
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2025,
12, 588

Received 31st October 2024,
Accepted 4th December 2024

DOI: 10.1039/d4qi02757d

rsc.li/frontiers-inorganic

Novel antimony-based mixed halides exhibiting an
excellent SHG response and a broad transmission
range†

Luli Wang,a Han Luo,a Siyu Chen,a Ling Huang, *a Liling Cao, a Xuehua Donga

and Guohong Zou *b

In this study, we successfully synthesized two novel non-centrosymmetric (NCS) antimony halide com-

pounds, RbSbF3Cl and Rb3Sb4F14Cl. These compounds were formed by combining Sb3+ cations, which

possess stereochemically active lone pairs (SCALP), with halogen atoms (fluorine and chlorine). The intro-

duction of mixed halogen atoms enables Sb atoms to adopt multiple coordination modes, which in turn

promotes the development of both compounds towards NCS structures. Notably, Rb3Sb4F14Cl demon-

strated a large second harmonic generation (SHG) response, approximately three times greater than that

of KH2PO4 (KDP), along with a wide transparency range from 0.27 to 13.3 μm and a high laser damage

threshold (LDT) of 223 MW cm−2. These exceptional properties indicate that Rb3Sb4F14Cl is a highly

promising nonlinear optical (NLO) crystal with excellent overall performance, making it suitable for poten-

tial applications spanning the short-wave ultraviolet (UV) to mid-infrared (IR) spectral regions. In contrast,

RbSbF3Cl exhibits a large birefringence of 0.31 at 546 nm as a uniaxial crystal, suggesting its practicability

as a birefringent material.

Introduction

Nonlinear optical (NLO) materials have significant academic
and technological value in extending the wavelength range of
solid-state lasers from deep ultraviolet (UV) (<200 nm) to infra-
red (IR) (∼20 μm) through simple frequency conversion.1–6

From a commercial perspective, an ideal NLO crystal must
possess several key characteristics, one of which is a broad
transparent window, which determines the application range
of the crystal.7–10 Over the past few decades, several well-
known NLO crystals, including LiB3O5 (LBO),11 β-BaB2O4

(β-BBO),12 and KTiOPO4 (KTP),
13 have found commercial appli-

cations in the UV and visible regions. However, in the IR
region, the selection is limited to a few materials, such as
AgGaS2,

14 AgGaSe2,
15 and ZnGeP2,

16 which are suitable for the
mid-IR range (3–12 μm). These materials are hampered by low

laser damage thresholds (LDT), significantly restricting their
utility in laser communication and high-power applications.
Compounds that simultaneously exhibit strong second harmo-
nic generation (SHG) effects and broad spectral transmission,
from the UV region to the IR region, are exceptionally rare.
This rarity stems from the inherent trade-offs between optical
properties, such as the band gap and NLO response. Typically,
a large SHG response is coupled with a narrow transmission
range and low LDT. Thus, balancing the competing demands
for a broad transmission range and superior overall optical
properties remains a substantial challenge in the development
of novel NLO materials.

It is well established that the primary requirement for NLO
crystal materials is a non-centrosymmetric (NCS) structure.17,18

Thus, designing and synthesizing crystals with NCS structures
is of great significance. Recently, metal halides have demon-
strated strong potential as NLO materials, largely due to their
tendency to form NCS structures, as observed in compounds
like Na2CeF6

19 and SrCl2·6H2O.
20 Research studies have indi-

cated that the properties of metal halides are predominantly
influenced by the choice of the central metal cation.21–26 For
instance, selecting metals with stereochemically active lone
pairs (SCALP) (e.g., Sn2+, Sb3+, Bi3+, and Pb2+) often results in
compounds with exceptional NLO properties, as evidenced by
Pb3Mg3TeP2O14 (13.5 × KDP),27 Bi(IO3)F2 (11.5 × KDP),28 and
Sn(IO3)2F2 (3 × KDP).29 In this study, we focus on antimony
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halides, building on our recent work with antimony oxysalt
NLO crystals. Sb-based cations possess SCALP, which are easily
polarizable and can favorably contribute to NLO performance.
Additionally, antimony is a relatively robust metal, and its
compounds typically exhibit wide band gaps, resulting in high
LDT values.30 Compounds such as K2Sb(P2O7)F (4.0 × KDP,
4.74 eV),31 CsSbF2SO4 (3.0 × KDP, 4.76 eV),32 and Rb2SbFP2O7

(5.1 × KDP, 4.76 eV)33 have been found to possess a strong
SHG response and a broad transmittance range.

