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Cation regulation is a compelling strategy for developing new compounds with optimized crystal struc-
tures by atomic-scale manipulation. Herein, we report two new SBBO-like fluoroberyllium borates,
SrMgBe,(BOs3),F, (SMBBF) and SrZnBe,(BO=),F, (SZBBF). They crystallize in a trigonal system and feature a
[BesB3sOsFsl., single layer stabilized by the incorporation of Mg®*/Zn®* cations and F~ cations. Both com-
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pounds exhibit deep-UV absorption edges below 200 nm. Theoretical calculations confirm their potential
as deep-UV birefringent materials, with the corresponding birefringence values of 0.064 (SMBBF) and
0.063 (SZBBF) at 589 nm, respectively. This work demonstrates the effectiveness of cation regulation in
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1. Introduction

For decades, the rich structural diversity of borate frameworks
has made them a fertile ground for discovering next-gene-
ration functional materials. Composed of flexible [BO;]*~ tri-
angles and [BO,]”” tetrahedra, borates exhibit a wide range of
optical properties, such as second-harmonic generation, large
birefringence, and photoluminescence.’™ The field of non-
linear optics is the area where borate compounds are most
widely applied. Among the numerous nonlinear optical (NLO)
borate crystals reported to date, p-BaB,O, (BBO),”> LiB;Os
(LBO),® KBe,BO;F, (KBBF),”® and Sr,Be,B,0, (SBBO)'’ stand
out as prominent examples. BBO and LBO serve as workhorse
materials for frequency conversion from the visible to the
ultraviolet (UV) range, while KBBF is currently the only practi-
cal DUV NLO crystal. However, the KBBF crystal has a serious
layer growth tendency which hinders the fabrication of bulk
crystals with sufficient thickness for high-power laser appli-
cations. SBBO was once envisioned as a superior alternative to
KBBF, yet the structural instability problem limits its appli-
cations in NLO.'""?

To overcome the structural instability problem, structural
engineering strategies that chemically modify the coordination
environment by cation regulation have proven particularly
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designing novel borate-based optical materials.

effective. Cation regulation in SBBO has led to an extended
family of SBBO-type materials, such as BaMBe,(BO3),F,
(M = Mg, Ca, Zn, Cd, Pb),"*'® Rb;Al;B;0,,F,"” MM'Be,B,OF
(M = Na, M' = Ca, Mg; M = K, M' = Ca, Sr)"*'® and
Rb;Ba;Li,Al,Bs0,0F."® Notably, almost all these structural
modifications exclude Sr** from the lattice except
KSrBe,B,0O¢F, while the deliberate incorporation of foreign
cations into the parent SBBO framework has not been widely
studied.

In this work, we successfully incorporated divalent Mg>*
and Zn*"* directly into the SBBO structure, accompanied by the
simultaneous introduction of fluoride ions, yielding two novel
compounds: SrMgBe,(BO3),F, (SMBBF) and SrZnBe,(BO;),F,
(SZBBF). The introduced cations effectively disrupt the original
[BesB30g]., bilayer, while fluoride ions stabilize a [Be;B3;06F3]
monolayer that preserves the essential structural features and
moderate birefringence of the parent SBBO, suggesting their
potential as deep-UV birefringent materials. The crystal struc-
tures and relevant physical properties of both compounds are
systematically reported.

2. Experimental section
2.1 Synthesis and crystal growth

Single crystals of SMBBF and SZBBF were grown by spontaneous
crystallization using a NaBF,-H3;BO;-NaF flux. The starting
materials included NaBF, (Macklin Industrial Corp., 99.9%),
NaF (Macklin, 99.9%), H3BO; (Aladdin Industrial Corp.,
99.9%), SrF, (Sinopharm Chemical Reagent Co., Ltd, 99.9%),
MgO (Xilong Scientific, 99.9%), ZnO (Xilong Scientific, 99.9%),
and BeO (99.9%). These reagents were mixed in a molar ratio

This journal is © The Royal Society of Chemistry 2026
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of 1.5:4:2.5:1:1 (NaBF,: H3BOj;: NaF: SrF, : MgO/ZnO) and
thoroughly ground in an agate mortar. Owing to the toxicity of
BeO, all procedures were conducted in a ventilated workspace.
The homogenized mixture was then transferred into a covered
platinum crucible (40 mm in diameter) and heated in a box
furnace to 800 °C, where it was held for 24 hours.
Subsequently, the system was slowly cooled to 600 °C over 3
days, followed by further cooling to room temperature over an
additional 2 days, yielding the final SMBBF and SZBBF
crystals.

