7853-7859 | 7855
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Fig. 4 Comparison of the birefringence of the hybrid metal halide
perovskites.

first-principles methods. The calculation results give the
theoretical values of birefringence of 0.221 for 1 and 0.296 for
2 at 550 nm (Fig. 5a and b), which are basically in line with the
experimental ones. The band structures for 1 and 2 calculated
using density functional theory methods are shown in
Fig. S4.1 The direct band gaps for 1 and 2 are 2.38 and 2.43 eV
derived from the calculated results, which are consistent with
the experimental findings.

The partial density of states (PDOS) and total density of
states (DOS) are further provided (Fig. 5¢ and d). For compound
1, the Br-4p, S-3p and Pb-6p orbitals largely contribute to the
valence bands (VBs) near the Fermi level. Small amounts of C-2p
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Fig. 5 The refractive index curves for (a) 1 and (b) 2. Density of states
for (c) 1 and (d) 2.
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and N-2p orbitals are also observed in the VBs (Fig. 5c). The
bottom of conduction bands (CBs) for compound 1 are mainly
composed of C-2p, N-2p, S-3p and Pb-6p orbitals. For compound
2, the VBs near the Fermi level mainly consist of Br-4p, C-2p, Pb-
6p, and Cl-3p orbitals hybridized with a small amount of N-2p
orbitals (Fig. 5d). Meanwhile the mainly occupied orbitals at the
bottom of CBs are C-2p and Pb-6p orbitals, accompanied by a
small amount of Cl-3p, N-2p, Br-4p, and H-1s orbitals. The obser-
vation of the C-2p and N-2p orbitals at the top of VBs and the
bottom of CBs suggests strong hybridization between C and N
atoms, in other words, the delocalized n-conjugation of 4-chloro-
3-methylpyridine cations. Such results indicate that the deloca-
lized m-conjugated organic cations and the inorganic
[PbsBr,],*" layered moieties cooperatively contribute to the
optical properties of compound 2.

In terms of the relationship between the structure and
activity, the birefringence of the crystals is positively pro-
portional to the structural anisotropy, which strongly depends
on the structural anisotropy of the basic structural units and
the space arrangement of the structural units. For elucidation
of the origin of the outstanding birefringence of crystal 2, the
extent of the structural distortion of the PbBrg basic units in 1
and 2 was quantitatively evaluated using the equation®*~>*

6

Z [(dy — do)/do]®

n=1

where d,, and d, are the bond distances of the six Pb-Br bonds
and the average Pb-Br bond distance, respectively. The calcu-
lated Ad value for the PbBrs octahedron is 1.4483 x 10™* for
compound 1. In compound 2, the Ad values for the PbBr octa-
hedra concerning the Pb1 and Pb2 atoms are 3.9323 x 10~*
and 1.2005 x 107 respectively. Since Pb2 atom occupy an
inversion center in compound 2, the low distortion of the
PbBrs octahedron regarding Pb2 is not unreasonable. As a
result, the basic unit of the trinuclear [Pb;Br;,] unit in com-
pound 2 containing two highly distorted PbBrs octahedra and
one less distorted PbBrs octahedron exhibits larger structural
anisotropy than that of the PbBrs octahedron in compound 1.
In addition, the local dipole moments for the PbBrs octahedra
in 1 and 2 were calculated using a bond-valence approach.**?®
First, the dipole moments for the six Pb-Br bonds of a PbBrg
octahedron were calculated. Then a net dipole moment of a
PbBrg octahedron was obtained from the vector sum of the six
dipole moments of Pb-Br bonds. A net dipole moment of 3.06
Debye for the PbBrs octahedron in compound 1 is observed
(Fig. S51). The zero net dipole moment for the PbBr, octahedron
regarding Pb2 in compound 2 is observed due to Pb2 possessing
an inversion center symmetry, whereas a large net dipole
moment of 6.85 Debye for the PbBr, octahedron regarding Pb1
in compound 2 is observed (Fig. S51). Moreover, the directions of
the dipole moments for PbBre octahedra regarding Pbl and
Pb1A atoms are parallel to each other (Fig. S51). Both are directed
along the b-axis, which considerably enhances the structural an-
isotropy of the trinuclear [Pb;Br,,] basic unit in compound 2.
More importantly, the orientation of the trinuclear [Pb;Bry)

