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Rational Design of the Alkali Metal Sn-Based Mixed Halides
with Large Birefringence and Wide Transparent Range

Junbo Wang, Mengmeng Zhu, Yaoqing Chu, Jindan Tian, Lili Liu,* Bingbing Zhang,*

and P. Shiv Halasyamani*

Birefringent materials are widely used in various advanced optical systems,
owing to their vital role in creating and controlling polarized light. Currently,
Sn**-based compounds containing stereochemically active lone-pair (SCALP)
cations are extensively investigated and considered as one class of promising
birefringent materials. To solve the problem of relatively narrow bandgap of
Sn?*.based compounds, alkali metals and multiple halogens are introduced
to widen the bandgap during the research. Based on this strategy, four new
Sn**-based halides, A,Sn,F;Cl and ASnFCl, (A = Rb and Cs), with large
birefringence, short ultraviolet (UV) cutoff edge, and wide transparent

range are successfully found. The birefringences of A,Sn,F;Cl (A = Rb and
Cs) are 0.31 and 0.28 at 532 nm, respectively, which are among the largest in
Sn-based halide family. Remarkably, A,Sn,F;Cl possess relatively shorter UV
cutoff edge (<300 nm) and broad infrared (IR) transparent range (up to

16.6 um), so they can become promising candidates as birefringent materials

anisotropy polarization of the structure,
which is one of the essential properties
of optoelectronic functional crystals, es-
pecially for birefringent materials.'!l Due
to the capacity of modulating the polar-
ization of light, birefringent materials are
widely used as polarizers, optical isola-
tors, and circulators in the fields of opti-
cal communication and laser industries.[
In the last few decades, some commer-
cial birefringent crystals that can be used
in optical regions from the UV region to
IR region have been discovered, such as
CaCo,,14 YVO,,B) MgF, [l a-BaB,0,,!%
and so on. However, these birefringent ma-
terials still have defects, such as small bire-
fringence, difficulty in crystal growth, and

applied in both UV and IR regions. In addition, a comprehensive analysis on
crystal structures and structure—property relationship of metal Sn**-based
halides is performed to fully understand this family. Therefore, this work
provides insights into designing birefringent materials with balanced optical

properties.

1. Introduction

Birefringence is the largest difference of refractive index un-
der different polarization conditions relating to the total optical
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low UV transmittance, that limit their prac-
tical application.®! It is highly challeng-
ing to find new birefringent materials with
balanced overall performances, especially
broad bandgap and large birefringence.
According to the relationship between
structures and properties, the birefrin-
gence of a compound depends on the
optical anisotropic polarizability, that is, related to basic func-
tional modules and their spatial arrangement.l®! In general, pla-
nar structural groups with z-conjugation (like inorganic units!”!
[BO;]*~, [CO;]*7, [NO;]~, and organic units® [H; C;N;0,
(% = 1-3), etc.) have been widely studied and reported as popular
groups to construct UV birefringent crystals due to their ability
to induce strong anisotropic polarizability and high UV transmit-
tance. However, the generation of large birefringence must re-
quest either the layer arrangement or the coaxial arrangement of
z-conjugated planar groups. Otherwise, it will get a small bire-
fringence. To date, many excellent birefringent crystals based on
m-conjugate groups have been reported, such as Ca(BO,), (0.247
at 193 nm, 7.34 eV),”] Na,Rb,(CO,);(NO,),Br-6H,0 (0.165 at
1064 nm, 4.8 €V),I’] SrAIB,O,F, (0.078 at 1064 nm, 7.65 eV),!7d]
LiZn(OH)CO, (0.147 at 1064 nm, 6.53 eV),%) Sc(I0,),(NO,)
(0.366 at 546 nm, 4.15 eV),1%) KLi(HC,N,0,)-2H,0 (0.186 at
514 nm, 5.23 eV),® Cd(H,C(N,0;),-8H,0 (0.6 at 550 nm,
40 eV),® and Ca(H,C,N,0,),H,0 (0.49 at 546.1 nm,
3.61 eV).I’] In addition, SCALP cations (such as Sn?**, Bi**,
Sb**, and Pb**) always exhibit large optical anisotropy induced
by second-order Jahn-Teller (SOJT) effect, and they are more
propitious to generate large birefringence due to the relatively
lower requirement for their spatial arrangement.'!l Recently,
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by introducing different SCALP cations, many compounds with
sufficiently large birefringence have been reported, such as
RbCl-(H,Se0,), (0.14 at 1064 nm),12] Sc(HSeO,), (0.105 at
1064 nm),3) (NH,),(I;0,,)(I0,) (0.431 at 546 nm),[1*] Sn,PO,I
(0.468 at 1064 nm),!'*?) Sn,,0,,Br, (0.265 at 546 nm),[''4) and
SbB,O, (0.318 at 546 nm).[1

