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Pb,(SeOz)(SiFg): the first selenite fluorosilicate with
a wide bandgap and large birefringence achieved
through perfluorinated group modificationt

*ab

Peng-Fei Li, (22° Chun-Li Hu,?® Jiang-Gao Mao (22 and Fang Kong
Birefringent crystals serve as the core elements of polarizing optical devices. However, the inherent
challenge of balancing bandgap and birefringence poses a significant hurdle in designing crystals with
excellent overall performance. In this study, we propose a novel approach, namely modification with
perfluorinated groups, to achieve dual enhancement of the bandgap and birefringence of selenite
materials. We have successfully synthesized the first selenite fluorosilicate, namely, Pb,(SeO=)(SiFg). This
compound exhibits a three-dimensional structure composed of two-dimensional lead selenite layers
bridged by SiFg octahedrons. Notably, by introducing a perfluorinated SiFg group, the bandgap of the
lead selenite compound has been expanded to 4.4 eV. Furthermore, Pb,(SeOs)(SiFg) demonstrates
a large birefringence (0.161 @ 546 nm), surpassing most of the selenite compounds with a bandgap
larger than 4.2 eV. Theoretical calculations suggest that the large birefringence of Pb,(SeO3)(SiFg) can be
attributed to the synergistic effects of SeOs, PbO, and PbOzF, polyhedrons. Our research not only
pioneers a new system for selenite materials, enriching the diversity of selenite structures, but also
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Introduction

Birefringent crystals play a pivotal role as optical functional
components in commercial, agricultural, industrial, and mili-
tary sectors.' Some crystals have been commercialized, such as
a-BaB,0,,” CaCO;,* YVO,,” MgF,,* TiO,,” etc. However, these
commercially available birefringent crystals have inherent
limitations. For example, the transparency of YVO, is notably
low below 400 nm, and the birefringence of MgF, is compara-
tively small, which fail to meet the demands of modern
industry.’ In recent years, with the rapid advancement of
optoelectronic technology, the requirement for miniaturization
of short-wave devices has been escalating. The miniaturization
of such devices necessitates crystals with large birefringence
and a wide bandgap.”*>* However, the inherent contradiction
between the bandgap and birefringence makes wide bandgap
birefringent crystals extremely rare. Consequently, addressing
these contradictions and achieving a balance between these
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provides a design methodology for obtaining wide bandgap birefringent selenite.

properties is an urgent issue that requires immediate
attention.”™"

Metal selenites, containing stereo-chemically active lone pair
electrons, have shown promise as potential candidates for
birefringent materials due to their significant anisotropy.'®*
Scientists have primarily explored the following avenues to
enhance the birefringent performance of selenite crystals: (i)
incorporation of stereo-chemically active lone pair cations, such
as Pb,Bi(5e03),Cl; (0.186 @ 1064 nm, 3.45 eV),>® Rb,Bi,(-
Se0;);F, (0.105 @ 546 nm, 3.72 eV),** and Bi,TeO,F,(TeOs)(-
Se0;), (0.20 @ 1064 nm, 2.74 eV);** (ii) incorporation of d°
transition metals susceptible to second-order Jahn-Teller
(SQOJT) distortion, for example, Pb,(V,0,F)(VO,)(SeOs3); (0.105 @
1064 nm, 2.35 €V),%* Bi,TiO,F,(Se05), (0.19 @ 1064 nm, 3.58
eV)*?> and Gd,F,(OH,)(M00s3),(Se03), (0.143 @ 1064 nm, 3.15
eV);>* (iii) incorporation of highly polarizable and deformable
d" transition metals, for instance, Rb,Hg,(SeO;); (0.055 @
546 nm, 3.60 eV),”* Pb,Cd(Se0;),Cl, (0.093 @ 1064 nm, 4.1 eV)*°
and Pb,Cd(SeO3),Br, (0.116 @ 1064 nm, 3.9 eV).>* However, the
relatively low transparency below 400 nm limits their applica-
tion in the ultraviolet region. To address this, researchers have
introduced ions conducive to widening the bandgap in the
selenite system, such as alkali metals, alkaline earth metals,
etc.”” The successfully synthesized wide bandgap selenites
include NaLu(SeOs3), (0.153 @ 546 nm, 5.3 €V),*® Ga,(SeO3)s(-
H,0); (0.082 @ 532 nm, 5.3 eV),” and Y(HSeO;)(SeOs)(H,-
0)-(H,0) (0.044 @ 532 nm, 5.5 eV).** Although their bandgaps
have been improved to 5.0 eV or above, their birefringence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decreased obviously, except for NaLu(SeO;),. This is mainly
attributed to their limited contribution to the anisotropy of
polarizability. Consequently, there is an urgent need to develop
a new method to achieve enhancement of the bandgap and
birefringence in selenite materials.

