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This study presents two new borate—sulfate compounds, Na;PbBgO10SO4 (I) and Caj sgPbg 42B011504
(I). Both crystals form unique three-dimensional (3D) porous frameworks *[B6010],, and *[B7013],
composed of fundamental building blocks [BgO;3] and [B;O47], respectively, with [SO4] units embedded
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within the pores. These examples represent the first observation of 3D borate frameworks in borate—sul-
fates, thus expanding the structural diversity of borate—sulfate compounds. The relationship between the
structure and birefringence was studied using first-principles calculations. This study uncovers new
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1. Introduction

Borates have attracted considerable scientific attention due to
their remarkable structural diversity and exceptional optical
properties.’™® This structural diversity arises from the versatile
coordination of the boron atom, which can form [BO,], [BOs],
and [BO,] units with two, three, or four oxygen atoms,
respectively.’””>® These basic units can exist in isolation or
assemble into complex fundamental building blocks (FBBs),
which further polymerize into diverse borate structures,
including 0D clusters, 1D chains, 2D layers, and 3D
frameworks.>* From the perspective of optical properties,
the B-O groups are characterized by a large HOMO-LUMO gap
and are beneficial for developing ultraviolet (UV) materials
with wide band gaps.*® Specifically, the m-conjugated [BO,]
groups, known for their high hyperpolarizability and pro-
nounced polarizability anisotropy, are highly desirable com-
ponents for designing nonlinear optical (NLO) and birefrin-
gent materials.** %
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insights into the connectivity and structural properties of borate—sulfates.

In the realm of mixed anionic compounds, borosulfates
and borate-sulfates are characterized by their rich structural
chemistry and fascinating physicochemical properties.*™**
Borosulfates are characterized by condensed tetrahedral [BO,]
and [SO4] units interconnected through B-O-S linkages,
forming oxoanionic frameworks that resemble silicates.**
Since the first synthesis of Ks5[B(SO,)4]*® in 2012, over 50 boro-
sulfates have been reported. In contrast, in borate-sulfates, the
borate anions and sulfate anions are not directly
connected.*"*>*! To the best of our knowledge, only 26
borate-sulfates have been identified (as summarized in
Table S17%). As shown in Fig. 1, the S-O groups in borate-sul-
fates exist as isolated [SO,] units, while the B-O groups can
form isolated [BOs] or [BO,] units, one-dimensional B-O
chains, or two-dimensional B-O layers. To date, no borate-sul-
fates with three-dimensional B-O frameworks have been
reported.

Owing to the limited systematic exploration of structure-
property relationships in borate-sulfates, expanding this
family of compounds and uncovering their unique features are
essential. In this study, we report two new borate-sulfate com-
pounds, Na,PbB¢0;,50, (I) and Ca,53Pbg 4,Bc01:S0, (II).
These compounds represent the first reported examples of
borate-sulfates featuring 3D porous borate anionic frameworks
(structurally porous frameworks with crystallographically
defined channels). The unique structures of the two com-
pounds, as well as their structural changes, are thoroughly dis-
cussed. Pure phases were obtained, and their thermal, infra-
red, and UV-Vis-NIR diffuse reflectance spectroscopy pro-
perties were comprehensively characterized. First-principles
calculations were employed to systematically analyze the
optical properties of these compounds, revealing the intrinsic
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Fig. 1 Classification of compounds based on the dimensionality of the
constituent borate groups. It should be noted that the number of com-
pounds corresponds to those in Table S1.1 Data were derived from the
Inorganic Crystal Structure Database (ICSD, Version 5.2.0, Data Release
2025.1).

relationship between birefringence and the density of [BO;]
units.

2. Experimental section
2.1 Materials

The starting materials used in this study included Na,SO,
(>99.0%), which was supplied by Tianjin Xinbote Chemical
Co. Ltd, PbO (99.97%) and B,03; (99.9%) were obtained from
Shanghai Aladdin Biochemical Technology Co. Ltd, and CaSO,
(97.0%) was purchased from Macklin. All materials were used
as received without further purification.