Metal oxides are generally difficult to apply in the IR region
owing to their intrinsic short IR absorption edges, that are at-
tributed to the higher bond stretching frequency in oxo-metal
anionic groups.[*®! Attributable to the relatively large bandgap
and wide optical transparency window, the metal halides, as
a type of non-oxygen compounds, have received increasing at-
tention in the fields of nonlinear optical crystals and birefrin-
gent crystals.'®) Many metal halides with excellent optical per-
formances have been reported, such as a-SnF, (0.191 at 546 nm,
276 nm),!"”] HgBr, (11 X KDP, 0.24 at 1064 nm, 0.38-30 um),!'8!
RbSN,Cl; (0.102 at 1064 nm),[1% and Cs, Hg, I, (15 x KDP, 0.095
at 1064 nm, 0.5-25 pm).[2% The introduction of different types
of halogen anions into one crystal structure is also a strategy to
design compounds with diverse structures and improved optical
properties. On the one hand, multiple types of halogen anions
can promote the formation of different fundamental building
blocks (FBBs). On the other hand, synergistic effect of multiple
halogen ions can influence the chemical bonds and enhance the
structural distortion of FBBs, then to optimize linear and nonlin-
ear optical performances of materials. For example, compared to
Cs,Hgl,, the bandgap of mixed halide Cs,Hgl,Cl, extends from
2.34 eV to 3.15 eV; compared to RbCdI;-H,O, the second har-
monic generation (SHG) effect of mixed halide Rb,CdBr,]1, is
enhanced from 3.6 X KDP to 4 x KDP.[2!]

Sn?* cation is an excellent birefringence active ion due to its
stereochemically active lone pairs, which can cause large struc-
tural distortion and enhance optical anisotropy. However, Sn?*-
based compounds have intrinsically narrow bandgap. It is par-
ticularly important to maintain a balance between large birefrin-
gence and broad bandgap for birefringent materials. Therefore,
alkali metals and alkaline earth metals (lack of electron transi-
tions of d—d and f—f orbitals) are the preferential choices to be
introduced into Sn?*-based system, then to explore new birefrin-
gent crystals with desirable UV bandgap.["!

Considering above ideas, we concentrate on the exploration
of the alkali metal Sn’?*-based mixed halide system in this
study. Based on the investigation of the Inorganic Crystal Struc-
ture Database (ICSD version 5.1.0, the last release of ICSD-
2023.2), there are several compounds have been found in this
system, but their optical properties are rarely studied (Table 1). In
this work, four new alkali metal Sn?*-based halides, A,Sn,F,Cl
and ASnFCl, (A = Rb and Cs), were obtained through hy-
drothermal method. These four compounds exhibit large bire-
fringence (0.06-0.31 at 532 nm), wide bandgap (4.05-4.43 eV),
and broad IR transparent region (up to 16.6 pm). Especially, the
Rb,Sn,F;Cland Cs, Sn, F;Cl have the largest birefringence in Sn-
based halide family, and the birefringence values are 0.31 and
0.28 at 532 nm, respectively. Therefore, A,Sn,F.Cl amazingly
combine large birefringence, broad bandgap, and wide trans-
parent range together, which make them more competitive as
birefringence crystals in UV-vis—IR region, particularly in IR
region. Above data indicate that birefringent crystals with well-
balanced optical properties can be achieved through the interac-
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Table 1. Compounds in alkali metal Sn?*-based mixed halide system. An
is birefringence.

