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In minerals and artificial crystals, the OH and F groups often coexist
and have a high probability of disordered structure. The OH/F
position cannot be determined accurately in the crystal structure
only by the direct X-ray diffraction method because of the poor
contrast between O and F and the weak diffractivity of hydrogen
atoms. In this work, a new fluorooxoborate Ba[B,OFs(OH),l,, with a
size of up to 12 x 4 x 3 mm>, has been synthesized successfully by
a facile hydrothermal reaction. The BOF; units with well-ordered
OH/F positions are observed for the first time in alkali/alkaline earth
metal fluorooxoborates. Owing to the selective fluorination of BO,,
Ba(B,OFz(OH),), exhibits a large birefringence and hence can be
used as a DUV birefringent material. This work will guide the study
of the structural chemistry of oxyfluorides.

Tailoring properties by incorporating mixed-anionic species
into a crystal is expected to accelerate the discovery of new
functional materials, and the applicability of this strategy
has made great progress in many areas, e.g., catalysis, energy
conversion, and electronic devices." Specifically, ordering of
two or more anions within a mixed-anion compound often leads to
low dimensionality in structural and intriguing physical properties
which causes unanticipated responses to external stimuli.? For
example, oxyfluorides with mixed-anionic species [MO.F,],
such as [BOF, ]~ (x = 1, 2, 3), MOFs>~ (M =V, Nb, Ta),
MO,F,>” (M = Mo, W), MO;F*~ (M = Se, Te), fluoroiodates,
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fluorophosphates, fluorosilicates and fluorosulfates, have been
well achieved by different synthetic routes.> Indeed, substitutions
of oxygen by fluorine in oxides not only enable well-ordered
anions in the crystal structure but also reduce the anionic
dimensions and increase the freedom of the anionic framework.*
In addition, ordered anionic species in mixed anion compounds
are of vital importance because of the correlation between crystal
structure and physical properties.'”***** For example, the for-
mation of [BOF, ]V~ (x = 1, 2, 3) in borates will be helpful
for enlarging the bandgap and the local polarizability or
hyperpolarizability.® Thus, the fluorine-containing metal borates
often possess unique functions when applied in nonlinear
optics,® ionic conduction, fluorescence,” etc. However, in mixed-
anion compounds, compared with anion-ordered ones, there
are a considerable number of structures containing randomly
disordered anions which are commonly found in minerals and
artificial crystals according to the Inorganic Crystal Structure
Database (ICSD). The attempt of “controlling” anion order and
disorder is still a challenge, especially the presence of mixed F and
OH groups.® Only a handful of compounds with distinguishable
OH/F positions, such as Hg,(OH)[BF,],” (NH;OH),MF, (M = Ga,
In, Sc, Mn, Cr, V, Co, Cu, Zn, Fe)'® and [HNCsH¢OH],
[Cu(NCsH;)4(WO,F,),],* have been reported; however, there is
scant evidence that the mixed OH/F species are ordered.

In this study, we report a new fluorooxoborate compound,
Ba[B,0F;(OH),], (BBOFH), containing a unique B,OF;(OH),
dimer. More than 29 fluorooxoborates have been reported to date,
and 16 kinds of oxyfluoride FBBs and anionic frameworks of
fluorooxoborate crystals are reported (Fig. S5, ESI+)."* Although most
of these fluorooxoborates also have a regular arrangement of F, the
title compound is more specific in that both OH and F coexist
simultaneously and are well-ordered on the tetrahedral and trian-
gular ligands, respectively, which is relatively rare. The BOF; unit
was also discovered for the first time in alkali/alkaline earth metal
fluorooxoborates to the best of our knowledge. The method of
determining the positions of OH and F was systematically discussed.

The BBOFH crystal with a size of up to 12 x 4 x 3 mm® was
grown by the facile hydrothermal growth method. The BBOFH
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Fig. 1 Unbiased F, — F. difference electron density maps of BBOFH (a—c). The most positive difference peaks (red) indicate the possible hydrogen atom
positions. Crystal structures of BBOFH (d—h) and !B, 1°F, 'B{!°F}-REDOR and *H MAS NMR spectra of BBOFH (i-1).

crystal data were obtained at 153 K. BBOFH crystallizes in the
centrosymmetric space group C2/m (No. 12) of the monoclinic
system with the unit cell parameters of a = 6.803(3) A,
b =7.008(2) A, ¢ = 9.588(3) A, f = 92.960(4)°, and Z = 2. The
unbiased F, — F. difference electron density maps (model
without hydrogen) obtained from single-crystal data are given
in Fig. 1a-c. The positive difference peaks clearly indicate the
possible positions of hydrogen atoms around the O1 and O2
atoms, while no difference peaks were found near the F atoms,
which provides primary evidence for the B-F and O-H bonds.
The positions of the O and F atoms were also verified by bond
valence calculation (BVS) (Table S2, ESI{),"*> which shows that
the valences of Ba (2.089), O (1.873-2.087), F (0.964-1.068)
and B (3.029-3.132) are reasonable. In addition, the structure
model was checked by Neutron powder diffraction Rietveld
refinement (Fig. S17, ESIf).