2.2 Synthesis

Single crystals of I and II were grown using the high-tempera-
ture solution method in a vacuum-sealed system. For I, a
mixture of Na,SO, (0.142 g, 1 mmol), PbO (0.223 g, 1 mmol),
and B,0; (0.209 g, 3 mmol) was loaded into a silica glass tube
(@ 10 mm x 20 cm), which was flame-sealed under a vacuum
of 10~® Pa. For II, a mixture of CaSO, (0.351 g, 2.58 mmol),
PbO (0.094 g, 0.42 mmol), and B,0; (0.209 g, 3 mmol) was
loaded and sealed similarly. The sealed tubes were heated to
450 °C over 10 hours, annealed at this temperature for
24 hours, cooled to 300 °C at a rate of 1 °C h™', and then
cooled to room temperature at a rate of 10 °C h™'.
Polycrystalline powder samples of I and II were synthesized
using the same method as described above for the single crys-
tals. Colorless transparent block-shaped microcrystals were
obtained, with a yield of approximately 94% based on Na for I
and ayield of approximately 90% based on Ca for II.
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3. Results and discussion
3.1 Crystal structure

3.1.1 Structures of L I crystallizes in the space group Pnma,
with detailed crystallographic data provided in Table S2 in the
ESI.} The asymmetric unit comprises two Na, one Pb, four B,
one S, and nine O atoms in crystallographically unique posi-
tions (Fig. S1af). The boron atoms exhibit two distinct coordi-
nation environments: B(1) forms a [BO3] triangular unit, while
B(2), B(3), and B(4) form [BO,] tetrahedral units. Three [BO,]
tetrahedra share a corner through the p;-O9 atom, connecting
to three [BO;] units and forming a compact [BsO,3] cluster
(Fig. 2a) as the FBB of the structure. The [BsO;3] FBB can be
represented as {6: [(6:34 + 3T)]}, which is also present in
NH,NaB4O;,.>> The [B¢O,;] units form a boron-oxygen frame-
work featuring 16-, 18-, and 20-membered rings (MRs) via
shared O atoms. These rings form an irregular hexahedron,
measuring 10.13 A x 6.67 A, 7.34 A x 7.02 A, and 7.02 A x
4.59 A (Fig. 2b). Each [B¢Oy;] unit acts as a 6-connected node,
connecting to six neighboring units through shared O atoms,
forming a 3D framework with a pcu topology and the Schlafli
symbol (4'%-6%) (Fig. 2c). The [B¢O;3] FBBs form a three-dimen-
sional structure of ®,[B¢O;,] by sharing O atoms, which is
clearly depicted in Fig. 2d. The [SO,]*” ions are uniformly dis-
tributed within the porous framework, creating a stable and
well-organized ionic arrangement (Fig. 2d). The B-O bond
lengths range from 1.358(7) to 1.365(7) A in [BO;] units to
1.356(10) to 1.525(6) A in [BO,] units. The S-O bond lengths of
[SO4] tetrahedra range from 1.458(7) to 1.472(7) A. The O-B-O
bond angles range from 106.45(5) to 122.5(5)° and the O-S-O
bond angles range from 108.9(4) to 110.4(4)°. Na and Pb
cation coordination environments are depicted in Fig. S2a,f
with Na-O bond lengths of 2.295(4)-2.710(4) A and Pb-O bond
lengths of 2.604(6)-2.736(5) A. Bond valence sum (BVS) calcu-
lations validate oxidation states as —2 (O), +3 (B), +6 (S), +2
(Pb), and +1 (Na) (Table S3, ESIf), which are consistent with
their respective oxidation states. Selected bond lengths and
angles are listed in Table S4 of the ESL.

3.1.2 Structures of II II crystallizes in the space group P21/
¢, with relevant crystallographic data provided in Table S2 of
the ESL.{ In the asymmetric unit, the Ca/Pb, B, S, and O atoms
occupy 3, 6, 1, and 15 crystallographically unique positions,
respectively (Fig. S1bt). B(1) forms a [BO;] triangular unit,
while B(2)-B(6) form [BO,] tetrahedra. Three [BO,] tetrahedra
are interconnected via a shared p;-O6 atom and further linked
to three adjacent [BO,] units, with B(2) and B(3) connected
through the B(1)O; triangle. This arrangement forms a new
compact [B;0;-] cluster (Fig. 2e), which serves as the FBB. The
[B,O1,] FBB can be expressed as {7: [(7: A + 6T)]}. Fig. 2f and g
depict the unique 3D porous borate anionic framework of II,
featuring a porous structure composed of boron-oxygen rings
with 16-, 18-, and 24-MR configurations. The framework fea-
tures three asymmetric faces with dimensions of 6.18 A x
4.00 A, 7.54 A x 3.11 A, and 11.62 A x 6.66 A, resulting in the
formation of a regular hexagonal pore geometry. As depicted
in Fig. 2g, the structure is composed of 12 [B,O,,] clusters.

