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Birefringent crystals have gained increasing attention for versatile optical devices due to their inher-
ent ability to modulate light polarization. However, the rational design of structures that exhibit high
birefringence and deep-ultraviolet (DUV) transparency remains a formidable challenge. Here, a novel
zinc borate birefringent crystal, Na,ZnBgO; (NZBO), was identified by strategically assembling the 7-
conjugated [B30-] functional units using the unprecedented antiparallel triangles formed by [ZnO3] mo-
tifs. Remarkably, through a tailored motif approach and optimized arrangement, NZBO achieves the
largest birefringence (0.094) in the visible wavelength range among the borate-based crystals contain-
ing [B307] units, exceeding that of commercially available birefringent crystal MgF, by approximately
8 times (0.012@532 nm). Furthermore, NZBO exhibits a notably short DUV absorption cutoff edge below
190 nm along with a wide band gap of 6.04 eV attributed to the elimination of dangling bonds. The origin
of the optical anisotropy attributes of NZBO was elucidated through a combination of theoretical calcula-
tions and structural analyses. These findings highlight the good potential of NZBO in the manipulation of
polarized light and offer valuable insights for tailoring new birefringent materials in the short-wave UV

transparency region.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The interaction between light and matter lies at the core of ver-
satile technologies and holds significant applications in the opto-
electronic fields [1]. The macroscopic properties, including ferro-
electricity, magnetism, and both linear and nonlinear optical prop-
erties, which are influenced by light-matter interaction, are typi-
cally determined by the functional motifs of the materials [2]. Bire-
fringence, as a manifestation of spatially asymmetric light-matter
interaction, plays a key role in the manipulation of light polar-
ization, which thus has garnered significant interest owing to its
essential applications in laser phase-matching, optical communi-
cation, and optical interference filters [3-9]. With the expanding
demand for deep ultraviolet (DUV) light sources, the fabrication
of DUV polarized light using birefringent materials is of particular
interest. Unfortunately, a notable challenge remains in designing
DUV birefringent crystals with both a wide band gap and substan-
tial birefringence, as these two indicators typically exhibit an in-
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verse relationship [10-16]. For example, MgF,, a widely used short-
wave birefringent crystal, exhibits exceptional DUV transparency
down to 110 nm but has a small birefringence of 0.012 at 532 nm,
which limits its extended applications [17]. Consequently, very few
commercial birefringent crystals can simultaneously meet the re-
quired specifications, highlighting the ongoing challenge in explor-
ing high-performance DUV birefringent materials [18-20].

In general, the birefringence of a crystal is primarily related to
its anionic framework built by functional motifs and their unique
arrangements. Borates, distinguished by their versatile coordina-
tion modes and short UV absorption cutoff edges resulting from
intense covalent B-O bonds, have been extensively studied as po-
tential candidates for designing DUV birefringent materials. Some
functional basic groups based on B-O bonds have shown promise
in achieving large optical anisotropy and sufficient birefringence
[21-25]. Notable examples such as [B3;Og]-type crystals «-BaB,0,4
(0.119@546 nm) and Ba,Ca(B30¢), (0.12@532 nm), as well as [BO3]-
type Ca3(BOs3), (0.098@546nm) and LiBO, (0.168@266 nm) [26-
29], have demonstrated large birefringence and short UV cutoff
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edges. Recent studies have also highlighted the potential of [BO;]
and [B,05] units as functional motifs for fabricating DUV bire-
fringent materials, as exemplified by Li;Na;B,05 (0.095@532 nm)
with [B;05] motifs and KsBay(B1g017)2(BO;) (0.062@1064 nm)
featuring [BO,] motifs [30,31]. These mentioned materials ex-
emplify the effectiveness of [BO,], [BOs3], [B;0s], and [B3Og]
groups as birefringence-active chromophores for enhancing opti-
cal anisotropy. Conversely, the use of non-condensed [B30] build-
ing units as birefringence-enhanced motifs has shown limited ef-
fectiveness, impeding the generation of notable birefringence. For
instance, LiB305 (LBO), a commercially available nonlinear opti-
cal crystal, demonstrates a wide DUV transparency range due to
the presence of [B307] groups [32]. Unfortunately, the perpendicu-
lar arrangement characterized by the parallel orientation of [B30]
groups in different directions, results in an undesirable birefrin-
gence of 0.04 at 1064 nm for LBO [33]. This observation highlights
the recognition of compounds featuring [B3O;] structural motifs
for their advantageous transmission properties in the short-wave
UV range [34]. Nevertheless, it is noteworthy that the non-uniform
arrangement characteristics exhibited by distinct [B30] groups can
lead to a relatively diminished optical anisotropy [35-37].

