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ABSTRACT: A new Sn-based halide compound, Rb4Sn3Cl2Br8, is synthesized by hydrothermal method. This com-
pound crystallizes in orthorhombic noncentrosymmetric space group of Cmc21, and the structure is composed of one-
dimensional [Sn4Cl2Br8]1 

∞ chains elongated in parallel to a-axis. Interestingly, in the [Sn4Cl2Br8]1 
∞ chains the [SnBr5] and 

[SnClBr4] groups hold pyramidal configurations which are found for the first time in Sn-based metal halides. 
Rb4Sn3Cl2Br8 exhibits a high thermal stability (up to 270 °C) and a relatively large bandgap of 2.82 eV. This compound 
shows a phase-matchable powder second harmonic generation response of 0.5 times of KH2PO4 (KDP), and is the first 
phase-matchable Sn-based halide nonlinear optical material. The discovery of Rb4Sn3Cl2Br8 will be beneficial to further 
phase-matchable nonlinear optical materials exploration in Sn-based halides. 

1. Introduction 

Recently, metal halides compounds have been inten-
sively studied for their special structural features and 
excellent photoelectric properties.1-8 Typically, the fun-
damental building units in metal halides are [MXk], 
where M is the central metal cation and X is the halide 
anion with k varying from 2 to 6.9-13 Their various con-
necting modes led to the pronounced structural diversity 
and the resulted metal halides serving as a new class of 
photoelectric materials widely used in photovoltaics, 
light emitting diodes (LEDs), nonlinear optical (NLO) 
materials, lasers, and photodetectors.14-19 For example, 
Cs2HgI2Cl2, Rb2CdBr2I2, and K2SbF2Cl3 can be used as 
infrared NLO materials, which have been considered to 
achieve the balance between the NLO responses and la-
ser damage thresholds.20-25 The organic-inorganic hybrid 
halides perovskites, especially CH3NH3PbI3, using as the 
light absorbing materials in solar cells, have successfully 
improved the power conversion efficiency to ~ 22.1%.15, 26 
For the remarkable optical and electric properties, it is of 
great interest in pursuing new metal halide compounds. 

Attributed to the environmentally friendly feature, new 
tin(II)-based halides have increased explosively in the 
lead-free perovskite solar cells since the first report in-
volving CH3NH3SnI3 in 2014.27-30 Moreover, the presence 
of stereoactive lone-pair electrons (LPE) on Sn can lead 
to many fantastic photoelectric features, including pho-
tocatalysis and NLO properties.31-34 It is well known that 
the ordered LPE arrangement can produce a large NLO 
response, and, thus, the Sn-based halides possess great 
potential to be promising NLO materials.35,36 However, 
till now, only two Sn-based halides, NH(CH3)3SnCl3 and 
NH(CH3)3SnBr3,37 have been reported to exhibit NLO 

effect, and the absence of phase-matching capability lim-
its their practical applications. 

To enrich the structural diversity and photoelectric 
functions, our group has been carrying out material ex-
plorations and performance characterizations in the Sn-
based halides compounds.32, 38 In this work, we success-
fully synthesize the first phase-matching Sn-based halide 
NLO material Rb4Sn3Cl2Br8. This compound exhibits a 
high thermal stability (up to 270 °C) and a relatively 
large bandgap of 2.82 eV with the phase-matchable 
powder second harmonic generation (SHG) response of 
0.5 times of KH2PO4 (KDP).  

2. Experimental Section 

2.1. Single Crystal Growth 

Single crystals of Rb4Sn3Cl2Br8 were grown by hydro-
thermal method using RbCl (Aladdin, 99.0%), 
SnCl2•2H2O (SCR, 98.0%) and HBr (Aladdin, 40%) as 
the raw materials. About 1g (0.0238 mol) RbCl, 1g 
(0.0044 mol) SnCl2•2H2O, and 1ml HBr were dissolved 
in H2O (3.0 mL). The fully mixed solution was sealed in 
an autoclave equipped with a Teflon liner (25 ml) and 
heated at 220 °C for 1 day and further slowly cooled to 
the room temperature at a rate of 3 °C/h. The reacting 
product was washed with ethanol and dried in air. The 
colorless transparent crystals of Rb2SnCl6 and light green 
transparent crystals of Rb4Sn3Cl2Br8 with millimeter size 
were obtained. 