As shown in Fig. 1d-h, the fundamental building block
(FBB) of BBOFH is the B,OF;(OH), group, which is composed
of the BO(OH), triangle and the BOF; tetrahedron bridged by
the O3 atom, and the B,OF;(OH), groups are linked with each
other by hydrogen bonding to form a 1D [B,OF;(OH),] short
chain. The parallel [B,OF;(OH),] chains extend along the b and
¢ axes with the Bal cations located between two adjacent
chains. In general, as the ratio of F:O increases, there is a
higher possibility for the anionic framework in fluorooxo-
borates to be low-dimensional."® BBOFH also follows this rule.
The Bal atoms locate in a distorted icosahedron coordinated by
oxygen and fluorine atoms. Specifically, the Ba®>" cations inter-
act with two F2, eight F1 atoms and two O2 atoms with the Ba-F
and Ba-O bond lengths of 2.780-2.916 and 2.879 A, respectively
(Fig. S3, ESIt). In the structure, all boron atoms show two types
of coordination environments, forming the BO(OH), triangles
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and the BOF; tetrahedra with the B-O and B-F bond lengths of
1.361-1.421 and 1.388-1.429 A, respectively (Table S5, ESIY).
The B-O/F bond lengths and the O-B-O/F angles are also compar-
able to those in recently reported fluorooxoborates, 314

The presence of hydroxyl, BO; and BOF; groups can be
confirmed by the IR spectrum (Fig. S7, ESIt). According to the
literature,'***#*° the peaks at around 3321, 3229, 2972 and
1618 cm ™! exhibit the presence of hydroxyl groups. The bands
in the range of 1454 and 962 cm™ ' belong to asymmetric and
symmetric stretching of the BO; groups. In particular, the
asymmetric stretching of the B-F bonds is found in the range
of 1387-993 cm ! and the symmetric out of phase stretching of
the B-F bonds is also found at 895 cm ™. Besides, the bending
vibrations of B-O can be observed at 773-563 cm™'. The
elemental distribution map shows that Ba, B, O and F are
dispersed in BBOFH (Fig. S8, ESIt). This result further verifies
that fluorine indeed exists in BBOFH.

In order to verify the presence of chemical bonds between
the B and O/F atoms in BBOFH, we obtained the ''B, '°F and
"H magic angle spinning (MAS) solid state nuclear magnetic
resonance (NMR) spectra (Fig. 1i, j and 1). In the '°F MAS NMR
spectrum (Fig. 1j), according to Hoppe and Kemnitz,'¥:'%:154
the signal at —16.3 ppm may be assigned to F nearest to Ba and
the signals at —103.6, —121.96, —140.38, —140.69 and —145.82 ppm
are assigned to F in the B-F groups. In the *>F MAS NMR spectrum,
we also find two dominant signals at —140.38 and —145.82 ppm,
which are similar to the data in BaB,OgF,, which again confirms
the presence of B-F bonds in BBOFH. In the 'B MAS NMR
spectrum, the BO; chemical shifts often occur in the range of
~12.7-19.0 ppm,'® while the boron in the tetrahedral coordina-
tion shifts usually occur at around 0 ppm. In the "'B MAS NMR
spectrum (Fig. 1i), the broad signal ranging from 8 to 19 ppm
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can be assigned to boron in trigonal coordination to oxygen,
whereas the narrow signals at —1.41 and 0.18 ppm can be
assigned to the tetrahedral coordinated B atoms. The "'B{'°F}-
rotational echo double resonance (REDOR) experiments were
performed to establish the B-F bonds for the tetrahedral
[BOF;]*~ units and the obtained different spectra clearly demon-
strate that tetrahedrally coordinated B nuclei with the B-F bonds
in BBOFH exist (Fig. 1k). The crystal structure of BBOFH has two
unique H sites, and the H1 and H2 atoms are coordinated with
the O1 and O2 atoms, respectively. The "H MAS NMR spectrum
shows two resonances at 6 = 4.3 and 7.6 ppm (Fig. 11), which are
assigned to the H signals in the B(OH), groups with two different
O-H distances. This further confirms the presence of the
hydroxyl groups in BBOFH.