This journal is © the Partner Organisations 2024
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units in compound 2 is not antiparallelly arranged along the
b-axis, resulting in a large vector sum of the dipole moments for
a 2-D lead bromide layer in compound 2. The 2-D lead bromide
layers are parallelly packed along the a-axis (Fig. 2d). Thus the
dipole moment of a 2-D lead bromide layer in 2 is not cancelled
by the neighboring dipole moments of the 2-D lead bromide
layers. Lastly, the dipole moments of organic moieties in com-
pounds 1 and 2 were also calculated, giving a dipole moment of
1.87 Debye for di(pyridin-4-yl)sulfane cations in compound 1
and 3.27 Debye for 4-chloro-3-methylpyridine cations in com-
pound 2. Once again, the structural anisotropy of the organic
cation of compound 2 is larger than that of compound 1.
Accordingly, the highly distorted PbBrs octahedra and the deloca-
lized m-conjugation of 4-chloro-3-methylpyridine cations packed
in an optimized arrangement mainly contribute to the large bire-
fringence of crystal 2.

Conclusions

In summary, two novel hybrid halide perovskites, [(H,-dpys)
(PbBry)] (1) and [(H-cmpy),(PbsBry,)] (2), have been syn-
thesized using similar reactions. [(H,-dpys)(PbBr,)] (1) and [(H-
cmpy)y(PbsBryg)] (2) have different 2-D lead bromide layers
constructed from different basic units modulated by the pyri-
dine derivative cations. [(H-cmpy),(PbsBry)] with trinuclear
[PbsBr;,] units and delocalized w-conjugation of 4-chloro-3-
methylpyridine cations exhibits large birefringence, placing it
among the best birefringent crystals. The large birefringence
for [(H-cmpy),(Pb;Bry)] can be attributed to the highly dis-
torted PbBrs octahedra and the delocalized n-conjugation of
H-cmpy’ cations in an optimal space packing as underscored
by theoretical calculations. This work showcases the promising
application of the halide perovskites for birefringence crystals
and a feasible approach for structural and optoelectronic
modulation of the hybrid halide perovskites.

Experimental
Materials and instrumentation

All chemical reagents and solvents were commercially available
and used without further purification. Crystal diffraction data
of 1 and 2 were collected on a Rigaku Oxford SuperNova diffr-
actometer. The crystallographic data are presented in Table S1
(ESIf). The CIFs for 1 and 2 have been deposited in the
Cambridge Crystallographic Data Centre, and the CCDC
numbers are 2361167 and 2361168 for 1 and 2, respectively.}

The birefringence of crystals 1 and 2 was obtained through
a polarizing microscope (Nikon LV1000) equipped with a
Berek compensator at a wavelength of 550 nm. The detailed
experimental methods are provided in the ESL¥

Syntheses

Synthesis of [(H,-dpys)(PbBr,)], (1). PbBr, (110 mg,
0.3 mmol) and di(pyridin-4-yl)sulfane (47 mg, 0.3 mmol) were

This journal is © the Partner Organisations 2024
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mixed with 4 mL of aqueous HBr solution (48% w/w). The
obtained mixture was heated to 120 °C for 3 hours and trans-
ferred into a 10 mL vial, which was slowly evaporated at room
temperature for 4 days. Yellow crystals were obtained (yield 64%).
Elemental analysis of C;oH;,N,SBr,Pb (717.09) (calc/found: H,
1.40/1.29; C, 16.74/15.67; N, 3.90/3.81). IR data (KBr, cm™"): 1585
(s), 1465 (s), 1345 (m), 1199 (m), 1092 (m), 745 (s), 632 (W).

Synthesis of [(H-cmpy)y(PbsBry)], (2). PbBr, (110 g,
0.3 mmol) and 4-chloro-3-methylpyridine (30 mg, 1.8 mmol)
were mixed with 3 mL of aqueous HBr solution (48% w/w).
The resultant mixture was heated to 100 °C for 3 hours and
transferred into a 10 mL vial, which was slowly evaporated at
room temperature for 3 days. Colorless crystals were obtained
(vield 76%). Elemental analysis of C,;H,sN,Cl Br;oPbs
(1934.97) (calc/found: H, 1.45/1.39; C, 14.89/14.78; N, 2.89/
2.86). IR data (KBr, cm™"): 1632 (s), 1592 (s), 1519 (s), 1471 (s),
1325 (m), 1252 (m), 852 (w), 698 (m), 572 (w), 525 (w).
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