Compounds Space Bandgap An at SHG
group [eV] 1064 [nm] [XKDP]  References

K3SngClyFyg Cmem / 0.173011 / [22)
Na; Sn, F¢Cl R3¢ 3.88 0.18301 / [23]
CsySnyF,Cly P2, /c 2.96 / / [24]
Rb,Sn;Cl,Brg Cmc2, 2.82 0.084(1] 0.5 [25]
Cs,SnCl, 1, 14/mmm 2.62 0.166!1! / [26]
Rb;SnCl,1, Pnma 2.53 0.1271%] / [26]
Cs,SngFq;Brs c2/m / / / [27]
RbgSnsFrglg C2/m 2.10 0.1190™ / [28]
CsgSngBrysl; Cmem / / / [29]

tions among alkali metal cations, SCALP cations, and multiple
halogen atoms.

2. Results and Discussion

2.1. Structures of Rb,Sn,F;Cl and Cs,Sn,FCl

Compounds Rb,Sn,F;Cl and Cs,Sn,F;Cl are isostructural and
crystallize in the space group Pnma (No. 62). Hence, only the
structure of Rb, Sn, F;Cl will be discussed in detail (Figure 1). The
unit cell of Rb,Sn, F;Clis illustrated in Figure S1 (Supporting In-
formation). In the asymmetric unit, Rb, Sn, F, and Cl occupy two,
two, three, and one crystallographically unique positions, respec-
tively (Table S1, Supporting Information). As shown in Figure
S2 (Supporting Information), each Sn atom is coordinated with
three F atoms and one Cl atom to form [SnF,Cl]>~ group. Despite
that [SnF,ClJ*~ unit once emerged in the compound SnCIF,3!
this is the first time [SnF;Cl]*~ appears in the metal Sn’*-based
halides. Attributable to the stereochemically active lone pair on
Sn”*, the ligands F and Cl atoms are pushed to one side of Sn
atom. Then, [Sn(1)F;Cl]* and [Sn(2)F,Cl]*~ groups share one
common F atom to form a [Sn,F;CL >~ dimer, which further

@ —s— (b)
J \\’ i \ »
g A ONF S
Sn(1)F,C1 SnR)F,Cl 7 SR\ ;: .f\:‘Z}/
) s, i\ &
oy a«/mm AN SN
%
L Ve i N2
sn2)  Sn(1) i N V \_\.f
— ¥ e
: LN N 4
' - . 5 .6’%%\*?‘ ;{ N N
LN N al A #
— e . -
Sn(2) Sn(1) Sn(2) Sn(1) *
R B
(c) X * 2 . ’ — T~ T~
P g Nl \ P ) J
. Y . 13 ] ,
r ey 2. .. o g ~
R T et e kR Ax ;A \/LA 1
I Vow )
. r tay YAy @50

a ../ LA r\:/ 2 IR 7 a B! 7;‘. T S~ @Rb
A~ = o t ' i~ I > gcl
¥ o d Vs d Ve &S F
T—» c ¢
Figure 1. The crystal structure of Rb,Sn,FsCl. a) The [Sn,FsCl,]>~ dimer

