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ABSTRACT: Two new barium borate fluorides LiBa12(BO3)7F4 and NaBa12(BO3)7F4 are
obtained by spontaneous crystallization from high-temperature flux. The two compounds
are isostructural and crystallized into the tetragonal system, I4/mcm space group, with unit
cell parameters of a = 13.5709(6) Å, c = 14.9908(13) Å for LiBa12(BO3)7F4 and a =
13.6443(9) Å, c = 15.021(2) Å for NaBa12(BO3)7F4. Isolated Li/NaF4−BO3 units formed
by Li/NaF4O square pyramids and B3O3 groups sharing the O5 atom are found occupying
the octagonal tunnels built by Ba and BO3 groups along the c axis. High mobility of Li

+ ion
is observed in the LiBa12(BO3)7F4 single crystal by ac impedance measurements at
different temperatures.

■ INTRODUCTION
Borate fluorides are of current interest because of their rich
structural chemistry and diverse applications as catalysis, ion
exchange, and nonlinear optical (NLO) materials.1−3 Borates
have extraordinary structure diversities because the boron atom
can display two distinct bonding environments of triangular
planar and tetrahedral coordination with oxygen. These two
basic building blocks can be connected by means of corner- or
edge-sharing oxygen atoms4 to form infinite varieties of chains,
sheets, or three-dimensional frameworks.5 Among a dozen
alkali and alkaline-earth metal borate fluorides the one that
attracts the most attention is the deep UV nonlinear optical
material KBe2BO3F2,

6 which is transparent from 147 to 3660
nm and can generate deep ultraviolet (177.3 nm) laser output
from sixth-harmonic generation of Nd:YAG lasers. Other
borate fluorides including BaCaBO3F, BaZnBO3F, BaAlBO3F2,
M5(BO3)3F (M = Mg, Ca), M3B6O11F2 (M = Sr, Ba), and
NaBe2BO3F2 are noncentrosymmetric and were proposed as
nonlinear optical materials.7−12

Recently, some new borate fluorides have been discovered in
the process of exploring proper flux for growth of β-BaB2O4
crystal, including Ba2Na3[B3O6]2F, Ba4−xSr3+x(BO3)4−yF2+3y,
Ba5(B2O5)2F2, Ba7(BO3)4−xF2+3x, and Ba4B11O20F.

13−17 In an
attempt to further explore the Ba−B2O3−AF system, we found
two novel alkaline and alkaline-earth metal fluoride borates
LiBa12(BO3)7F4 and NaBa12(BO3)7F4. Both of the two
compounds crystallize in a tetragonal cell with an apatite-type
tunnel extending along the c axis. Alkaline fluorides in the form
of AF4 are found occupying those tunnels alternatively with
isolated BO3 groups. Similar alkaline halide salt inclusion
compounds can be found in some recent reports, e.g.,
[BaCl][CuPO4], Cs2Cu7(P2O7)4·6CsCl, Cs2Cu5(P2O7)3·
3CsCl, Ba4Ga2B8O18Cl2·NaCl, [Na3F][SnSi3O9], and
Li3Ca9(BO3)7·2[LiF].

18−22 The relatively weak bonded in-

clusion entity LiF4−BO3 in the tunnel also inspired us to
characterize its electrochemical properties.

■ EXPERIMENTAL ASPECTS
Raw materials (analytically pure) were weighed according to the molar
ratio of BaCO3:BaF2:H3BO3:Li2CO3 = 3:3:3:1 for LiBa12(BO3)7F4 and
BaCO3:BaF2:H3BO3:NaF = 3:3:3:1 for NaBa12(BO3)7F4. Starting
chemicals were ground, mixed thoroughly, put into a platinum
crucible, and heated to 970 °C with a heating rate of 100 °C/h. The
high-temperature solution was held for 12 h at 970 °C. Afterward, the
temperature was lowered to the saturation temperature around 920
and 910 °C for the Na- and Li-containing melts, respectively, and then
reduced at a rate of 10 °C/day to maintain crystal growth. After the
solution solidified, the furnace was cooled down to room temperature
in 24 h. Crystals were separated from the flux physically. Larger
LiBa12(BO3)7F4 crystals with size up to 20 × 30 × 30 mm3 were
obtained by subsequent top-seeded solution growth with seeds
obtained from the previous spontaneous crystallization. The same
flux and same heating procedure as the spontaneous crystallization
were employed except that the cooling rate from the saturation
temperature was lowered to 0.2 °C/day till the crystal reached a
certain size. Then the crystal was pulled out of the flux and cooled to
room temperature in 2 days.