Apart from the distinct functional units, the arrangement orien-
tation of these units within the crystal lattice plays a crucial role in
determining optical anisotropy [38]. Various strategies have been
implemented to regulate the arrangement of functional units, in-
cluding the incorporation of d!© transition metal cations like Zn2*,
Cd2+, and Hg?*, which are widely recognized for their potential
to enhance microscopic polarization anisotropy [39-42]. For ex-
ample, the introduction of Zn?* cations effectively adjusts the ar-
rangement of [BO3] building units in CaZn,(BOs3), [43]. As a result,
these units are orderly stacked along the c direction, leading to
an impressive enlargement of birefringence, with a value of 0.081
at 546nm. Similarly, the substitution of Cst cations with Hg%*
in the Li,CsPO4 compound results in the formation of [HgPO4]w
single layers in the ab plane, effectively counteracts the inherent
rigidity of [PO4] structural units. This substitution results in a sig-
nificant sixfold enhancement in birefringence, elevating the value
from ~0.01 in Li,CsPO4 to 0.068 at 1064 nm in LiHgPO,4 [44]. Com-
pared to the heavy Cd%* and Hg?* cations, Zn?* cations not only
offer the structural preservation of diverse coordination modes
but also the advantage of the lighter elemental mass for broad-
ening UV transparency [45,46]. Therefore, Zn-O based groups can
be regarded as birefringence-active functional units in pursuing
innovative short-wave birefringent materials. Building upon these
principles, we endeavored to introduce Zn2*t into borates contain-
ing [B307] units to optimize the arrangement of functional units
and enlarge birefringence. Additionally, the incorporation of Zn-O
groups can eliminate the dangling bonds by connecting the termi-
nal O atoms of B-O groups, contributing to a blue shift of UV cutoff
edges. Through these efforts, we successfully synthesized a novel
zinc borate crystal, namely Na,ZnBgOq; (NZBO), distinguished by
the presence of [B30;] groups and planar triangles [ZnOs]. As ex-
pected, the arrangement of [B3;0;] groups was optimized through
the incorporation of [ZnOs] motifs, yielding significantly smaller
dihedral angles (70.85°) between adjacent [B3;0;] groups in com-
parison with that observed in LBO. Moreover, the [ZnOs3] units dis-
play a unique unparallel arrangement, representing an unprece-
dented observation in the borates. Such structural characteristics
contribute to the enhancement of birefringence in NZBO, reaching
to 0.094 in the visible wavelength range. To the best of our knowl-
edge, this represents the largest reported value among zinc borate-
based materials containing [B307] units. Moreover, NZBO features
a notably short cutoff edge below 190 nm, further highlighting its
great potential as a DUV birefringent material. In this study, we
present a comprehensive investigation on its synthesis, structure,
and optical characterizations of NZBO. Besides, a combination of
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Fig. 1. (a) Matching feature of experimental and calculated PXRD patterns for
NZBO. (b) A combination of DSC and TG curves for NZBO. (c, d) Experimental
UV-vis-NIR diffuse reflectance spectrum along with band gap and IR spectrum for
NZBO, respectively.

theoretical calculations and structural analyses was performed to
evaluate the underlying factors contributing to its remarkable bire-
fringence.

Polycrystalline NZBO was experimentally prepared through a
high-temperature sintering process. As illustrated in Fig. 1a, the
experimental powder X-ray diffraction (PXRD) curves exhibit an
excellent match with those derived from the single crystal struc-
ture, demonstrating the phase purity of NZBO. As shown in Fig.
S1 (Supporting information), further PXRD measurements demon-
strates the consistent peak patterns of NZBO before and after melt-
ing process. Furthermore, thermal analysis of NZBO reveals two no-
table endothermic peaks in the DSC curve, located at around 716
and 759 °C, while the corresponding TG curve displays no appar-
ent weight loss (Fig. 1b). It is suggested that there may be a re-
versible phase transition at about 716 °C. This observation under-
scores the high thermal stability of NZBO, which extends up to 716
°C. The target crystals were extracted by a spontaneous crystal-
lization approach. As the fact that the process of crystal growth
demands continual optimization of growth parameters, including
temperature field uniformity and cooling rate, an extensive explo-
ration is needed to achieve bulk crystal growth of NZBO.