and a 1D [Sn,F5Cl], chain. b) The arrangement of [Sn,F;Cl], chains. c)
Crystallographic structure of Rb,Sn,F;Cl along b-axis.
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Figure 2. The crystal structure of RbSnFCl,. a) The [Sn;F,Cl¢]*~ cluster.
b) The arrangement of isolated [SngF¢Clq,]®~ short chains. c) Crystallo-
graphic structure of RbSnFCl, along a-axis.
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constitute the 1D [Sn,F,Cl], chain along the c-axis via shar-
ing the common Cl atoms (Figure 1a). As shown in Figure 1b,
the [Sn,F:Cl],, chains are stacked along a-axis in an antiparal-
lel manner, that results in the cancellation of individual micro-
scopic polarizability and dipole moments. However, the chained
structure with lone pairs still presents a strong anisotropy, which
is reflected in the rod-like morphology of the obtained crystals
of Rb,Sn,F:Cl and Cs, Sn,F.Cl (Figure S3, Supporting Informa-
tion). The two kinds of Rb* cations are in the interstices between
[Sn,F;Cl],, chains to balance the charge (Figure 1c).

As shown in Figure S2 (Supporting Information), Rb(1) is
in tenfold coordination with nine F and one Cl atoms, and
Rb(2) is bonded to six F and two Cl atoms. The Rb-F and
RDb-Cl bond distances are in the ranges of 2.859(3)-3.433(4) A
and 3.410(3)-3.796(2) A, respectively. The Sn—F and Sn—Cl
bond distances change in the ranges of 2.008(3)-2.280(4) A and
2.824(2)-2.999(2) A, respectively (Table S2, Supporting Informa-
tion). Bond valence calculations®?! on Rb, Sn, F, and Cl resulted
invalues 0f 0.90-1.08, 2.26-2.28, 1.06-1.22, and 0.68, respectively
(Table S1, Supporting Information). These values are consistent
with the reported oxidation states.!?>3]

2.2. Structures of RbSnFCl, and CsSnFCl,

Compounds RbSnFCl, and CsSnFCl, have similar structures
and crystallize into a monoclinic crystal system with a centric
space group of P2, /n (No. 14). The unit cell of RbSnFCl, and
CsSnFCl, are illustrated in Figure S4 (Supporting Information).
For RbSnFCl,, there are three Rb atoms, three Sn atoms, three
F atoms, and six Cl atoms in its asymmetric unit (Table S3, Sup-
porting Information). As shown in Figure 2a, The Sn atoms in
this structure have three coordination patterns: Sn(1) and Sn(2)
are coordinated with two F~ anions and two Cl~ atoms to form
[SnF,CL]* polyhedra, respectively, Sn(3) is coordinated with two
F~ anions and three Cl~ anions to form a novel [SnF,CL]*~
group. One [Sn(1)F,CL,]>~ polyhedron and one [Sn(2)F,Cl]*~
polyhedron further build a [Sn,F,Cl,]*~ dimer by sharing their
common edge, and the [Sn,F,Cl,]*~ dimer and [Sn(3)F,CL]*~
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polyhedron connect with each other by sharing Cl atom to form
the [Sn;F,Cl]*" cluster. As shown in Figure 2b, two [Sn;F,Cl]*
clusters are further connected by sharing the F atoms to form
a [SngF4Cl,,]° short chain. In the structure, the [Sn FCl;,]
short chains are arranged along the a-axis direction. Interest-
ingly, on the b—c plane, the two adjacent [SnF,Cl,,]°" short
chains have an angle of 86.28°, exhibiting a wavy structure. As
shown in Figure 2c, the Rb?" cations are in the interstices of the
[SngF,Cl,,]° short chains to balance the charge.

As shown in Figure S5 (Supporting Information), Rb atoms
are coordinated with two F and eight Cl atoms. The Rb-F and Rb-
Cl bond distances are in the ranges of 2.845(6)-2.967(5) A and
3.275(3)-3.863(3) A, respectively. The Sn—F bonds change from
2.085(5) to 2.358(7) A, and Sn—Cl bonds range from 2.491(5) to
2.820(5) A (Table S4, Supporting Information). Bond valence cal-
culations on Rb, Sn, F, and Cl resulted in values of 0.99-1.03,
1.70-1.85, 0.96-1.15, and 0.64-1.07, respectively (Table S3, Sup-
porting Information). These values are consistent with the re-
ported oxidation states.[?*33]

2.3. Structural Comparison

Title compounds Rb,Sn,F;Cl and RbSnFCl, can be obtained
through partial substitution of F atom with Cl atom in the com-
pound RbSnF;* (Figure 3).