To enhance the likelihood of obtaining NCS antimony
halide crystals, a common strategy is to modify their structures
and properties by introducing mixed halogens. Sb3+ cations
readily coordinate with halogen atoms (F/Cl/Br/I), forming a
variety of irregular geometrical configurations, including SbX3

triangular pyramids, SbX4 seesaws, and SbX5 tetragonal pyra-
mids. By integrating these configurations with different combi-
nations of the four halogen elements, a diverse array of halide
compounds with varied structural features can be synthesized.
This approach enables the discovery of candidates with excel-
lent comprehensive properties, including significant NLO
effects, high LDTs, and broad transparency windows, such as
Cs2Hg2Br2I4·H2O (6 × KDP),34 Rb2CdBr2I2 (4 × KDP),35 and
Hg2BrI3 (1.2 × KTP).36

Building on the halogen mixing strategy, two novel anti-
mony-based mixed halide crystals, RbSbF3Cl and Rb3Sb4F14Cl,
have been successfully synthesized by combining Sb3+ cations
with fluorine and chlorine atoms. The two compounds feature
NCS structures composed of different Sb-based polyhedra.
Remarkably, Rb3Sb4F14Cl exhibits a large SHG response,
achieving a value three times higher than that of KDP. It also
possesses a broad transparency range of 0.27–13.3 μm and a
high LDT of 223 MW cm−2. Meanwhile, RbSbF3Cl, as a uniax-
ial crystal, features a high birefringence of 0.31 at 546 nm.

Experimental section
Synthesis of RbSbF3Cl and Rb3Sb4F14Cl

The reaction reagents SbF3 (≥99.8%), Rb2CO3 (≥99.0%), and
HCl (AR grade) were obtained from Aladdin and used without
further purification.

The single crystals of both the compounds, RbSbF3Cl and
Rb3Sb4F14Cl, were synthesized using an aqueous solution
method. The same raw materials of Rb2CO3 (0.231 g, 1 mmol)
and SbF3 (0.358 g, 2 mmol) were dissolved in 1 mL of distilled
water, to which 0.3 mL and 0.1 mL of HCl (12 mol L−1) were
added to obtain RbSbF3Cl and Rb3Sb4F14Cl, respectively. The
resulting mixtures were stirred at room temperature for 15 to
20 minutes and then filtered. The filtrates were allowed to
evaporate slowly in a refrigerator at 5 °C. After two days, color-
less and transparent block crystals of RbSbF3Cl and flake-like
crystals of Rb3Sb4F14Cl were collected from the bottom of the
plastic beakers (Fig. S1†). The yields of RbSbF3Cl and
Rb3Sb4F14Cl were approximately 38% and 42%, respectively,
based on antimony.

Results and discussion
Crystal structure description

RbSbF3Cl crystallizes in the tetragonal crystal system, belong-
ing to the NCS space group I4̄2m (No. 121) (Tables S1, S2 and
S4†).37,38 The asymmetric unit comprises one Sb atom, one Rb
atom, one Cl atom, and three F atoms. The Sb atom adopts a
tetragonal pyramidal geometry as [SbF3Cl2]

2− (I), coordinating
with three F atoms and two Cl atoms (Fig. 1a). The Sb–F bond
lengths range from 1.917 to 1.962 Å, while the Sb–Cl bond
length measures 2.889 Å. In this compound, four [SbF3Cl2]

2−

(I) units interconnect by sharing four Cl atoms, forming a
square-shaped [Sb4F12Cl4]

4− (II) structure with four-membered
rings (4-MR) arranged orderly within the a–b plane (Fig. 1b).
Additionally, Rb+ ions occupy the cavities of the 4-MR, serving
as charge balancers and exhibiting two distinct coordination
modes in RbSbF3Cl. Both Rb1 and Rb2 atoms coordinate with
four Cl atoms, while they bind with six and eight F atoms,
respectively, resulting in the anionic complexes [RbF6Cl4]

9−

and [RbF8Cl4]
11−. The Rb–F bond lengths range from 2.974 to

3.562 Å, while the Rb1–Cl and Rb2–Cl bond lengths are
3.544 Å and 3.424 Å, respectively (Fig. S2a†).