The LiBa12(BO3)7F4 crystal with approximate dimensions of 0.11 ×
0.09 × 0.05 mm3 was selected for single-crystal X-ray diffraction data
collection. Diffraction data were collected at 301 K on a Rigaku
XtaLAB-mini diffractometer with a sealed tube (50 kV/12 mA) and
graphite-monochromated Mo Kα radiation (λ = 0.71075 Å).
Absorption and Lp corrections were applied with the CrystalClear
program.23 The heavy atom Ba was found by direct method with the
SHELXS program,24 and lighter atoms Li, Na, B, O, and F were found
by subsequent Fourier synthesis routines. Finally, all crystallographic
and atomic parameters were refined with the SHELXL program. The
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structure of NaBa12(BO3)7F4 was determined in the same condition
with approximate crystal dimensions of 0.09 × 0.07 × 0.05 mm3. The
final full-matrix least-squares refinement on F2 converged to R1 =
0.0365 and wR2 = 0.0783 for LiBa12(BO3)7F4 and R1 = 0.0302 and
wR2 = 0.0607 for NaBa12(BO3)7F4 from observed reflections.
Crystallographic data of LiBa12(BO3)7F4 and NaBa12(BO3)7F4 are
shown in Table 1.

Single-phase powder samples of ABa12(BO3)7F4 (A = Li, Na) were
synthesized in accordance with the stoichiometric ratio. Mixtures were
first heated at 300 °C for 2 h and then sintered at 900 °C for 3 h with
several intermediate grindings (Figure S1, Supporting Information).
Variable-temperature impedance measurements were made with an
Agilent 4294A Precision Impedance Analyzer in the frequency range
from 40 Hz to 110 MHz with a crystal plate of 5.1 × 3.9 × 0.53 mm3

coated with silver. Differential scanning calorimetry and thermogravi-
metric analysis (DSC-TG) was carried out with a NETZSCH
STA449C thermal analyzer (Figure S2, Supporting Information).
The optic transmission spectrum of a freshly grown LiBa12(BO3)7F4
crystal with a size of 10 × 7 × 0.5 mm3 was recorded with a Lambda
900 UV/vis/NIR (Perkin-Elmer) spectrophotometer. A Varian 710-ES
inductively coupled plasma optical emission spectrometer (ICP-OES)
with SepexCertiprep standards was employed to analyze the element
contents of the crystal. Raman experiments were carried out with an
inVia-Reflex microzone Raman spectrometer (Figure S3, Supporting
Information).

■ RESULTS AND DISCUSSION
Both LiBa12(BO3)7F4 and NaBa12(BO3)7F4 structures were
solved with the same space group I4/mcm, and unit cell
parameters are a = 13.5709(6) Å, c = 14.9908(13) Å and a =
13.6443(9) Å, c = 15.021(2) Å, respectively. In the unit cell
(Figure 1), Ba atoms have three different coordination
environments. Ba1 coordinated to 7 oxygen atoms with bond
distances ranging from 2.52(2) to 3.049(8) Å and two F atoms
with a distance of 2.823(5) and 2.916(5) Å. Ba1 atoms in the
unit cell form walls of the octagonal tunnels running along the c
axis. Such tunnel is analogous to that in the well-known apatite
structure. Ba2 coordinates to six O atoms (2.618(9)−2.836(6)
Å) to form a triangular prism which serves as a stitch to link the

adjacent tunnels together. Ba3 coordinates with seven O atoms
(2.565(13)−2.873(8) Å) and two F atoms (2.962(8) Å) and
links to the B2O3 groups to support the Ba1 tunnel walls. In
this part of the structure there is little difference between
NaBa12(BO3)7F4 and its Li counterpart with all Ba sites having
exactly the same coordination environments and nearly the
same bond lengths as those in the Li compound (Table 2).