UV-vis-NIR diffuse reflectance spectrum shows that the UV ab-
sorption cut-off edge of NZBO is below 190nm, with 53% ab-
sorption at 190 nm (Fig. 1c). The experimental bandgap of NZBO
was determined to be 6.04eV, utilizing the Kubelka-Munk for-
mula. Notably, the UV cutoff of NZBO exhibited a significantly
blue-shifted in comparison to other zinc borates like Zn3B,Og
(380nm), CsZnyB30; (218nm), and ZnygBgOq3 (217 nm) [47-49].
This is mainly due to the fact that the terminal O atoms of the
[B307] unit are connected by the [BO4] and [ZnOs3] triangles, which
eliminate suspension bonds and shift the UV cutoff edge blue to
the DUV region. This favorable transparency positions NZBO as
a promising candidate for optical crystals in the short-wave UV
range. In addition, we conducted an IR spectrum analysis to char-
acterize the vibrational modes characterized by the building blocks
in NZBO. As shown in Fig. 1d, it displays distinctive absorption
bands in the range of 1256-1600 cm™!, which can be attributed to
the asymmetric stretching vibration of [BO3] units, while the char-
acteristic peaks located at around 852 cm™! and 1084 cm™! corre-
spond to the stretching-bending vibration of [BO4] units [50,51].
Additionally, the absorption peaks below 750 cm™! mainly origi-
nate from the overlap bending modes of [BO3] and [BO4] units
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Fig. 2. Structure characterization of NZBO. (a) [BOs], [BO4], [B307] groups, and iso-
lated [ZnOs] planar triangles. (b) Presentation of the [BgOj3] chains and antipar-
allel arrangements of isolated [ZnOs] units, respectively. (c, d) Presentations of 3D
structural network viewed from the ac plane and a 90 ° rotation direction, respec-
tively.

[52,53]. These observed features in the B-O chemical bonds align
well with the structural analysis of NZBO.

To elucidate the correlation between performance and struc-
tural characteristics, the crystal structure of NZBO was identified
through single-crystal X-ray diffraction analysis. The results reveal
that NZBO crystallizes in the centrosymmetric monoclinic system
with a space group of C2/c (No. 15), which contrasts with the
previously reported structure classified under the acentric space
group Cc (No. 9) [54]. A detailed comparison of the distinct crys-
tallographic parameters is provided in Tables S1-S3 (Supporting in-
formation). The asymmetric unit of NZBO contains three unequal
B sites, one unequal Zn site, one unequal Na site and six un-
equal O sites. As shown in Fig. 2a, the crystallographic indepen-
dent B atoms exhibit two distinct coordination modes. B atoms
are bonded to three and four O atoms, forming distinct [BOs] tri-
angles and [BO4]| tetrahedra, respectively. The B-O bond lengths
for [BO3] units range from 1.326(4) A to 1.401(4) A, with bond
angles ranging from 114.1(3)° to 125.4(3)°. For the [BO4]| tetrahe-
dra, the B-O bond lengths range from 1.455(4) A to 1.509(4) A,
with bond angles ranging from 103.0(3)° to 113.0(3)°. It is observed
that two adjacent [BOs3] triangles are connected to a [BO4]| tetra-
hedron forming the conjugated [B305] units (Fig. 2a). Remarkably,
a rare coordination pattern is observed for Zn atoms, where they
exhibit a unique coordination with three O atoms, forming iso-
lated [ZnOs3] planar triangles. The distinct coordination mode of
[ZnO3] unit was just observed in the previously reported zincate
compounds Cs4(Zn03) and NajgZngOg [55,56]. Intriguingly, this ge-
ometric configuration represents an unprecedented structural fea-
ture in borates, due to the typical tendency of Zn atoms to co-
ordinate with four O atoms to form [ZnOy4] tetrahedra. The Zn-O
distances of [ZnO3] units range from 1.876(2) A to 1.931(3) A, with
0-Zn-O bond angles spanning from 117.63(16)° to 121.19(8)°. Ac-
cording to previous literature reports, the length range observed
in Zn-0 bonds of NZBO fall within a reasonable range [57]. As de-
picted in Fig. 2b, the adjacent conjugated [B30,] building blocks
are interconnected via corner-sharing oxygen atoms, leading to the
formation of one-dimensional (1D) [BgOq3] chains that extend in-
finitely along the b-axis. The presence of such densely packed coor-
dination environments significantly increases the density of [BOs]
units. Notably, the angle between adjacent [B30;] groups in NZBO
is significantly smaller compared to the right angle observed in
LBO. This optimized arrangement of [B30;] groups in NZBO facili-
tates the enhancement of polarizability anisotropy. Intriguingly, the
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Fig. 3. (a, b) The original interference state and the resulting presentation after
extinction of the NZBO crystal under cross-polarized light, respectively. (c) Crys-
tal thickness of NZBO. (d) Calculated refractive index dispersion patterns of NZBO.
(e) Comparison of birefringence among the reported short-wave UV transparent bo-
rates containing [B30;] groups.