Rb3Sb4F14Cl forms crystals in the orthorhombic system’s
NCS space group Pmn21 (No. 31) (Tables S1, S3 and S5†). The
asymmetric unit comprises four Sb atoms, three Rb atoms,
one Cl atom, and fourteen F atoms. In this compound, the
three distinct Sb atoms exhibit different coordination environ-
ments; [SbF3Cl2]

2− (I) and [SbF5]
2− (IV) form tetragonal pyrami-

dal configurations, while [SbF4]
− (III) adopts a seesaw con-

figuration, with varying numbers of coordinating F and Cl
atoms. The Sb–Cl bond length is 2.894 Å, whereas the Sb–F
bond lengths vary from 1.913 to 2.450 Å. These polyhedra
further assemble into structurally distinct clusters. For
instance, two [SbF4]

− (III) polyhedra share an F atom to form a
[Sb2F7]

− (V) cluster, while a [Sb3F11]
2− (VI) cluster is formed by

sharing two F atoms among two [SbF4]
− (III) units and one

[SbF5]
2− (IV) unit (Fig. 1c). These four clusters are arranged

sequentially along the a-axis in the order [SbF3Cl2]
2− (I),

[Sb2F7]
− (V), [Sb3F11]

2− (VI), and [Sb2F7]
− (V), repeating this

pattern between adjacent layers (Fig. 1d). Additionally, Rb+

cations serve as charge balancers and are systematically posi-
tioned within the cavities between the Sb-polyhedra, displaying
three distinct coordination modes in Rb3Sb4F14Cl (Fig. S2b†).
Specifically, Rb1 coordinates with one Cl atom and nine F
atoms to form the [RbF9Cl]

9− polyhedron, Rb2 coordinates
with one Cl atom and ten F atoms to form [RbF10Cl]

10−, and
Rb3 coordinates with nine F atoms to form the [RbF9]

8− poly-
hedron. The Rb–F bond lengths range from 2.769 to 3.454 Å,
while the Rb1–Cl and Rb2–Cl bond lengths are 3.356 Å and
3.393 Å, respectively.

By calculating the bond valence sum (BVS), the validity
of the structures of both compounds was confirmed.39

The atomic oxidation states of Rb+, Sb3+, F−, and Cl− in
RbSbF3Cl and Rb3Sb4F14Cl were determined to be 0.93–1.15,
2.90–3.20, 0.90–1.29, and 0.89–1.09, respectively (Tables S2
and S3†).
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Powder X-ray diffraction

The phase purity of RbSbF3Cl and Rb3Sb4F14Cl was verified
through powder X-ray diffraction analysis. The experimental
data, as presented in Fig. S3,† are consistent with the patterns
derived from single-crystal X-ray diffraction, confirming that
the powder samples are indeed pure phases.

Thermal properties

Thermogravimetric analysis (TGA) was conducted to evaluate
the thermal stability of RbSbF3Cl and Rb3Sb4F14Cl. As depicted
in Fig. S4,† the TGA curves indicate that both the compounds
are stable up to approximately 200 °C.

Optical properties

The IR spectra of the two compounds are shown in Fig. 2a,
with characteristic absorption bands near 568/513/471 cm−1

and 751/572/528/479 cm−1, corresponding to the stretching
vibrations of the Sb–F and Sb–Cl bonds. These vibrational
modes align with those reported in the literature.40,41 The UV-
vis-NIR diffuse reflectance spectra of both RbSbF3Cl and
Rb3Sb4F14Cl, presented in Fig. 2b and Fig. S5,† indicate band
gaps of 4.49 and 4.60 eV, corresponding to UV cutoff edges at
276 and 269 nm.42 Based on the data from the IR and UV-vis-
NIR spectra, the two compounds are transparent across 0.28 to
17.6 and 0.27 to 13.3 μm, respectively, covering short-wave UV
to mid-IR regions.

To develop broadband NLO materials, the main group Sb3+

cations and F− ions were combined to shift the cutoff edge
towards shorter wavelengths. The distortion of Sb3+ upon
coordination promotes asymmetric structures, which may also

enhance SHG response. Additionally, the incorporation of Rb+,
which lacks d–d and f–f transitions, minimizes electronic
absorption in the visible and UV regions, potentially lowering
the UV cutoff and extending the transparency range. As a
result, the title compounds exhibit short UV cutoffs at 276 and
269 nm. Fig. 2c compares the UV cutoff edges of the title com-
pounds with various metal halides,30,35,36,43–54 such as
K2SbF2Cl3,

30 Cs2HgI2Cl2,
43 and CsSbF3Cl,

44 which have cutoffs
at 309 nm, 394 nm, and 405 nm, respectively, and are transpar-
ent in the UV range. Unlike most reported metal halides, the
two title compounds presented here exhibit broad trans-
mission ranges (0.28–17.6 μm and 0.27–13.3 μm), covering the
short-wave UV to mid-IR regions, highlighting their potential
as broadband optical materials.