The ordering of F and OH can be understood by the bond
valence model.*'” (1) The mean bond valences of the B-O
bonds in BO, and BO; are 0.75 and 1, respectively. According to
Pauling’s second crystal rule (PSCR), a stable ionic structure is
arranged to preserve local electroneutrality, so that the sum of
the strengths of the electrostatic bond to an anion is equal to
the charge on that anion.'® When hydroxyl competes with F,
to have a relatively stable phase, compared to the BO; units, the
BO, species are prone to connect with the F atoms with high
electronegativity to reduce the bond valence of the B-O bonds.
Thus, the reduced partial negative charge at the respective
terminal oxygen and/or fluorine atoms in the fourfold coordi-
nation of the B atoms commonly acts as pinning sites for the
cations. ' Herein, the [BO,F,_,]**Y~ (x =1, 2, 3) groups should
be more stable than the virtual [BO,F;_,[* (x = 1, 2) groups in
metal borates. As for fluorooxoborates containing both the BO,
and BO; groups, the introduction of F will preferentially modify
the BO, groups to form [BOF, ]~ (x = 1, 2, 3). LiB¢OoF,
Li,B;0,F; and AB,OgF (A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs) series
are all typical examples."® (2) Owing to the forceful electron
accepting ability of the Ba atom, most of the F atoms with
strong electronegativity tend to connect with Ba in the
B,OF;(OH), groups. They may act as a scissor to “break’” the
layers of the B-O framework and further produce 1D short
chains of [B,OF;(OH),]. Therefore, if the hydroxyl groups in the
BO(OH), triangles are partially or completely replaced by the F
atoms, Ba will most likely connect with 11 or more fluorine
atoms, and the virtual [B,OF;(OH),_,F,] (x = 1, 2) groups will
not link with each other by hydrogen bonding to form a 1D
chain (Fig. S2, ESIt). This may lead to an unstable structure.
Moreover, the phonon dispersion curves obtained by the first-
principles calculations confirm that BBOFH has no negative
frequencies and is dynamically stable, while the artificial
“Ba[B,OF;(OH),_,F,], (x = 1, 2)” structures with mutual sub-
stitution of OH and F are not stable (Fig. S11, ESIt). Thus, the
coexistence of [BOF;]*~ and the artificial [BOF;_,J* (x =1, 2)
groups in BBOFH will be difficult to achieve.

To check the thermal stability of BBOFH, thermogravimetry
and differential scanning calorimetry (TG-DSC) were performed
(Fig. S6, ESIT). There are three obvious endothermic peaks at
around 282, 697 and 803 °C on the TG curve for BBOFH. Almost
13.8% mass loss at around 282 °C is noticed, which may be
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assigned to the part of removal of the BF; gas and the
dehydration of the hydroxyls.">*

The ultraviolet-visible-near-infrared transmittance spectrum
of BBOFH was obtained in the ground crystals (Fig. S4, ESIT).
The wide optical transmission spectrum (180-1200 nm) can be
obtained in BBOFH. The first-principles calculations were
performed by employing the CASTEP package. It was found
that BBOFH has an indirect band gap of 8.35 eV (HSE06) by the
PWmat code® (Fig. S10a, ESIt), which is comparable to that
of the landmark deep-ultraviolet material KBe,BO3F, (KBBF)
(8.43 €V).>! The total and partial densities of states (DOS and
PDOS) of BBOFH are shown in Fig. S10b (ESIt). There are three
energy parts from —9 to 9 eV, which show that the top of the VB
and the bottom of the CB are mainly occupied by O-2p, B-2p
and F-2p orbitals, revealing that the optical properties of
BBOFH are mainly determined by the BOF;, BO; groups and
d orbitals of the Ba atoms. The calculated birefringence of
BBOFH is about 0.109 at 200 nm and 0.086 at 1064 nm,
respectively (Fig. S9, ESIt). Considering the birefringence of
o-BaB,0, (0.120@1064 nm),>*> KBBF (0.080@1064 nm)*' and
the absorption edge of BBOFH lower than 180 nm, BBOFH may
have potential applications in the deep-UV region. To better
understand the origin of the birefringence in BBOFH, we
investigated the material by the response electron distribution
anisotropy (REDA) approximation method.>® Based on the REDA
analysis, the origin of birefringence in BBOFH is mainly attributed
to the synergistic effect of BOF; (16.2%) and BOj; (83.8%) groups.
This indicates that the well-ordered OH/F group with regular arrange-
ment makes a significant contribution for the large birefringence.

In summary, a new centimetre-scale fluorooxoborate crystal
BBOFH, with a unique B,OF;(OH), dimer, has been obtained.
It possesses well-ordered OH/F groups and exhibits a short
ultraviolet cutoff edge (<180 nm), a large band gap (8.35 eV)
and an appropriate birefringence (0.109@200 nm). The selective
fluorination of the BO, groups mainly leads to the ordered OH/F
groups in BBOFH. We also believe that the method of deter-
mining the positions of OH and F can provide a better theoretical
basis for the study of hydrothermal synthesis of mixed anion
compounds.
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