isolated [ZnOs] triangles adopt an antiparallel arrangement in the
bc plane, which is beneficial for the generation of significant op-
tical anisotropy. Then these infinite 1D chains [BgOq3] are fur-
ther interconnected by the [ZnOs] triangles to build the three-
dimensional (3D) structural network of NZBO, as observed in the
ac plane (Fig. 2c). Fig. 2d showcases the 3D structural configura-
tion rotated 90°, with Na™ cations occupied the interstitial spaces
to ensure charge balance. The results of bond valence calculations
(BVS) revealed that the average valence states of Na, Zn, B and O
correspond to 1.08, 1.80, 3.05, and 2.02, respectively, closely align-
ing with their expected oxidation states, which further provides
the validity and rationality of the determined structure. EDS anal-
ysis was conducted to ascertain the elemental distribution within
the NZBO crystal. The results yielded an approximate molar ratio
of Na:Zn elements of 2:1 (Fig. S2 in Supporting information), with
these components demonstrating a uniform distribution. These ob-
servations exhibit a good agreement with the structural analysis of
NZBO, further providing the validity and rationality of the deter-
mined structure.

The structural analysis of NZBO unveiled a notably structural
anisotropy, suggesting the presence of substantial birefringence. To
validate this phenomenon, we employed a polarizing microscope
to evaluate the birefringence of NZBO. Figs. 3a and b clearly
illustrate the different orientations of NZBO crystals before and
after complete extinction under orthogonally polarized light.
The precise quantification of the NZBO crystal thickness and the
optical path difference yielded values of 10.5pm and 990nm,
respectively (Fig. 3c). Then the experimental birefringence value
of NZBO in the visible wavelength range was measured to be
0.094. It is worth noting that although the birefringent behavior
exhibited by NZBO is slightly lower than that of the commer-
cialized available birefringent crystal «-BaB,0,4 (0.116@1064 nm)
[58], yet it is approximately 8 times higher than that of the
commercialized available short-wave birefringent crystal MgF,
(0.012@532 nm). Moreover, we performed an assessment of the
theoretical birefringence of NZBO (Fig. 3d), yielding a magnitude
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Fig. 4. (a) Band structure for NZBO. (b) PDOS and TDOS for NZBO. (c) The response electron distribution anisotropy analysis of NZBO.

of 0.089 at 1064 nm, which is consistent with the experimental
value. To the best of our knowledge, the birefringence value
observed in the NZBO crystal is the largest reported value
among short-wave UV borate-based materials containing [B;07]
units (Fig. 3e and Table S4 in Supporting information). Exam-
ples include LiBaBgO;5 (0.002@1.06 um), LiB305 (0.040@1.06 pm),
CsB305 (0.059@1.06pum), CsLiBgO1p (0.050@1.06 um), KB3Os
(0065@]06 pm), Cs3B11P2093 (0070@106um), ﬂ-Na288013
(0.065@1.06 um), BaBgOq3 (0.070@1.06 um), and KggRb,1BgPOqg
(0.071@1.06 um) [59-65]. The sufficient birefringence and short
cut-off edge exhibited by NZBO sheds light on its great potential
in the field of light manipulation within the short-wave UV range.