2.2 Powder X-ray diffraction (P-XRD) and structure
determination

Powder X-ray diffraction (P-XRD) analyses of SMBBF and
SZBBF samples were performed using a Bruker D8 powder
X-ray diffractometer with Cu Ka radiation (4 = 1.5418 A) at
room temperature. Data were collected with a scanning rate of
0.01 s per step and a step width of 0.02° per step over a 2theta
range of 5° to 70°. The P-XRD patterns are presented in Fig. S1
and S2. Single crystal X-ray diffraction data for SMBBF and
SZBBF were collected at 300 K using a Kappa Apex3 charge-
coupled device diffractometer (Bruker) with graphite-mono-
chromatic Mo Ka radiation (4 = 0.71073 A). Unit cell determi-
nation, data integration, and absorption correction were per-
formed using the entire dataset. The raw data were corrected
for background, polarization, and Lorentz factors using the
APEX3 software, and multiscan absorption corrections were
applied using the SADABS program package. The crystal struc-
ture was solved by direct methods and refined using the Olex2
program. The detailed crystallographic data are provided in
Tables S1-S3.

2.3 Thermal analysis

The thermal properties of SMBBF and SZBBF were investigated
by differential scanning calorimetry (DSC) using a Netzsch
STA449F3 instrument. A sample weighing 15 mg was heated
from 40 °C to 950 °C at a rate of 10 K min~", followed by
cooling at the same rate.

2.4 UV-Vis-NIR diffuse reflectance spectroscopy

UV-Vis-NIR diffuse reflectance spectra of SMBBF and SZBBF
powder were recorded in the range of 200-800 nm using a
Cary 7000 UV-vis-NIR spectrophotometer. BaSO, was used as a
reference.

2.5 Computational methods

First-principles calculations were performed using the plane-
wave pseudopotential approach based on density functional
theory (DFT), as implemented in CASTEP.*>*' The ion-elec-
tron interactions were modeled using optimized norm-conser-
ving pseudopotentials for all constituent elements.”> The
exchange-correlation energy was described by the Perdew-
Burke-Ernzerhof (PBE) functional within the generalized-gra-
dient approximation (GGA).>* A kinetic energy cutoff of 940 eV
was chosen with Monkhorst-Pack k-point meshes spanning
less than 0.04 per A® in the Brillouin zone.**
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3. Results and discussion
3.1 Crystal structure