NLO and birefringence properties

The SHG properties of RbSbF3Cl and Rb3Sb4F14Cl were evalu-
ated using KDP as a reference since they crystallize in the NCS
space groups I4̄2m and Pmn21, respectively.55 However, the
results of the frequency doubling performance of the two com-
pounds vary a lot, with compound RbSbF3Cl being undetect-
able due to the small value of the frequency doubling response
signal, while Rb3Sb4F14Cl indicates a large SHG response,
which is approximately 3 times that of KDP, as depicted in
Fig. 3a. Additionally, the SHG signal increases with the
increased particle size of the Rb3Sb4F14Cl crystals, suggesting
that compound Rb3Sb4F14Cl exhibits type I phase-matching
properties (Fig. 3a). The difference in the SHG response of the
two compounds was explored, which may be affected by the
orientations of the lone pair of electrons of Sb in the unit cell.

Fig. 1 (a and c) Various coordination patterns and linkage modes of Sb3+. (b) Arrangement of 4-MR and Rb+ cations in RbSbF3Cl along the a–b
plane. (d) Arrangement of different Sb polyhedra and Rb+ cations in Rb3Sb4F14Cl.
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Fig. 2 (a) IR spectra of compounds RbSbF3Cl and Rb3Sb4F14Cl. (b) Band gaps for RbSbF3Cl and Rb3Sb4F14Cl. (c) Comparison of the cutoff edges of
RbSbF3Cl and Rb3Sb4F14Cl with those various reported metal halides.

Fig. 3 (a) The phase-matching curve for Rb3Sb4F14Cl. Inset: SHG intensity with KDP as the reference (150–212 μm). (b) Calculated birefringence for
RbSbF3Cl and Rb3Sb4F14Cl. (c) The experimental birefringence of RbSbF3Cl. (d) The orientations of the lone pair of electrons in the unit cell of
RbSbF3Cl. (e) The orientations of the lone pair of electrons on Sb3+ within a single cell in Rb3Sb4F14Cl. The direction of the overall dipole moments is
highlighted by a red arrow.
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The orientations of the lone pair of electrons in compound
RbSbF3Cl are demonstrated in Fig. 3d. By roughly estimating
the total dipole moment, due to the nearly opposite orien-
tations of the effective dipole moments of Sb3+ ions along the
c-axis, the contribution of Sb3+ cations to the SHG effect is
almost entirely canceled out. As a result, the SHG effect of this
compound is extremely weak and cannot be detected by instru-
mentation. However, this arrangement is conducive to the
superposition of birefringence, because birefringence is scar-
cely affected or canceled by the opposite directions of the lone
pair of electrons based on current research studies.56,57 Hence,
RbSbF3Cl exhibits a large experimental birefringence of
0.31@546 nm ascribed to the superposition of the lone pair of
electrons of Sb3+ along the c-axis direction (Fig. 3c).58 For the
other compound Rb3Sb4F14Cl, it exhibits a significantly larger
SHG effect, approximately three times that of KDP, compared
to RbSbF3Cl, which can be attributed to the higher density of
Sb3+ in the unit cell (Table S6†), despite the relatively dis-
ordered orientation of the lone pair of electrons of the central
Sb3+ cation (Fig. 3e). However, the disordered orientation
results in a much smaller calculated birefringence of 0.03 at
546 nm (Fig. 3b). Compared to some SCALP-containing oxy-
salts,59 such as BiOIO3

60 and LiHgPO4,
61 the title compound

Rb3Sb4F14Cl shows a relatively weaker SHG response but fea-
tures a significantly shorter UV cutoff edge. This confirms that
the mixed halide antimony compounds have potential as
broadband second-harmonic generation materials.

LDT measurements

As described above, the band gaps of RbSbF3Cl and
Rb3Sb4F14Cl were found to be 4.49 and 4.60 eV, respectively.
Generally, a larger band gap indicates a higher LDT. The LDTs

of the two compounds were tested using a 1064 nm laser with
a 10 ns pulse width, resulting in values of 163 and 223 MW
cm−2, respectively, five and seven times higher than that of
AgGaS2 (30 MW cm−2) under the same conditions
(Table S7†).62

Theoretical calculations

DFT calculations were conducted to investigate the relation-
ship between the structures and optical properties of RbSbF3Cl
and Rb3Sb4F14Cl.