To unveil the underlying origin of optical activities in NZBO, we
employed density functional theory (DFT) calculations employing
the generalized gradient approximation (GGA). The band structure
analysis as shown in Fig. 4a indicated that NZBO can be classified
as an indirect bandgap compound, yielding a theoretical band gap
value of 4.9eV, which closely aligns with the experimental value.
A further analysis of the total density of states (TDOS) combined
with the partial density of states (PDOS) in Fig. 4b demonstrated
that the top of the valence bands spanning from around —6eV
to 0eV are primarily contributed by the Zn 3d and B 2p states,
which are hybridized with O 2p states. The bottom of the conduc-
tion bands ranging from 5eV to 10eV are predominantly composed
of the Zn 4s and B 2p states. This analysis indicates that the B-O
and Zn-0 bond-based groups play a crucial role in its intr-insically
optical anisotropy.

To discriminate the influence of different groups on the bire-
fringence properties of NZBO, we further calculated the bonding
electron density difference (A p) of these groups employing the re-
sponse electron distribution anisotropy (REDA) approach [66]. The
observation results revealed that the [ZnOs], [BO3] and [BO4] units
contribute approximately 42.68%, 43.32% and 14.00% to the bire-
fringence of NZBO, respectively (Fig. 4c). Indeed, the arrangement
of functional primitives in the structural framework emerges as a
crucial factor that cannot be overlooked when considering birefrin-
gence performance. In the case of [ZnOs] units, their antiparallel
arrangement in the bc plane facilitates the superposition of micro-
scopic effects (Fig. 5a), resulting in a significant optical anisotropy
in both parallel and perpendicular directions to the layer. Com-
parable arrangement features and their contributions to birefrin-
gence have also been observed in other compounds such as YVO4
and Cs3NbsGeOqg [67]. Furthermore, it is worth noting that the
introduction of [ZnO3] units in NZBO optimizes the arrangement
of [B307] groups. In the 3D B-O framework of LBO, as shown
in Figs. 5b and c, adjacent [B307] groups are vertically arranged,
leading to weak optical anisotropy. Conversely, in NZBO, the an-
gle between neighbouring [B30-] groups is reduced to 70.85° (Figs.
5d and e), consequently contributing to the structural anisotropy.

Fig. 5. (a) The isolated [ZnOs] units are arranged antiparallel in the c direction on
the bc plane. (b, c) B-O bond base structural framework and the arrangement of
[B307] units observed in LBO. (d, e) B-O bond based structural framework and the
arrangement of [B3;0-] units observed in NZBO.

This unique structural arrangement of [B30;] groups in NZBO re-
sults in enhanced birefringence compared to that observed in LBO.
These findings suggest that the birefringence of NZBO is dominated
by the conjugated planar [B30;] and [ZnOs3] units, thus providing
valuable insights for further exploration of DUV optical materials
characterized by significant birefringence.

In summary, we have successfully identified a zinc borate bire-
fringent crystal, NZBO, through the assembly of the m-conjugated
[B3O7] functional units and isolated planar triangles [ZnO3]. No-
tably, the introduction of [ZnO3] units in NZBO optimizes the ar-
rangement of distinct [B307] groups, enabling it to exhibit a sig-
nificant birefringence of 0.094 in the visible wavelength region. To
the best of our knowledge, this birefringence value is the largest
reported value among the short-wave UV borate-based materials
containing [B30;] units. Moreover, this compound possesses a re-
markably short UV cutoff edge below 190 nm, indicative of a large
band gap of 6.04eV. Consequently, NZBO achieved a rare com-
bination of large birefringence and wide UV transparency, mak-
ing it an attractive candidate for short-wave UV birefringent crys-
tals. Additionally, a combination of structural analyses and the-
oretical calculations suggested that the conjugated planar [B;07]
groups and antiparallel [ZnOs] triangles significantly contribute
to the optical anisotropy observed in NZBO. These findings ex-
pand the structural chemistry of zinc borates and provide valu-
able insights for the design of new birefringent materials with high
performance.
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