2.2. Single-Crystal Structure Determination  

The single crystal X-ray diffraction (XRD) measure-
ments were performed on a Rigaku AFC10 diffractome-
ter (Mo Kα, λ = 0.71073 Å radiation) equipped with a 
graphite monochromator. The Crystalclear software39 

Page 1 of 7

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

was used for data extraction and integration and the 
program XPREP was used for face-indexed absorption 
corrections. The structures were solved by direct meth-
ods using SHELXS-97 and then refined by full-matrix 
least-squares refinement on F2 with SHELXL-97 found 
in the software suite WinGX.40, 41 The structures were 
verified using the ADDSYM algorithm from the program 
PLATON,42 and no higher symmetries were found.  

2.3. Powder X-ray Diffraction 

The powder X-ray diffraction (PXRD) pattern of the 
polycrystalline Rb4Sn3Cl2Br8 was performed at room 
temperature using an automated Bruker D8 Focus X-ray 
diffractometer equipped with a diffracted monochroma-
tor set for Cu Kα ( λ = 1.5418 Å) radiation. The scanning 
step width of 0.02° and the scanning rate of 0.1° s-1 were 
applied to record the patterns in the 2 theta range of 10-
70°. The experimental powder X-ray diffraction pattern 
was found to be in good agreement with the theoretical 
pattern calculated on the based of single crystal crystal-
lographic data (Figure S1). 

2.4. UV-Vis-NIR Diffuse Reflectance Spectroscopy 

UV−vis−NIR diffuse reflectance data for Rb4Sn3Cl2Br8 
were collected with a SolidSpec-3700 DUV spectropho-
tometer in the wavelength range from 200 to 1400 nm. 
Fluororesin was applied as the standard. 

2.5. Thermal Stability Measurement 

About 10 mg of Rb4Sn3Cl2Br8 were used for the ther-
mogravimetric (TG) analysis measurement by the 
NETZSCH STA-409CD thermal analyzer. The sample 
was placed in platinum crucible and heated from room 
temperature to 850°C at the rate of 20 °C/min. The 
melted residue were examined and analyzed by PXRD. 

2.6 Nonlinear Optical Property 

Powder SHG measurements were carried out by the 
Kuttz-Perry method.43 A pulsed Q-switched Nd:YAG la-
ser was utilized to generate fundamental 1064 nm light 
with a pulse width of 5 ns. As powder SHG effect de-
pends strongly on the particle size, Rb4Sn3Cl2Br8 crystals 
were ground and sieved into the following particle size 
ranges: 48-75， 75-106， 106-125， 125-180, 180-230, 
and 230-250 um, respectively. KDP was also ground and 
sieved into the same particle size ranges and used as ref-
erences for SHG measurements. 

2.7. Computational Method 

The first-principles calculations were performed using 
the plane-wave pseudopotential method implemented in 
the CASTEP package.44 The generalized gradient approx-
imation (GGA)45 with the Perdew, Burke and Ernzerhof 
(PBE) functionals46 and the optimized norm-conserving 
pseudopotentials in the Kleinman-Bylander form47 are 
adopted in the calculations. Rb 4s24p65p1, Sn 5s25p2, Cl 
3s23p5, and Br 4s24p5 are treated as valence electrons. 
The kinetic energy cutoff of 900 eV and Monkhorst–
Pack 2×2×2 k-point meshes48 are used. The choice of 
these computational parameters is good enough to en-
sure the accuracy of present purpose. 