Our research group has done many studies for the design
and synthesis of selenite materials with a wide bandgap and
large birefringence, and we have discovered that the bandgap of
these materials can be influenced by the type of anionic group.
Currently, we are pursuing two approaches to simultaneously
improve the bandgap and birefringence of selenites. The first
approach involves introducing SO, tetrahedral groups with
a wide transmittance window,**** exemplified by compounds
like Hg,(SeO3)(SO,) (0.133 @ 532 nm, 3.58 eV)** and Hgs(-
Se03),(SO,4) (0.118 @ 546 nm, 4.70 eV).** Another approach
involves the use of partially fluorinated metal oxide poly-
hedrons.**?*® For instance, CaYF(SeOj3), exhibits a wide bandgap
of 5.06 eV and a large birefringence of 0.138 @ 532 nm.* It is
noteworthy that there is still upside potential in enhancing the
bandgap and birefringence of selenite compounds.

Based on our literature research, Si** in the IVA group
exhibits a large bandgap and strong ultraviolet transmittance
capability.*®**® Additionally, F~ in the VIIA group has high elec-
tronegativity, strong ultraviolet transmittance capability, and
chemical scissor action.**** Combining these elements to form
SiFs groups can leverage their individual advantages to posi-
tively influence the bandgap of compounds.**** Moreover, SiFs
groups can act as a chemical scissor, regulating the arrange-
ment of metal cations and selenite ions, thereby enhancing the
birefringence performance of the compounds. To achieve
compounds with large birefringence, Pb** was chosen as the
balancing cation. Aside from possessing stereo-chemically
active lone pair electrons, Pb*>" readily forms highly aniso-
tropic PbO,F, polyhedron when partially fluorinated.*>**” The
synergistic effect of the SiFs group, SeO; group, and PbO,F,
polyhedron holds the potential for developing new selenite
materials with a wide bandgap and large birefringence (Fig. 1).
Consequently, we have focused our attention on the Pb**-Se**-
Si**~F~-0*" system for the first time. As of now, no compounds
have been discovered in this system. Through our exploration,
a novel compound, Pb,(SeO3)(SiF¢), has been obtained. Pb,(-
Se0;)(SiFs) stands as the initial example of a fluorosilicate
selenite system. Theoretical calculations and experimental
measurements indicate that the selenite fluorosilicate exhibits
a large birefringence and a wide bandgap. The synergistic effect
of the SeO; group, PbO, and PbO;F, polyhedrons is the primary
contributor to its large birefringence. This paper will report on
the design, synthesis, structure, and optical properties of
Pb,(SeO3)(SiFs).