Table 1. Crystallographic Data for LiBa12(BO3)7F4 and
NaBa12(BO3)7F4

formula LiBa12(BO3)7F4 NaBa12(BO3)7F4
space group I4/mcm I4/mcm
a (Å) 13.5709(6) 13.6443(9)
c (Å) 14.9908(13) 15.021(2)
V (Å3) 2760.8(3) 2796.5(5)
Z 4 4
calcd density (g/cm3) 5.155 5.127
cryst size (mm3) 0.04 × 0.10 × 0.12 0.06 × 0.12 × 0.20
absorption coefficient (mm−1) 16.913 16.714
radiation (Mo Kα) 0.71073 0.71073
data collection range/deg 2.122 < θ < 27.447 3.438 < θ < 27.428
index ranges −17 ≤ h ≤ 17 −17 ≤ h ≤ 17

−16 ≤ k ≤ 17 −17 ≤ k ≤ 17
−19 ≤ l ≤ 19 −19 ≤ l ≤ 19

T (K) 301 301
no. of reflns measd total 878 884
GOF 1.320 1.182
R1 (all reflns) 0.0365 0.0302
R1 (I ≥ 2δ(I)) 0.0346 0.0295
wR2 (all reflns) 0.0783 0.0607
wR2 (I ≥ 2δ(I)) 0.0764 0.0604
largest diff peak and hole (e/Å3) 1.025, −1.098 1.151, −1.601

Figure 1. Unit cell contents of LiBa12(BO3)7F4 (a) and its polyhedral
showing the octagonal tunnels along the c axis (b).

Table 2. Selected Bond Distances (Angstoms) and Angles
(degrees) for LiBa12(BO3)7F4 and NaBa12(BO3)7F4

LiBa12(BO3)7F4

Ba1−O1 2.941(7) Ba3−F × 2 2.962(8)
Ba1−O2 2.9634(8) Li−O5 1.75(7)
Ba1−O3 2.726(6) Li−F × 4 2.078(14)
Ba1−O4 2.726(7) B1−O3 1.40(2)
Ba1−O4 2.846(8) B1−O4 1.376(10)
Ba1−O4 3.049(8) B2−O1 × 2 1.379(12)
Ba1−O5 × 0.5 2.9085(9) B3−O5 1.35(4)
Ba1−O6 × 0.25 2.52(2) B3−O6 × 2 1.37(2)
Ba1−O6 × 0.25 2.74(2) O5−Li−F 99(2)
Ba1−O6 × 0.25 2.75(2) F−Li−F 88.5(6)
Ba1−F 2.823(5) O4−B1−O4 121.9(13)
Ba1−F 2.916(5) O4−B1−O3 119.1(6)
Ba2−O1 × 4 2.836(6) O1−B2−O1 121(2)
Ba2−O3 × 2 2.618(9) O1−B2−O2 119.6(8)
Ba3−O1 × 2 2.688(8) O5−B3−O6 119.3(12)
Ba3−O2 2.565(13) O6−B3−O6 121(2)
Ba3−O4 × 4 2.873(8)