3. Results and Discussion 

3.1. Single crystal growth 

Single crystals of Rb4Sn3Cl2Br8 were obtained by the 
hydrothermal method in a yield of about 57% based on 

Sn with the raw materials and reaction conditions de-
scribed in the experimental section. The chemical reac-
tion is proposed as: 

4RbCl + 3SnCl2 + 8HBr → Rb4Sn3Cl2Br8↓+ 8HCl 

 

Figure 1. The photograph of Rb4Sn3Cl2Br8 crystal 

After the reaction, the light green transparent crystals 
with millimeter size were obtained and their photograph 
is shown in Figure 1. The crystal structure was solved 
and refined on the basis of single crystal XRD data. The 
PXRD pattern (Figure S1b) of the obtained crystals show 
good agreement with the calculated results (Figure S1a) 
derived from the single crystal data (Table 1, Table S1-3). 

Table 1. Crystal data and structure refinement 
for Rb4Sn3Cl2Br8 

 Rb4Sn3Cl2Br8 

Formula weight  1407.83 

Crystal system  Orthorhombic 

Space group  Cmc21 

Unit cell dimensions 

a = 10.0279(6) Å    

b = 17.7490(12) Å   

c = 12.5827(7) Å    

Volume 2239.5(2) Å3 

Z 4 

Density  4.175 mg/m3 

Absorption coefficient 26.449 mm-1 

GOF on F2 1.127 

Final R [Fo2 > 2σ(Fo2)] 
R1 = 0.0535, wR2 = 

0.1610 

R (all data) 
R1 = 0.0578, wR2 = 

0.1641 

 

3.2. Crystal structure 
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Figure 2. (a) The [SnBr5] and [SnClBr4] groups, (b) the 
[Sn4Cl2Br8]1 

∞ chain, (c) the crystal structure of Rb4Sn3Cl2Br8, 
and (d) the coordinating environment of Rb cation. 

The structure of Rb4Sn3Cl2Br8 is illustrated in Figure 2. 
This compound crystallizes in the orthorhombic space 
group of Cmc21 (No. 36) with unit cell parameters a = 
10.0279(6) Å, b = 17.7490(12) Å, c = 12.5827(7) Å. In the 
symmetric unit, Rb, Sn, Cl, and Br occupy two, three, 
two, and six crystallographically unique positions, re-
spectively, with all the atoms located at Wyckoff posi-
tions of 4a. All Sn atoms are five-fold coordinated with 
halogen atoms to form either [SnBr5] (yellow color in 
Figure 2a) or [SnClBr4] pyramids ([Sn1ClBr4] in green 
color and [Sn2ClBr4] in blue color, respectively, in Figure 
2a). The [Sn1ClBr4] and [Sn2ClBr4] units can be consid-
ered as the derivatives of [SnBr5] units with the corner 
and apex Br atoms replaced by Cl atoms, respectively. 
These [SnBr5] and [SnClBr4] pyramids connect with one 
another by sharing the Br atoms and construct 
[Sn4Cl2Br8]1 

∞ chains along the a-axis (see Figure 2b). The 
strong anisotropy resulted from the chained structure is 
reflected in the morphology of the obtained crystals 
which are displayed in Figure 1. The [Sn4Cl2Br8]1 

∞ chains 
are parallel in the a-b plane, while in the neighboring 
plane the chains are anti-parallel arranged and rotated 
about 55° (see Figure 2c), which would result in certain 
NLO effects in Rb4Sn3Cl2Br8. The Rb+ cations are located 
in the interstices among the chains and each Rb+ coordi-
nates with seven F- and two Cl- anions (see Figure 2d). 

 

Figure 3. The local coordinating environments of Sn atoms 
in Rb4Sn3Cl2Br8. 