Results and discussion

Pb,(SeO;)(SiFs) was synthesized using SeO,, H,SiFs;, and
Pb(BF,), through a low-temperature (105 °C) hydrothermal
method. The detailed synthesis procedures are outlined in the
ESIt under the section titled “Syntheses”. The elemental
distribution map confirmed the presence of fluorine (F)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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element (Fig. 2), and quantitative elemental analysis results
revealed the stoichiometry of F:Pb:Si:Se as 6:2:1:1 in the
compound (Fig. S1af). The crystal purity was verified using X-
ray diffraction (XRD), as depicted in Fig. Sib.f Crystallo-
graphic details of Pb,(SeO3)(SiFs) can be found in Table S1.}
The first example of the selenite fluorosilicate compound,
Pb,(SeO;)(SiFs), crystallizes in the orthorhombic space group
Pnma (no. 62). The lattice parameters are a = 13.8153(4) A, b =
5.4470(2) A, ¢ = 9.6098(3) A, « = f = v = 90°, and V = 723.16(4)
A%, Its asymmetric unit contains two lead atoms, one selenium
atom, one silicon atom, four fluorine atoms, and two oxygen
atoms, totaling ten atoms. Among them, F(1), F(4), and O(1) are
located at general positions, while the remaining atoms occupy
special positions. The selenium atom coordinates with three
oxygen atoms, forming a trigonal pyramid with Se-O bond
lengths ranging from 1.674(7) to 1.727(4) A. The silicon atom
bonds with six fluorine atoms, resulting in an octahedral SiFg
configuration, with Si-F bond lengths ranging from 1.674(6) to
1.699(6) A. Within the range of 2.5 to 2.8 A, Pb(1) coordinates
with four oxygen atoms, while Pb(2) coordinates with three
oxygen and four fluorine atoms. Bond valence calculations
indicate that the oxidation state of Se(1) is 3.958. The oxidation
state of Si(1) is 4.513, which is relatively elevated and commonly
observed in hexafluoro silicate compounds, such as compounds
KLiSiF (Si: 4.496)," T1,SiF (Si: 4.506)* and Li,SiFy (Si: 4.518).%°
Given that it is not an isolated case, we believe the high bond
valence may be caused by the overestimated bond valence
parameter (1.58) for the Si'*-F bond. If the parameter was
decreased to 1.55, the oxidation state of Si in Pb,(SeOs)(SiFs)
will decrease to 4.16 and the same phenomenon is observed in
KLiSiF (Si: 4.15), T1,SiFs (Si: 4.15) and Li,SiF (Si: 4.16).°* The
calculated oxidation state for Pb(1) and Pb(2) is 1.374 and 1.443
respectively. The calculated oxidation state for Pb(1) and Pb(2)
is 1.374 and 1.443 respectively. When considering the longer
Pb-O and Pb-F bonds in the range of 2.80 to 2.97 A, the
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Fig. 2 SEM images of Pb,(SeO3)(SiFe) and its elemental distribution maps.

oxidation states of Pb(1) and Pb(2) can be increased to 1.868 and
1.755, respectively, approaching their standard oxidation states
(Table S27).

Pb,(Se0;)(SiFs) exhibits a novel three-dimensional (3D)
structure composed of two-dimensional (2D) lead selenite layers
bridged by SiFs groups (Fig. 3). Initially, several Pb(1)O, poly-
hedrons are linked through O(1)---O(1) edge-sharing, forming
one-dimensional (1D) lead oxide chains. These chains are
reinforced by Pb(2)O;F, polyhedrons via O(1) atoms (Fig. 3a).
The Se(1)O; groups serve as hexadentate ligands, coordinating
bidentately with one Pb(1) atom and bridging to two Pb(1) and
three Pb(2) atoms (Fig. 3b). These Se(1)O; groups further
connect the 1D lead oxide chains to create a 2D lead selenite
layer on the bec plane (Fig. 3d). Ultimately, the SiF¢ groups

bridge these 2D layers, resulting in the formation of a novel 3D
Pb,(SeO;)(SiFs) network structure (Fig. 3e). Notably, the SiFs
groups act as tridentate anionic ligands, coordinating biden-
tately with one Pb(2) atom and linking to two Pb(2) atoms
(Fig. 3c). This complex configuration underscores the unique
structural characteristics of the compound.
Thermogravimetric analysis (TGA) of the compound Pb,(-
SeO;)(SiFe) was performed within a temperature range of 20 to
1200 °C. It is noteworthy that the compound remains stable
before reaching 220 °C. In the temperature range of 220 to 500 °
C, the weight loss of the compound is primarily attributed to the
decomposition of one molecule of SeO,, with an experimental
value of 15.8%, closely approximating the theoretical value of
16.2%. Beyond 500 °C, the weight loss of the compound should

(c)

OPbQSe OSiOF©@O0

), the coordination environments of the SeOs group (b)
and SiFg group (c), two-dimensional lead selenite layer structure (d) and the 3D structure of (e) Pb,(SeO3)(SiFe).