63 The birefringence of RbSbF3Cl and
Rb3Sb4F14Cl was calculated to be 0.32 and 0.03 at 546 nm
(Fig. 3b), respectively. For that n0 > ne in RbSbF3Cl, indicating
that it is a uniaxial crystal (Fig. S6†). Furthermore, the theore-
tical band gaps of RbSbF3Cl and Rb3Sb4F14Cl were determined
to be 3.79 and 4.04 eV, respectively, both of which are 0.70 and
0.56 eV lower than their experimental values (Fig. 4a and b).64

These discrepancies align with the well-known tendency of the
DFT-GGA approach to underestimate band gaps.65

Additionally, the total densities of states (TDOS) and partial
densities of states (PDOS) for RbSbF3Cl and Rb3Sb4F14Cl were
computed, offering detailed insights into the contributions of
individual atomic orbitals to the energy bands (Fig. 4c and d).
For RbSbF3Cl, the upper valence bands, spanning from −10 to
0 eV, are primarily composed of F–2p, Cl–3p, Sb–5p, and Sb–5s
orbitals. In contrast, the lower conduction bands, within the
energy range of 0 to 10 eV, predominantly consist of Sb–5p,
Rb–5s, and Rb–5p orbitals. Similarly, in Rb3Sb4F14Cl, the
valence bands from −10 to 0 eV are primarily made up of F–
2p, Rb–5p, Cl–3p, Sb–5s, and Sb–5p orbitals. Moreover, the
conduction bands between 0 and 10 eV are largely dominated
by Sb–5p and F–2p orbitals. The graphs of the density of states
for RbSbF3Cl and Rb3Sb4F14Cl show a significant overlap

Fig. 4 (a and b) Calculated band structures for RbSbF3Cl and Rb3Sb4F14Cl. (c and b) The TDOS and PDOS of RbSbF3Cl and Rb3Sb4F14Cl. (e and f)
Electron density difference maps of RbSbF3Cl and Rb3Sb4F14Cl.
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between the Sb–5s and Sb–5p orbitals and the F–2p and Cl–3p
orbitals, indicating the presence of Sb–F and Sb–Cl bonds. It is
well established that states near the Fermi level play a critical
role in determining the NLO properties of a compound. In the
case of RbSbF3Cl and Rb3Sb4F14Cl, the electronic orbitals
around the Fermi level include Sb–5s, Sb–5p, F–2p, and Cl–3p,
indicating that the optical properties of RbSbF3Cl are primarily
influenced by the [SbF3Cl2]

2− groups, whereas those of
Rb3Sb4F14Cl are mainly influenced by the [SbF3Cl2]

2−, [SbF4]
−,

and [SbF5]
2− groups. To further validate this inference, dipole

moment calculations were performed for both compounds.
The results indicate that in RbSbF3Cl, the calculated dipole
moment of the [SbF3Cl2]

2− groups is almost zero (Table S8†).
For Rb3Sb4F14Cl, the local dipole moments of the tetragonal
pyramidal [SbF3Cl2]

2− and [SbF5]
2− units and the seesaw

[SbF4]
− unit were calculated to be 35.18 D (Debye), 45.64 D,

and 39.71 D along the z-component, respectively, while the x-
and y-components of all dipole moments in Rb3Sb4F14Cl were
close to zero (Table S9†). This indicates that all three polyhedra
contribute collectively to the NLO performance of Rb3Sb4F14Cl.
Moreover, highly asymmetric lobes observed around the
Sb3+ cations can be attributed to the presence of lone pairs
(Fig. 4e and f).

Conclusions

In this study, we successfully synthesized two NCS com-
pounds, RbSbF3Cl and Rb3Sb4F14Cl, using a halogen-mixing
strategy in a Sb3+-containing system. Among these,
Rb3Sb4F14Cl stands out due to its large SHG response, which
is approximately 3 times greater than that of KDP.
Additionally, it demonstrates high transparency across a wide
spectral range, from short-wave UV to mid-IR (0.27 to 13.3 μm),
and exhibits a high LDT of 223 MW cm−2. These remarkable
properties make Rb3Sb4F14Cl a highly promising NLO crystal
with superior overall optical performance. Furthermore,
RbSbF3Cl, a uniaxial crystal, displays a notable birefringence
of approximately 0.31 at 546 nm. This work thus not only pre-
sents Rb3Sb4F14Cl as a new benchmark in advanced NLO
crystal design but also highlights the exceptional birefringent
characteristics of RbSbF3Cl, demonstrating a promising
pathway for the development of next-generation nonlinear
optical materials.
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