The structural evolution from RbSnF; to Rb,Sn,F;Cl will be
discussed in detail. RbSnF; and Rb,Sn,F:Cl feature similar 1D
chain structure formed by FBB [SnX,]>~ (X = halogen) polyhedra.
In RbSnF;, the [Sn,F(],, chain is built by the FBB [SnF,]*~ units;
in Rb,Sn,F;Cl, the FBB is changed to [SnF;Cl]*~ from [SnF,]*~
polyhedron after one F atom replaced with one Cl atom (Figure
S6, Supporting Information). Considering that the Cl atom has
a much larger ionic radius compared with the F atom (Table S5,
Supporting Information), the structural distortion is enhanced
from [SnF,]*~ to [SnF,Cl]*", and Sn—X bond lengths change
from 1.987-2.518 to 2.009-2.999 A, respectively. As shown in
the shaded area in Figure S6 (Supporting Information), the 1D
[Sn, F¢],, chains in RbSnF; have four different orientations, while
the [Sn,F;Cl]_, chains in Rb,Sn,F;Cl have only two orientations,
more approaching ideal arrangement mode. Hence, the newly
generated [SnF X, ] group can help to regulate the spatial ar-
rangement of the building blocks. In Figure S6 (Supporting In-
formation), all the compounds feature 1D [Sn—X], chains, but
these 1D chains are not arranged in an ideal mode. We specu-
late that, the introduction of large-size halogen atoms (Br and I)

2RbSnF,

Figure 3. The evolution of Rb,Sn,FsCl, RbSnFCl,, and RbSnF;.
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Figure 4. a) The number of Sn?* halides containing different elements, b) the proportion of alkali metal Sn>* halides, and c) the proportion of Sn?*

fluorides.

may further optimize the chains arrangement and promote the
generation of excellent birefringent crystals.

2.4. Structural Chemistry of Metal Sn?*-Based Halides

The diverse coordination modes and spatial configurations of
[Sn—X] units drive us to further explore their structural chem-
istry. According to the investigation in the recent publications and
inorganic crystal structure database (ICSD version 5.1.0, the last
release of ICSD-2023.2), there are 57 compounds in the family
of metal Sn**-based halides (Tables S6-S9, Supporting Informa-
tion).

In the metal Sn?* halides system, the frequency of occurrence
of the related elements as chemical constituents is shown in
Figure 4. Obviously, there are nearly 74% of compounds con-
taining alkali metal elements. And more than half of the metal
Sn halides contain F element. Alkali metal cations are free of
d-d or f—f electronic transitions, and the are beneficial for good
transparency in the UV spectral region. Owing to the largest elec-
tronegativity, F atom can also shift the cutoff edge to the shorter
wavelength region. In addition, halide compounds always own
the wider IR transparent window compared with oxides. Based
on the above analysis, it is speculated that the alkali metal Sn-
based halide system may be conducive to explore optical crystals
with wide transparent range from UV to IR region.

Tables S6-S9 (Supporting Information) show the distribu-
tion of [Sn—X] anionic frameworks with different dimensions in
metal Sn halides. Metal Sn halides can be divided into four cate-
gories according to their specific dimensions (Figure 5): 0D iso-
lated clusters (24.56%), 1D infinite chains (17.54%), 2D infinite
layers (43.86%), and 3D networks (14.04%).

SCALP cation Sn** has received a great deal of research atten-
tion for its multiple coordination modes. In metal Sn halides,
Sn”** has been observed in three-, four-, five-, six-, and seven-
coordination environments. There are 26 types of Sn-centered
polyhedra found in this family (Figure 6; Table S10, Support-
ing Information), among which [SnF,Cl]*~ and [SnF,ClL,]*~ dis-

Small 2024, 20, 2308884
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Figure 7. The calculated refractive index and birefringence curves of a) Rb,Sn,FsCl, b) Cs,Sn,FsCl, c) RbSnFCl,, and d) CsSnFCl,.

torted polyhedra are first discovered in metal Sn?*-based halide
family.