Fig.3 One-dimensional lead oxide chains enhanced with lead oxyfluoride modification (a
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Fig. 4 UV-vis-NIR diffuse reflectance and IR transmittance spectra of
Pb,(SeOs)(SiFg).

be associated with the incomplete decomposition of lead and
fluorine components (Fig. S21).** The incomplete weight loss of
lead and fluorine components has been previously observed in
the TGA of compounds Pb,Al;F;(TesF,0;¢) and Pb,GasF;(Tes-
F,046), as reported by our group.”* This further strengthens the
reliability of our observations. In addition, Pb,(SeO;)(SiF¢) also
exhibits good environmental stability. The samples can still be
stable after being exposed to room temperature for three
months.

The infrared spectrum (IR) of Pb,(SeO;)(SiFs) was obtained
at room temperature in the wavenumber range of 4000-
400 cm™'. The compound exhibits good transparency in the
range of 4000-800 cm™'. The characteristic peak observed
around 638 cm ™' is attributed to the absorption of fluorine
ions. Strong peaks in the regions of 420-510 cm ™" and 700-
800 cm ™" are attributed to the bending and stretching vibra-
tions of the Se-O bonds (Fig. S37).

The UV-vis-NIR diffuse reflectance spectra indicate that the
Pb,(SeO3)(SiFs) compound exhibits a UV cutoff edge at 247 nm,
accompanied by a bandgap of 4.4 eV (Fig. S4}). Notably, this
bandgap is significantly higher than those observed in previ-
ously reported lead-based compounds such as Pb;SeOs (3.3
eV),*® CdPbg(Se03)4Bry, (3.32 eV),* Pb,Bi(Se0;),Cl; (3.45 eV),*°
Pb,NbO,(SeO3),Br (3.17 eV),** and Pb;(SeO;)Br, (3.35 eV).** This
significant bandgap can be primarily attributed to the contri-
bution of the perfluorinated group SiFs. Combined with the IR
spectrum, the transparency range for Pb,(SeO;)(SiFs) powder
samples is from 0.25 to 12.6 um (Fig. 4). However, considering
the potential deviation in infrared cutoff edge due to multi-

Fig. 5 Experimental birefringence at 546 nm for Pb,(SeO=)(SiFe).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The total and partial density of states (a) and the calculated
refractive indices and birefringence values (b) of Pb,(SeO3)(SiFg).

phonon absorption in powder and crystal measurements,
a 50% correction was applied.*® Therefore, the estimated
transparency range for Pb,(SeO;)(SiFs) should be from 0.25 um
to 6.3 pm, covering the ultraviolet, visible, and mid-infrared
regions. This suggests that Pb,(SeO;)(SiFs) serves as a prom-
ising optical functional material.

A large bandgap is advantageous for enhancing the laser-
induced damage threshold (LIDT) of compounds. Therefore,
we measured the LIDT of Pb,(SeO;)(SiFs) within the particle size
range of 150 to 210 nm. The experiments revealed that the LIDT

OPbOSeOFOO

Fig. 7 The electron density difference (EDD) map of Pb,(SeOs)(SiFg).
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Table 1 The birefringence of reported selenite compounds with bandgap =4.2 eV