This journal is © the Partner Organisations 2025
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(a and e) The [BgO;3] and [B;O17] FBBs of structures | and II; (b and f) 16-, 18-, and 20-MRs formed by [BgO;3] in I; 16-, 18-, and 24-MRs

formed by [B;O47] in IlI; (c and g) frameworks constructed from interconnected ring structures in | and II; (d and h) view of the topology network in |
and II; (i and j) spatial symmetry operation change from | [high symmetry Pnma (no. 62)] to Il [low symmetry P21/c (no. 14)].

Each [B,0;,] unit acts as a 5-connected node, linking to five
neighboring clusters via shared O atoms (Fig. 2g). The result-
ing 3D framework adopts a pcu topology with the Schlafli
symbol (4°-6) (Fig. 2g). Furthermore, the [B,0;,] FBBs form a
3D structure of ®,[B,0,3] through the sharing of O atoms.
These linkages create a unique 3D porous borate anionic
framework with open pores along the bc¢ directions (Fig. 2h).
The [SO4]*” ions are embedded within the porous structure
(Fig. 2h). The B-O bond lengths within the [BO;] triangles
range from 1.353(3) to 1.369(3) A, while those in the [BO,] tet-
rahedra range from 1.420(3) to 1.574(3) A. The S-O bond
lengths within the [SO,] tetrahedra vary from 1.4611(18) to
1.4861(19) A. The O-B-O bond angles span from 102.36(17) to
120.8(2)°, while the O-S-O bond angles range from 107.40(10)
to 111.89(12)°. The coordination environments of the Ca and
Pb cations are shown in Fig. S2b of the ESL.{ The Ca-O bond
lengths range from 2.2844(15) to 2.877(2) A, while the Pb-O
bond lengths range from 2.4921(16) to 2.7899(19) A. BVS calcu-
lations confirm the oxidation states of O, B, S, Pb, and Ca as
-2, +3, +6, +2, and +2, respectively, as summarized in Table S3

This journal is © the Partner Organisations 2025

of the ESI,T and these oxidation states are consistent with the
known oxidation states. Selected bond lengths and angles are
provided in Table S4 of the ESL.}

3.2 Comparative structural analysis of compounds I and II

The structural comparison between I and II is primarily driven
by the substitution of Na* with Ca*, resulting in significant
changes in the crystal framework. Owing to the difference in
cations, the structural comparison between I and II reveals a
reduction in the symmetry of the space group, shifting from a
higher-symmetry group (Pnma) to a lower-symmetry group
(P24/c) (Fig. 2i and j). The Na' cations, with shorter coordi-
nation bonds (2.295-2.710 A), support a compact and ordered
framework.

In contrast, II incorporates Ca>*, which exhibits stronger
and more flexible coordination (Ca-O bond lengths:
2.284-2.877 A), facilitating the formation of larger and more
complex [B,O;] clusters. The Ca**-driven transition also
results in a shift from a 6-connected to 5-connected topology,
along with longer B-O and S-O bond lengths and wider O-B-

Inorg. Chem. Front., 2025, 12, 49M-4917 | 4913
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O bond angles. Overall, the transition from I to II is attributed
to the higher charge density and larger coordination capacity
of Ca®*, which enables increased structural flexibility, the for-
mation of more complex clusters, and reorganization of the 3D
porous borate anionic framework. This comparison highlights
the critical role of cation substitution in tuning crystal topo-
logy and framework properties.

3.3 Characterization

Elemental analysis by energy-dispersive X-ray spectroscopy
(EDS) revealed the presence of Na, Pb, B, S, and O in com-
pound I and Ca, Pb, B, S, and O in compound II (see ESI
Fig. S3a and bf). The purity of the polycrystalline sample was
confirmed using powder XRD analysis (Fig. 3a and b). The IR
spectra were recorded to confirm the coordination environ-
ment of B and S atoms, suggesting the presence of triangular
[BO;], tetrahedral [BO4], and [SO,] groups. The absence of
vibration bands near 3500 cm™" confirms that hydroxyl groups
are not present in the structure (Fig. 3c and d; Table S57).
Based on previous studies,’®> the asymmetric (Vasym) and
symmetric (vem) Stretching vibrations of the [BO;] units are
detected at 1300-1531 and 910-945 cm™ ", respectively. The
vibrational peaks at 805-871 and 528-592 cm™" are attributed
to the out-of-plane bending [6(O-B-O)] modes of the [BO;]
groups. The v, of the [BO,4] tetrahedra are observed between
1103 and 1130 cm™'. The very strong band at around
1195-1200 cm™* can be ascribed to the Vasym Of the [SO,] units.
The vgm of the [SO,] units are observed at around
505-509 cm'. Detailed peak assighments for the IR spectra
are provided in Table S5 of the ESL.f Thermogravimetric-differ-
ential scanning calorimetry (TG-DSC) analysis was performed
to study the thermal behavior. The results show that I and II