The local coordinating environments of Sn atoms in 
Rb4Sn3Cl2Br8 are shown in Figure 3. Interestingly, the 
[SnX5] groups are very rarely found in the Sn-based met-
al halides compounds in which only three types of [SnX5] 
groups have been reported, i.e., [SnF5], [SnCl5], and 
[SnF3Cl2], and all of them possess the pseudo-octohedral 
configurations, according to our survey in the Inorganic 
Crystal Structure Database (ICSD).49 The [SnBr5] and 

[SnClBr4] groups presented in Rb4Sn3Cl2Br8 are found 
for the first time. Moreover, it is unique that both these 
fundamental building blocks manifest the pyramidal 
shapes with the Sn atoms almost located in the base sur-
face. In [SnBr5], the dangling Sn-Br bond is about 2.7 Å 
and the bridging ones are about 2.9 Å with the vertical 
Br-Sn-Br angles about 90°, which makes this group al-
most hold the standard pyramidal configuration (Figure 
3a). The introduction of Cl- anions in the [SnClBr4] pyr-
amids results in the great distortion compared with the 
[SnBr5] pyramids since the Sn-Br/Cl bonds vary from 
2.51 to 3.32 Å and the vertical Br-Sn-Br/Cl angles vary 
from 79.80 to 87.04° (Figure 3b and 3c). The first-
principles charge density difference around the [SnBr5] 
and [SnClBr4] units is exhibited in Figure 4. Clearly, the 
LPE on Sn2+ cations hinder the formation of chemical 
bonds to the neighboring Br atoms from the same side. 
Meanwhile, the corner Br atoms effectively push one 
another to the opposite orientation in the [SnBr5] pyram-
idal unit, which produces enough space to accommodate 
Sn2+ cations located in the base surface. When the corner 
or the apex Br atoms are replaced by smaller Cl atoms in 
the [SnClBr4] units, the Sn2+ cations are slightly squeezed 
out of the base surface, leading to the distorted pyrami-
dal configurations. The discovery of [SnBr5] and 
[SnClBr4] pyramidal units definitely enriches the struc-
tural diversity in metal halides. 

 

Figure 4. Charge density difference around (a) [SnBr5] and 
(b) [Sn1ClBr4] and [Sn2ClBr4] units 

3.3. Thermal properties 

 

Figure 5. The TG curve of Rb4Sn3Cl2Br8. 

The thermal measurement for the titled compound is 
shown in Figure 5. The TG analysis curves exhibit that 
the weight firstly increases and then decreases with the 
total weight losses about 70%. The weight change starts 
at 270 °C, indicating that Rb4Sn3Cl2Br8 is stable under 
this temperature. The PXRD patterns of the title com-
pound before and after heating (shown in Figure S1) re-
veal that the melted residue is SnO2 after heating above 
270 °C, which means that the decomposition reaction 
can attributed to:  

Rb4Sn3Cl2Br8 + 3O2 → 3SnO2 + 4RbBr↑+ Cl2↑ 
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From the chemical equation, one may easily obtain 
that the theoretical mass residues is about 32.2% for 
Rb4Sn3Cl2Br8, in good agreement with the experimental 
results. 

3.4. Optical properties 

The UV-vis-NIR diffuse-reflectance spectrum for 
Rb4Sn3Cl2Br8 is shown in Figure 6. It is revealed that the 
optical absorption edge of the title compound is about 
440 nm, corresponding to the energy bandgap of 2.82 
eV. The relatively large band gap also indicates the rela-
tively high laser damage threshold that is valuable for 
practical applications.50-52 

 

Figure 6. The UV-vis-NIR diffuse-reflectance spectrum of 
Rb4Sn3Cl2Br8. 

Owing to the noncentrosymmestic space group, 
Rb4Sn3Cl2Br8 would exhibit the second order NLO re-
sponse. The powder SHG measurements using 1064 nm 
radiation revealed that the SHG effect of Rb4Sn3Cl2Br8 is 
about 0.5 times as strong as that of KDP. Moreover, as 
shown in Figure 7, the SHG intensities grows gradually 
as the particle size increases until it reaches a plateau 
above 200 µm, which indicates that Rb4Sn3Cl2Br8 is a 
phase-matchable crystal and it is the first compound 
found in the Sn-based halides nonlinear optical materi-
als. 

 

Figure 7. Dependence of SHG intensity on the particle size 
for Rb4Sn3Cl2Br8. 