Compound Space group Eq (eV) Birefringence Ref.
K,(H,Se0;)(HS0,),(S0,) P1 — Cal.: 0.017 @ 1064 nm 59
Pb,Ga;Fe(Se0;),Cl; - 2H,0 R32 4.59 Cal.: 0.02 @ 1064 nm 60
NaGa;(HSe0s)(Se03), P24/n 5.2 Cal.: 0.03 @ 1064 nm 29
Y;F(Se0s), P6; 5.03 Cal.: 0.036 @ 1064 nm 37
Ga,(Se,05),(HSe0;)(H,Se0;)F Pna2, 4.71 Cal.: 0.037 @ 1064 nm 61
Nag(Se0;)(S04)s Pna2, 5.69 Cal.: 0.038 @ 1064 nm 59
Y(HSeO;)(Se0;)(H,0)- (H,0) P2,2,2, 5.5 Cal.: 0.041 @ 1064 nm 30
CdsGa,(HSe03),(Se03)10 P1 4.7 Cal.: 0.044 @ 1064 nm 29
Al(B(Se0;);)H,0 Phca 4.86 Cal.: 0.063 @ 1064 nm 62
Ga(B(Se0s)3)H,0 Pbca 4.79 Cal.: 0.064 @ 1064 nm 62
Ga,(Se03)3(H,0)3 R3¢ 5.3 Cal.: 0.079 @ 1064 nm 29
Ga(Se,05)(HSeO3) P2,/c 4.34 Cal.: 0.079 @ 1064 nm 61
Na,(H,Se0;)(S0,) P2,/c 5.04 Cal.: 0.082 @ 1064 nm 59
Aly(Se03);(H,0); R3¢ 5.5 Cal.: 0.084 @ 1064 nm 29
Hf(Se0;), P24/c 5.2 Cal.: 0.096 @ 1064 nm 63
CsCl-(H,Se0;), P-1 5.46 Cal.: 0.1 @ 532 nm 64
Zr(Se03), P24/c 5.1 Cal.: 0.1025 @ 1064 nm 63
Hg;(Se05),(S0,) P2, 4.7 Cal.: 0.103 @ 1064 nm 34
Sc(HSe0s); Cc 5.28 Cal.: 0.105 @ 1064 nm 19
Gd(NO;)(Se,05)-3H,0 P2,2,2, 5.53 Cal.: 0.109 @ 1064 nm 65
CaYF(SeO3), Phcn 5.06 Cal.: 0.127 @ 1064 nm 37
NaLu(SeO3), Pna2, 5.3 Cal.: 0.128 @ 1064 nm 28
CsCl H,SeO; P2,/c 5.23 Cal.: 0.13 @ 532 nm 64
RbC1~(HZSeO3]2 P-1 5.39 Cal.: 0.14 @ 589 nm 66
CsBr-(H,Se03), P2,/m 5.19 Cal.: 0.14 @ 532 nm 64
Pb,(SeO;)(SiFe) Pnma 44 Cal.: 0.161 @ 546 nm This work
KCl-(H,Se05), P1 5.44 Cal.: 0.17 @ 532 nm 64

value for Pb,(SeO;)(SiF) is 50.8 MW ¢m ™2, approximately 19.5
times higher than that of AgGa$, (2.6 MW cm ™). This value is
slightly higher than those previously reported for the
compounds Hg;Se(Se0;)(SO4) (23.35 MW cm 2 and
Pb;(TeO;)Br, (21.5 MW cm’ %)%

The birefringence of Pb,(SeO;)(SiFs) at 546 nm was
measured using a Zeiss Axio Scope Al polarizing microscope.
Under positive polarization, Pb,(SeO3)(SiF¢) exhibited complete
extinction. The optical path difference was determined to be
1.365 pm, with a certain crystal plane at a thickness of 9.31 pm
(Fig. S57). Utilizing the formula R = An x T,*® the experimental
birefringence of Pb,(SeOs)(SiFs) at 546 nm was determined to be
0.147 (Fig. 5). This result aligns with the theoretical birefrin-
gence value calculated in the subsequent text.