NaBa12(BO3)7F4

Ba1−O1 2.946(5) Ba3−F × 2 2.827(5)
Ba1−O2 2.9641(6) Na−O5 2.23(2)
Ba1−O3 2.711(4) Na−F × 4 2.212(5)
Ba1−O4 2.739(6) B1−O3 1.390(13)
Ba1−O4 2.871(6) B1−O4 1.393(8)
Ba1−O4 3.019(6) B2−O1 × 2 1.380(9)
Ba1−O5 × 0.5 2.956(2) B3−O5 1.52(2)
Ba1−O6 × 0.25 2.53(2) B3−O6 × 2 1.31(2)
Ba1−O6 × 0.25 2.87(3) F−Na−F 90
Ba1−F 2.834(4) F−Na−O5 90
Ba1−F 2.961(4) O3−B1−O4 119.5(5)
Ba2−O1 × 4 2.831(4) O4−B1−O4 121.0(10)
Ba2−O3 × 2 2.616(7) O2−B2−O1 120.6(5)
Ba3−O1 × 2 2.716(6) O1−B2−O1 118.8(11)
Ba3−O2 2.582(9) O6−B3−O6 134(2)
Ba3−O4 × 4 2.909(6) O6−B3−O5 113.0(11)
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Within the octagonal tunnels (Figure 1b), Li/NaF4O square
pyramids and B3O3 groups join together by sharing the O5
atom, forming Li/NaF4−BO3 units (Figure 2). The main

difference between the structures of the title compounds is that
the Li atoms and B atoms of the B3O3 groups in the tunnels are
disordered and occupy split positions (Figure 2a and Figure S4,
Supporting Information), whereas Na and B3 fully occupy the
special positions of (0, 0, 0) and (0, 0, 0.25), respectively
(Figure 2b). In the NaF4O pyramid the bond distances of Na−
F (2.212(5) Å) and Na−O (2.234(19) Å) are noticeably longer
than that of Li−F (2.078(14) Å) and Li−O (1.75(7) Å), which
can be attributed to the increasing atom radius of the alkali
metal cation. The splitting of B and Li positions in the structure
of Li compounds actually was governed by the sum of the ideal
bond lengths of Li−O (around 1.99 Å)25 and B−O (around
1.38 Å),26 which is far from the fit of the c lattice (c/4 = 3.748
Å), whereas that of the Na compound with a Na−O bond
length of 2.39 Å is much closer (3.77 Å), which is ideal to fit the
space (3.755 Å).
Powder second-harmonic generation of the Nd:YAG laser

shows that the Li-containing compound generates very weak
green light, which means that the B3O3 groups in the tunnels
may be partially ordered and point to the same direction,
leading to a polar structure. However, due to twining of the
crystal and the quality of the diffraction data, refinements on
the polar space groups did not give improved results.
A hexagonal Ca tunnel parallel to the c axis is also a main

structure feature of fluorapatite Ca5(PO4)3F, which can host
anions like OH−, Cl−, CO3

2−, etc. When the F site is replaced
by CO3, statistical disorder and partial ordering of CO3 were
also reported.27 Other borates with fluorapatite-type structures
are Ca5(BO3)3F, Eu5(BO3)3F, RbSr4(BO3)3, and RCa4(BO3)3O
(R = Y or Gd).28−30 Recently, in the process of exploring the
BaB2O4−BaF2−BaO phase diagram a new borate fluoride salt
Ba7(BO3)4−2xF2+3x with hexagonal tunnels was discovered. It is
isomorphic to Ba4−xSr3+x(BO3)4−yF2+3y, and both of the
compounds belong to the hexagonal system. One main
difference of the title compounds from the above-listed
compounds concentrates on the tunnels formed: much bigger
octagonal tunnels (with radius of 5.89 Å) are found in the
former which can host bigger entities, whereas hexagonal
tunnels are much smaller (with radii around 5.10 Å) in all
structures of the latter compounds.
The grown LiBa12(BO3)7F4 crystal shows a purple color