View Article Online
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are thermally stable up to 610 and 750 °C, respectively. Beyond
these temperatures, decomposition occurs, accompanied by
significant weight loss. This decomposition corresponds to the
endothermic peaks at 640 and 774 °C on the DSC curves
(Fig. 3e and f). Therefore, I and II exhibit excellent thermal
stability below 640 and 774 °C, making them suitable for use
in a wide range of thermal applications. The UV-Vis-NIR
spectra of compounds I and II show absorption ranges of
270-1200 nm and 300-1200 nm, respectively. Fig. S4a and b¥
indicate that the UV cut-off edges are below 270 nm for I (with
5% reflectance) and below 300 nm for I (with 47%
reflectance).

3.4 First-principles calculations

The electronic structures and optical properties were calcu-
lated by the first-principles method for I and II.

The band structure calculations performed using the gener-
alized gradient approximation (GGA)** show a direct bandgap
of 4.83 eV for I and an indirect bandgap of 4.48 eV for II,
respectively (Fig. 4a and b). From the total and partial den-
sities of states (DOS and PDOS) of I (Fig. 4c), the highest states
of the valence bands (VBs) are primarily dominated by O 2p
orbitals, while the lowest states of the conduction bands (CBs)
are mainly derived from B 2p and Pb 6p orbitals, with a minor
contribution from Na 3s and 3p orbitals. In the vicinity of the
Fermi level in II (Fig. 4d), O 2p mostly occupies the VBs, while
B 2p and Pb 6p orbitals dominate the CBs; additionally, the Ca
3d and S 3p orbitals contribute a minor portion. As O 2p and
B 2p orbitals have apparent interactions in the VB and CB
regions, it can be concluded that the band gap and linear
optical performance are determined by the B-O framework in
Iand IL
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Fig. 3 Performance of | and Il. (a and b) Experimental and calculated XRD patterns; (c and d) IR spectra; (e and f) TG-DSC curves.
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The refractive indices of I and II were calculated using the
first-principles method (Fig. 4e and f). The calculated birefrin-
gence is about 0.035 and 0.017 at 1064 nm for I and II, respect-
ively. To further understand the structure-optical property
relationship of the above-mentioned materials, the spatial
density of the [BO;] groups was also calculated (Table S67).
The relationship between the birefringence of I and II with the
density was determined. While comparing structures I and II,
it can be seen that the anion [BOj;] density in I is higher,
resulting in greater birefringence in I than in II. The origin of
birefringence was analyzed using the response electron distri-
bution anisotropy (REDA) method.>® As shown in Table S7,}
the [BO;] units contribute significantly, with a proportion of
77.0%, while the [BO,], [SO,], [Na10Og], [Na20¢], and [PbOq]
units contribute smaller proportions of —12.2, 3.0, 7.9, 10.7,
and 13.7% in I, respectively. The contribution of the [BOs]
units is 62.4%, and the contributions of the [BO,], [SO,],
[Na10g], [Na20g], and [PbOg] units are 13.5, 9.6, 6.4, 13.5, and
—5.4% for 11, respectively. Since the [BO;] unit has larger polar-
izability anisotropy,*® and the density of the [BO;] units in I is
higher than that in II, the birefringence of I is greater than
that of II.

4. Conclusion

In summary, two new borate-sulfates, Na,PbB¢0;,SO, (I) and
Ca, 53Pbg 45B¢0115S0, (II), were successfully synthesized and
characterized. Both compounds feature novel 3D porous
borate anionic frameworks that incorporate isolated [SO,]
groups. The transition from I to II is driven by differences in
cationic radii, leading to distinct 3D porous borate anionic
frameworks. First-principles calculations reveal that the bire-
fringence of I is significantly greater than that of II, which can
be attributed to the higher density of [BO;] units in I. These
findings offer new insights into the structural diversity and
connectivity of borate and sulfate groups, paving the way for

This journal is © the Partner Organisations 2025

further exploration of their functional and structural

properties.
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