3.5. First-principles calculations 

The electronic structure in Rb4Sn3Cl2Br8 is investigat-
ed by the first-principles calculations using the CASTEP 
package. As shown in Figure 8a, both the valence band 
(VB) maximum and the conduction band (CB) minimum 
are located at the G1 point indicating the direct bandgap 
characteristic. The calculated bandgap of 1.98 eV is 
slightly smaller than the experimental value of 2.82 eV, 
which is caused by the discontinuity of exchange-
correlation energy implemented in the local density ap-
proximation (LDA).53 Figure 8b shows the partial density 
of states (PDOS) nearby the bandgap projected on the 

constituent elements in Rb4Sn3Cl2Br8. It is clear that the 
top of the VB are composed of not only the p- orbitals of 
Cl- (3p) and Br- (4p) anions but also the 5s- and 5p- or-
bitals of Sn2+ cations. Meanwhile, the hybridization of Sn 
5s5p and Br 4p orbitals dominantly contributes to the 
bottom of the CB. Therefore, the electronic states on 
both sides of the bandgap are mainly contributed by the 
[SnBr5] and [SnClBr4] groups, which determine optical 
properties of Rb4Sn3Cl2Br8, in consistence with the con-
clusion from anionic group theory proposed by Chen.54 

 

Figure 8. (a) The electronic band structure, and (b) PDOS 
plot of Rb4Sn3Cl2Br8. 

The first-principles linear and nonlinear optical prop-
erties in Rb4Sn3Cl2Br8 are listed in Table2. The calculated 
powder SHG effect (~ 0.8×KDP) is in good agreement 
with the experimental results (~ 0.5×KDP), which veri-
fies the validity of the pseudopotential method em-
ployed. Moreover, the relatively large birefringence (∆n 
> 0.2) at both the wavelength λ = 1064 nm and 2090 nm 
in Rb4Sn3Cl2Br8 indicates that this compound is easy to 
reach the phase-matching condition in the IR spectral 
region. From the point view of structure-property rela-
tionship, the large optical anisotropy is originated from 
the parallel arranged 1D [Sn4Cl2Br8]1 

∞ chains along the a-
axis. However, the LPE on different Sn2+ cations in the 
chains point to different orientations, which attenuates 
the macro polarity, as shown in Figure S2, and thus leads 
to the relatively weak NLO effect in crystal. 

Table 2. The calculated linear and nonlinear op-
tical properties in Rb4Sn3Cl2Br8. 

Refractive indices and 

birefringence 

NLO coefficients 

(pm/V) 

λ (nm) 1064 2090   

nx 2.2621 2.2114 d15 0.28 

ny 2.0322 2.0045 d24 0.28 

nz 2.0537 2.0241 d33 -0.52 

∆n 0.2299 0.2069 
Powder 

SHG 
0.31 

(~0.8×KDP) 

4. Conclusions 

The first phase-matched Sn-based halide nonlinear op-
tical crystal, Rb4Sn3Cl2Br8, is synthesized by hydrother-
mal method. This compound processes a one-
dimensional (1D) structure consisted of the fundamental 
building units [SnBr5] and [SnClBr4] which hold the pyr-
amid configuration and are found for the first time in the 
Sn-based metal halides. Rb4Sn3Cl2Br8 exhibits high 
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thermal stability (up to 270 °C) and a relatively large 
bandgap of 2.82 eV. Moreover, Rb4Sn3Cl2Br8 shows a 
phase-matchable powder SHG response of 0.5 times of 
KDP. The discovery of Rb4Sn3Cl2Br8 would provide a 
representative example of the research between struc-
ture and properties and it is beneficial for further explo-
ration of nonlinear optical materials among the Sn-based 
halides. 
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The first phase-matchable Sn-based metal halides NLO material, Rb4Sn3Cl2Br8, is synthesized. 
Its fundamental building units [SnBr5] and [SnClBr4] hold the pyramidal configuration and are 
found for the first time. Moreover, the 1D structure in Rb4Sn3Cl2Br8 has led to the phase-
matchable SHG, which is beneficial to further phase-matchable nonlinear optical materials ex-
ploration in this field. 
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