Using SBBO as a template, the replacement of the Sr** ions
between adjacent [Be;B;0g]s, bilayers with Mg?*/Zn*" ions and
the substitution of the intralayer [BeO,] groups with [BeO;F]
groups led to the formation of SMBBF and SZBBF as shown in
Fig. 1. SMBBF and SZBBF are isostructural and crystallize in
the trigonal system with the space group P3. Herein, the struc-
ture of SMBBF is discussed in detail as an example (Fig. 1b
and c). In the asymmetric unit, all atoms (Sr, Mg, B, Be, O, and
F) reside on crystallographically unique sites. Each B atom is
coordinated by three O atoms, forming [BO;] triangles with
B-O bond lengths of 1.3793(19) A and O-B-O angles of
119.996(6)°. The Be atoms adopt a distorted [BeO;F] tetra-
hedral geometry, with Be-O and Be-F distances of 1.611(2) A
and 1.607(7) A, respectively. These [BeO;F] tetrahedra connect
with three adjacent [BO;] triangles via corner-sharing oxygen
atoms, forming a two-dimensional [Be;B3OgF;]., layer extend-
ing in the ab-plane (Fig. 1b). Adjacent [Be;B;O4F;]., layers are
alternately linked through Sr-F and Mg-O bonds. The Mg
atoms are six-coordinated, forming [MgOs] polyhedra with
Mg-O bond lengths of 2.0983(18) A, while the Sr atoms are co-
ordinated by six O and six F atoms, resulting in [SrOgFs] poly-
hedra with Sr-O and Sr-F distances of 2.8582(19) A and
2.6474(5) A, respectively. Detailed crystallographic data are pro-
vided in Tables S1-S3. In SBBO, the intralayer spacing within
the [Be;B;0¢)., bilayer is 3.92 A, while the interlayer spacing
between adjacent [Be;B;04s bilayers is 3.74 A. In SMBBEF,
these two values become 4.29 A and 3.08 A, respectively; in
SZBBF, they are 4.29 A and 3.10 A, respectively. The increase in
intralayer spacing from 3.92 A to 4.29 A can be attributed to
the change in intralayer connectivity from Be-O-Be covalent
bonds in SBBO to F-Sr-F ionic bonds in SMBBF/SZBBF. This
structural alteration not only increases the number of atoms
within the layer but also weakens the bonding character from
covalent to ionic, both contributing to the expanded intralayer
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Fig. 1 Structural evolution from SBBO to SMBBF and SZBBF. (a)
[Be3B3O¢l., layer in SBBO, (b) [BezB3OgFsl,, layer in SMBBF, (c) crystal
structure of SMBBF, (d) crystal structure of SBBO, and (e) crystal struc-
ture of SZBBF.
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spacing. Conversely, the decrease in interlayer spacing from
3.74 A t0 3.08/3.10 A arises from the replacement of Sr** by the
much smaller Mg**/Zn** cations in the interlayer region,
whose reduced ionic radii directly compress the interlayer dis-
tance. Bond valence sum calculations for Sr, Be, Mg, B, O, and
F confirm oxidation states of +2, +2, +2, +3, —2, and -1,
respectively (Table S3). The consistency between bond lengths
and bond valence sums supports the structural model and
indicates the absence of significant internal strain in both
SMBBF and SZBBF.

3.2 UV-vis diffuse reflectance spectroscopy

The ultraviolet-visible reflectance spectra of SMBBF and
SZBBF are presented in Fig. 2. The spectra demonstrate high
diffuse reflectance values of more than 90% across the visible
spectral region for both SMBBF and SZBBF. For SMBBF, the
reflectance begins to decrease below 400 nm due to some
extrinsic absorption with a residual reflectance of 80% at
200 nm, while that of SZBBF is less than 60% at 200 nm.
These results suggest that the absorption edges of SMBBF and
SZBBF lie below 200 nm. It should be noted that unintended
absorption features are observed in the 200-400 nm range. We
attribute these features to the presence of potential impurity
ions, such as Fe** (4.8 eV, ~258 nm), Cr’" (3.1 eV, ~400 nm)
and Mn** (6.0 eV, ~207 nm), which are known to introduce
absorption bands in this region.>*® Nevertheless, our results
remain meaningful: even with these impurity-related absorp-
tions, the diffuse reflectance spectra still show reflectance
values greater than 45% within the 200-300 nm range.

3.3 Thermal analysis

The thermal behaviors of SMBBF and SZBBF were investigated
by thermogravimetry-differential scanning calorimetry
(TG-DSC), as shown in Fig. 3. For SMBBEF, a sharp endothermic
peak appears at 864 °C on the heating curve, accompanied by
an exothermic peak at 760 °C on the cooling curve. A thermal
hysteresis of more than 100 °C between the two peaks,
together with observable mass loss, suggests that the thermal
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Fig. 2 UV-Vis reflectance spectra of SMBBF and SZBBF.
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Fig. 3 TG-DSC curves of SMBBF (a) and SZBBF (b).

event at 864 °C corresponds to decomposition rather than
melting. In the case of SZBBF, two small endothermic peaks
are observed at 622 °C and 768 °C during heating, while the
cooling curve displays a small exothermic peak near 710 °C.
Combined with the overall mass loss, this also indicates a
decomposition process occurring at both temperatures.
Powder X-ray diffraction (PXRD) was performed on the resi-
dues obtained after melting as shown in Fig. S3 and S4. The
resulting patterns displayed numerous small, disordered
peaks, which could not be identified through pattern match-
ing. These results confirm that both SMBBF and SZBBF are
incongruent-melting compounds.