We have conducted an investigation into the electronic
structure and optical properties of Pb,(SeO;)(SiF,) utilizing
density functional theory.*” The results show that Pb,(SeOs)(-
SiFe) is a direct bandgap compound, exhibiting a bandgap of
4.17 eV, which aligns closely with the experimental value of
4.4 eV (Fig. S67). To ensure the precision of subsequent optical
property calculations, we used a scissor operator of 0.23 eV. The
partial and total density of states of Pb,(SeOj3)(SiF¢) are shown in
Fig. 6a. Notably, the valence band top predominantly consists of
O-2p and Se-4s4p orbitals, while the conduction band bottom is
primarily composed of Se-4p and Pb-6p orbitals. This indicates
that the bandgap of Pb,(SeO;)(SiFs) is mainly determined by Se,
Pb, and O atoms.

To elucidate the theoretical birefringence of Pb,(SeO;)(SiFs),
we calculated its birefringence using the formula n*(w) = &(w).*

7108 | Chem. Sci, 2024, 15, 7104-7110

As a biaxial crystal, Pb,(SeO;)(SiFs) exhibits refractive index
order: ngo; > No10 > N100- The theoretical birefringence values for
Pb,(SeO;)(SiFs) are 0.161 at 546 nm, 0.143 at 1064 nm, and 0.139
at 2000 nm, showing a close agreement with the measured value
of 0.147 at 546 nm (Fig. 6b). Fig. 7 illustrates the pronounced
asymmetry of lobes on Se(w), indicating of the high stereo-
chemical activity of lone pairs, which is much larger than those
of Pd(u). From the electron density difference (EDD) map, we
can also find that the Se(v) and Pb(u) groups are almost
arranged in straight lines, which leads to the large birefringence
of Pb,(SeO;)(SiFs). So, the large birefringence of Pb,(SeO;)(SiFs)
was contributed by SeO;, PbO, and PbO,F, polyhedrons
primarily. Although the SiF¢ groups contribute little to the
birefringence of Pb,(SeOj3)(SiFe) directly, the scissor effect of
SiFs octahedrons make an important role in regulation of the
arrangement of lone pair containing polyhedrons.

Table 1 provides a comprehensive summary of the birefrin-
gence of selenite compounds with bandgaps exceeding 4.2 eV
reported to date.”® It can be observed that Pb,(SeOs)(SiFs)
exhibits a large birefringence in these selenites, second only to
KCl-(H,SeO3), (0.17 @ 532 nm).** However, Pb,(SeO;)(SiFs)
demonstrates the largest birefringence among the selenites
without hydrogen, and it is the sole example of lead selenite
with a large birefringence (An = 0.1) and wide bandgap (E; =
4.2 eV). This result highlights the effectiveness of perfluorinated
group modification in achieving dual enhancement of the
bandgap and birefringence in selenite systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, the first selenite fluorosilicate, Pb,(SeO3)(SiFs), has
been successfully obtained through modification using per-
fluorinated groups. The compound exhibits a unique 3D
structure composed of 2D lead selenite layers interconnected by
SiFs groups. Excitingly, Pb,(SeO;)(SiFs) achieves a balance
between a wide bandgap and large birefringence. It represents
a new birefringent crystal with large birefringence (0.161 @ 546
nm), a short UV cut-off edge (247 nm), a broad transmittance
window (0.25-6.3 pm), a high laser-induced damage threshold
(50.8 MW cm %) and excellent environmental stability. Notably,
its birefringence is the largest among non-hydrogen selenite
materials with bandgap = 4.2 eV and stands as the only case of
a lead selenite material with bandgap =4.2 eV and birefrin-
gence = 0.1. Theoretical calculations proved that the large
birefringence of Pb,(SeO;)(SiFs) primarily originates from SeO;
groups, PbO, and PbO;F, polyhedrons. Our work not only
pioneers a new selenite system, but also more importantly
demonstrates the significance of perfluorinated groups modi-
fication in the development of novel birefringent materials with
a large bandgap.
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