After structural comparisons, we found that the dimension of
[Sn-X] framework in metal Sn?*-based halides is affected by the
following factors:

(@) The atomic percentage of Sn. The smaller atomic percent-
age of Sn means that there are fewer Sn atoms per unit
cell. As shown in Table S11 (Supporting Information), when
the atomic percentage of Sn is smaller than 0.2, most com-
pounds feature isolated [Sn—X] clusters.

(b) The bond length of [Sn—X] FBB. From Table S11 (Sup-
porting Information), it is also found that Sn-based halides
with 3D networks do not contain F element. This phe-
nomenon may be attributed to that F element with smaller
atomic radius is more likely to form shorter Sn—F bond
compared with Sn—Cl/Br/I bond, so the compounds con-
taining shorter Sn—X bonds tend to form low-dimensional
frameworks.

(c) The coordination modes of Sn. In general, the Sn atom
with more coordinated atoms is easier to connect with each
other to form the high-dimensional [Sn—X], framework.
Compounds containing [SnX;] FBB are more likely to form
0D structures (like CsSnF;), while compounds containing
[SnX,] FBB are more likely to form 3D structures (like
Rb,Sn,Cl, Bry).

(d) The influence of lone pair electrons on Sn?*. Due to the re-
pulsive force between the lone pair electrons and the bond-
ing electrons of Sn** atom, the ligands are all pushed toward
one side of the Sn** cation (Table S11, Supporting Informa-
tion). Therefore, different [Sn—X] groups are difficult to link
together to construct complex high-dimensional frameworks
due to the repulsion of lone pairs. Seen from Table S11 (Sup-
porting Information), the lone pairs of [SnX,] units (X = Br
and/or I) seem stereochemically inactive. Therefore, with-
out the repulsion of lone pairs, compounds Rb,Sn,Cl,Bry,
CsSnl;, CsSnBr;, Cs,SnCL1,, and CsgSn¢Br;;I, (listed in
Table S11, Supporting Information) built by [SnX,] FBBs,
display complex 3D network structure.

Through the comprehensive analyses on crystal struc-
tures and structure-property relationship of metal Sn?*-based
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halide family, we believe our work and insights will fa-
cilitate the further exploration of metal Sn’*-based halide
system.

2.5. Optical Properties

The UV-vis-NIR diffuse reflectance spectra of title compounds
were tested using the pure samples (Figure S7, Supporting In-
formation). A,Sn,F;Cl and ASnFCl, (A = Rb, Cs) exhibit short
UV cutoff edges at about 280, 287, 302, and 306 nm, corre-
sponding to the bandgaps of 4.43, 4.32, 4.11, and 4.05 eV,
respectively, which indicate that they may possess high laser
damage threshold (LDTs; Figure S8, Supporting Information).
The IR spectra of A,Sn,F;Cl and ASnFCl, were deposited in
Figure S9 (Supporting Information). The peaks around 560, 554,
487, 474, and 432 cm™! can be attributed to Sn—F stretches.[**]
And it is obviously shown that there is no absorption peak
from 4000 to 600 cm™', corresponding a wide IR transpar-
ent window up to 16.6 um, which is superior to most oxide
compounds.

Therefore, the title compounds have wide transparent range
from UV to IR region, which covers two important mid-IR at-
mospheric windows of 3-5 um and 8-12 ym. Thus, A,Sn,F,Cl
and ASnFCl, can be potentially used in the UV-vis-IR
region.