3.4 Calculation results

To elucidate the structure-property relationships in SMBBF
and SZBBF, we computed their refractive indices, bandgaps,
and partial densities of states (PDOS). All calculations were
performed  within  the  scissors-corrected = GGA-PBE
framework,>”*® using a scissor operator of 2.0 eV, the same as
that of Sr,Be,B,0,. The same scissor value was applied to both
compounds due to their similar elemental composition and
structural features to SBBO. SZBBF exhibits an indirect
bandgap, whereas SMBBF shows a direct bandgap. The calcu-
lated bandgaps increase from 4.517 eV for SZBBF to 5.707 eV
for SMBBF (Fig. 4a and c). Notably, replacing Zn with Mg leads
to a widening of the bandgap and a corresponding blue shift
in the ultraviolet absorption edge.

As shown in Fig. 4b and d, the PDOS profiles reveal distinct
electronic contributions near the band edges. In SMBBF, the
valence band maximum (VBM) is dominated by O 2p, B 2p, Be
2p, and Mg 2p orbitals, while in SZBBF, it consists mainly of O
2p, B 2p, Be 2p, and Zn 3d orbitals. In the lower conduction
band region (0-6 eV for SMBBF, 0-5 eV for SZBBF), SMBBEF is
primarily composed of Mg 2p, B 2p, and Be 2p orbitals,
whereas SZBBF features B 2p, Be 2p, and Zn 4s orbitals. These
differences in conduction band composition account for the
larger calculated bandgap of SMBBF compared to SZBBF.

The refractive indices of both compounds, derived from the
dielectric function &(w) = £1(w) + ie2(w), are presented in Fig. 5.
The imaginary part £2(w) was computed first, followed by the
real part €1(w) via the Kramers-Kronig relation; the refractive
indices were then obtained from e1(w). Both crystals exhibit
strong optical anisotropy with n, < n., confirming them as
negative uniaxial crystals. The calculated birefringence values

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Calculated refractive indices of SMBBF (a) and SZBBF (b).

at 589 nm are 0.064 for SMBBF and 0.063 for SZBBF. As sum-
marized in Table 1, both compounds exhibit birefringence
values comparable to those of other reported SBBO-type
materials. Together with their short ultraviolet absorption

Table 1 Structures and birefringence values of SBBO-type beryllium
borates

Compound Symmetry Acutofe (NM) Birefringence
Sr,Be,B,0, 1° Pbc2 165 0.062 (1064 nm)°
NaMgBe,(BO;),F ' P3c1 <195 0.081 (546 nm)°
NaCaBe,(BO;),F ' Cc 190 0.076 (589 nm)?
KCaBe,(BO;),F ' P3c1 — —
KSrBe,(BO;),F ' P6;/m — —
BaMgBe,(BO;),F, ®  P3c1 <185 0.064 (589 nm)”
BaCaBe,(BO;),F, ' P3c1 <185 0.063 (589 nm)”
BaZnBe,(BO;),F, ™ P3c1 300 0.061 (589 nm)?
BaCdBe,(BO;),F, ">  P3c1 <190 0.059 (546 nm)"
BaPbBe,(BO;),F, ** P3m1 279 0.054 (564 nm)°
SrMgBe,(BO;),F, * P3 <200 0.064 (589 nm)”
SrZnBe,(BO;),F, ¢ P3 <200 0.063 (589 nm)”

“This work. ? Calculated results. ¢ Experimental results.
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edges (below 200 nm), these results indicate that SMBBF and
SZBBF are promising birefringent crystals for the deep-ultra-
violet (DUV) spectral region.

4. Conclusion

In summary, two new fluoroberyllium borates, StMgBe,(BO;),F,
(SMBBF) and SrZnBe,(BO;),F, (SZBBF), have been successfully
synthesized. Both compounds exhibit a deep-UV absorption
edge below 200 nm. Theoretical calculations reveal birefringence
values (An at 589 nm) of 0.064 for SMBBF and 0.063 for SZBBF,
with the corresponding band gaps of 5.707 eV and 4.517 eV,
respectively. These properties confirm the potential of SMBBF
and SZBBF as deep-UV birefringent materials. Further work on
the growth and characterization of large single crystals is cur-
rently underway. Moreover, this study demonstrates that struc-
tural optimization through rational cation substitution provides
an effective strategy for designing high-performance deep-UV
birefringent and potentially other functional optical materials.
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