2.6. Thermal Behavior

As shown in Figure S10 (Supporting Information), it exhibits
the TG-DSC curves of compounds Rb, Sn, F;Cl, Cs,Sn,F.Cl, and
RbSnFCl,. It was observed that the decomposition temperatures
for Rb,Sn,F.Cl, Cs,Sn,F;Cl, and RbSnFCl, are approximately
251, 236, and 200 °C, respectively. The TG curves show that
the weight losses for compounds Rb,Sn,F:Cl, Cs,Sn,F;Cl, and
RbSnFCl, are about 10%, 16%, and 40% during the heating pro-
cess respectively. Figure S11 (Supporting Information) shows
the powder XRD patterns of final residuals after melting. For
Rb,Sn,F.Cland Cs,Sn, F;Cl, the final residuals are ACI (A = Rb,
Cs) and SnFCl. For RbSnFCl, and CsSnFCl,, the residues are AC]
(A =RD, Cs) and SnO. The thermal behaviors of the decomposi-
tion products are consistent with those reported previously.[?*]

© 2023 Wiley-VCH GmbH
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Figure 8. A summary of inorganic compounds with birefringence larger than 0.15 and UV cutoff edge shorter than 400 nm (only some representative com-
pounds are listed in 290-400 nm). 1, Nay Rbg (CO;3); (NO;),Br-6H,0; 2, NazRbg (CO3)3 (NOs),Cl-6H,0; 3, CaCOy; 4, K,Sb(P,0,)F; 5, Gd(OH),NOs; 6,
Y(OH),NO;; 7, La(OH),NO;; 8, NaGal; OgF; 9, a-SnFy; 10, [In(103) (OH) (H,0)](NO5); 11, NaZnCO;F; 12, Srl,O5F,; 13, Sn(10),F,; 14, Bal,OsFy; 15,
Be, (BO;)(I03); 16, NazCs(MoO,F,),; 17, SBHPOSF; 18, Ba;Sc, (BOs),; 19, Rb[SnF(HPO,)]; 20, Rb,Sn, FsCl; 21, Cs,Sn,FsCl; 22, NaPb, (CO;), F; 23,
KGd(CO5),; 24, KTb(CO;),; 25, LiGa(103) ; 26, f-Sc(103)5; 27, Sc(103), (NO); 28, [Al(H,0)6](103), (NO3); 29, Sn,Bs OgCl: 30, SbB;Og; 31, Sn, Bs OgBr;
32, NaNOs; 33, RbTeMo,OgF; 34, CdTeMoOg; 35, NaNO,; 36, YVOy; 37, Sn,PO,l; 38, Sn,PO,Cl; 39, Sn,PO,Br; 40, BaTi(BO3),; 41, Snq4O4,Brg; 42,

LiNasMogOs; 43, a-BaTeMo, O,.

2.7. Theoretical Calculations

To further understand the relationship between the electronic
structure and optical properties of Rb,Sn,F.Cl, Cs,Sn,F;Cl,
RbSnFCl,, and CsSnFCl,, theoretical calculation was performed
based on DFT. The calculated band structure (Figure S12,
Supporting Information) shows that compounds Rb,Sn,FCl,
Cs,Sn,F;Cl, and CsSnFCl, are direct bandgap compounds,
whereas RbSnFCl, is an indirect bandgap compound. The
GGA-PBE bandgaps of Rb, Sn,F;Cl, Cs,Sn,F;Cl, RbSnFCl,, and

Small 2024, 20, 2308884
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CsSnFCl, are 2.83, 2.89, 2.82, and 2.83 eV, respectively, which are
smaller than the measured values because of the discontinuity of
the exchange-correlation energy in DFT calculations.®®!

To understand the composition and origination of the elec-
tronic structures, the total density of states (TDOS) and projected
density of states (PDOS) were obtained (Figure S13, Supporting
Information). Because the title compounds are structural simi-
lar, the band structures of the Rb,Sn,F:Cl and RbSnFCl, were
described in detail for representation. As shown in Figure S13a
(Supporting Information), the states from —5 eV to the Fermi
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level for compound Rb, Sn, FcCl are primarily composed of Cl-3p,
F-2p, Sn-5p, and Sn-5s orbitals. The conduction band between 0
and 5 eV consists of Sn-5s and Sn-5p orbitals. In the same way,
Figure S13c (Supporting Information) shows that the states of
RbSnFCl, from -5 eV to the Fermi level mostly consist of Cl-3p,
F-2p, Sn-5p, and Sn-5s orbitals, and the conduction band of 0-
5 eV is mainly ascribed to the Sn-5s and Sn-5p states. The PDOS
of the four compounds shows that Sn-5s and Sn-5p orbitals over-
lap with Cl-3p and F-2p orbitals, indicating a strong interaction
between Sn, F, and Cl atoms. It is well known that the electronic
transition from the valance band maximum (VBM) to the con-
duction band minimum (CBM) near the Fermi level determines
the optical performance of optical materials. Thus, the theoretical
studies suggest that the liner optical properties of the four title
compounds are mainly derived from the Sn-centered distorted
polyhedra.

The calculated refractive index curves of title compounds
were shown in Figure 7. The birefringences are =0.06 for
RbSnFCl, and CsSnFCl, at 532 nm. Significantly, Rb,Sn,F;Cl
and Cs,Sn, F;Cl exhibit the largest birefringence in current re-
ported Sn-based halides, and the birefringences are 0.31 and
0.28 at 532 nm, respectively (Table S12, Figure S14, Support-
ing Information). Figure 8 also illustrates that A,Sn,F,Cl have
the largest birefringence among inorganic birefringent crystals
with UV cutoff edges lower than 290 nm (Table S13, Support-
ing Information). Taking above spectra analyses into considera-
tion, A,Sn,F.Cl have better-balanced optical properties of suffi-
ciently large birefringence (x0.30 at 532 nm), short UV cutoff
edge (=280 nm) and wide transparent range (0.28-16.6 um), so
they probably become the alternative candidates for optical appli-
cations in the UV-IR region.

Electron Localization Function (ELF) analyses for these four
compounds were also conducted to visualize the interatomic in-
teractions. As shown in Figure S15 (Supporting Information), it
is observed that the map clearly reveals the asymmetric lobe on
Sn?*, which stems from the polar nature of the Sn and results
in the large birefringence.’”) To further prove this influence, the
dipole moments of cationic polyhedra for these compounds were
calculated and the results were listed in Table S14 (Supporting
Information).®®! The magnitude of the dipole moment of Sn-
centered polyhedra are much higher than that of alkali metal-
centered polyhedra. For example, in Rb,Sn,F:Cl, the calculated
values of [SnF,Cl] (16.3 D and 17.4 D) are several times higher
than the values of [RbF,Cl] (2.17 D) and [RbFCl,] (4.99 D). There-
fore, the large birefringence of title compounds could be ascribed
to the synergistic effect of Sn?* lone pair cations and mixed halo-
gen anions, while the role of alkali metal cations is reflected in
widening the optical bandgaps.

3. Conclusion

In summary, four new Sn’*-based halides A,Sn,F;Cl and
ASnFCl, (A = RbD, Cs) have been synthesized successfully by the
hydrothermal method. And their crystal structures and optical
properties are discussed in detail. Especially, A,Sn,F;Cl (A = Rb,
Cs) exhibit the largest birefringences (0.31 and 0.28 at 532 nm)
among all the reported Sn-based halides, and the outstanding
birefringence stems from the distorted Sn-centered polyhedra.
Besides, A,Sn,F.Cl show short UV cutoff edges (~280 nm,
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corresponding large LDTs) and wide transparent region (0.28—
16.6 um). These advantages indicate that A,Sn,F:Cl have well-
balanced optical properties, which make them become prospec-
tive birefringent crystals in UV-vis—IR region. Therefore, this
work provides a synthetic strategy to achieve the coexistence of
unparalleled birefringence, large bandgap and wide transparent
region, and this will help to find new birefringence crystal materi-
als with good comprehensive performance. In addition, we also
have made a comprehensive analysis on crystal structures and
structure—property relationship of metal Sn**-based halide fam-
ily, which will facilitate the further exploration of this system.

Supporting Information

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