(Figure 3, inset), though there is no obvious electron transition

that can cause visible light absorption. The transmittance
spectrum shows that the crystal is transparent (higher than
80%) in the infrared range, and the UV transparent cutoff edge
is 220 nm (Figure 3). One significant feature in the
transmittance spectrum is the existence of a strong absorption
band ranging from 300 to 700 nm. In order to rule out color
center absorption, we irradiated the crystal by a 355 nm laser
and annealed the crystal at high temperatures in air, in which
the purple color sustains all treatments. This evidence indicates
that the broad absorption is extrinsic and probably due to the
impurity of the crystal.
The ICP-OES tests show that besides elemental contents of

Ba:Li:B = 12:1.06:6.36 in the Li compound and Ba:Na:B =
12:1.3:7.7 in the Na analogue, which is in good accordance with
the stoichiometric ratio of LiBa12(BO3)7F4 and Na-
Ba12(BO3)7F4, 0.0033 mol of Cr per mole of LiBa12(BO3)7F4
have been detected in LiBa12(BO3)7F. The Cr element was not
found in the Na-containing sample which is colorless, and other
common transition metal elements were not detected. Since it
is well known that Cr3+-doped crystals can show colors of red
or purple (e.g., Ruby = Cr:Al2O3), it can be concluded that the
d−d electron transition of Cr3+ion ((t2

3) 4A2 → (t2
2e) 4T2,

4T1)
is responsible for the absorption bands at 420, 470, and 550 nm
(Figure 3. Inset) .31 Cr3+ is likely to substitute the Li ion.
Considering its atomic radius,25 it may perfectly sit at the
ordered (0, 0, 0) site. To maintain charge balance that would
result in two other lithium vacancies elsewhere in the structure,
but since Cr3+ is present at such low concentrations it is
unlikely to affect the crystallography. To find the source of
Cr3+, we have performed the ICP tests for the raw materials of
BaF2 and BaCO3, but Cr

3+ was not detectable. The crucible
used in the experiment was made from Pt with 99.95% or
higher purity. Therefore, we speculate that Cr3+ is from the
vaporized fluoride corrupting the heating wire and transporting
Cr back into the melt. For the Na compound in the latter
repeating experiments we also got the Na analog with a light
pink color (Figure S5, Supporting Information), which may
indicate the same problem also exists in a lesser extent,
probably due to a higher boiling point of NaF.
Li-ion-containing electrode materials usually have channels in

their structures (e.g., LiFePO4), which provide Li ion passage
ways.32 In the title compound Li lies in the tunnels and may
have large mobility along the c direction. A Cole−Cole plot of

Figure 2. Coordination of LiF4−BO3 (a) and NaF4−BO3 (b) in the
tunnels, showing all possible Li/Na/B3 configurations and all possible
oxygen sites in both compounds.

Figure 3. Transmittance spectrum of LiBa12(BO3)7F4; (insets)
absorption peaks and crystal used in the transmittance spectrum
measurement.
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the impedance of a LiBa12(BO3)7F4 single crystal along the c
axis is shown in Figure 4. At 300 °C the conductivity of

LiBa12(BO3)7F4 is 1 × 10−6 S·cm−1, and when the temperature
is elevated to above 500 °C, the conductivity is larger than 10−5

S·cm−1. The nearly linear dependence of lg(σ) vs 1000/T
(Figure 5) indicates that ion diffusion in the LiBa12(BO3)7F4

crystal follows the Arrhenius relation. The activation energy
(Ea) for Li diffusion along the c axis can be extracted as 0.54 ±
0.026 eV. Both the conductivity and the activation energy are at
the same level of the electrode material LiFePO4 when
measured in single-crystal form, e.g., in LiFePO4 the
conductivity (525 K) and the activation energy along the b
axis, which has the largest conductivity among the axes, are 4.76
× 10−6 S·cm−1 and 0.54 ± 0.048 eV.33 In addition, TG-DSC
measurements demonstrate that the LiBa12(BO3)7F4 crystal is
stable below 900 °C (Figure S2, Supporting Information). At
elevated temperature this lithium borate fluoride can be
regarded as a solid electrolyte according to the classification
suggested by Tuller and Moon34 and may find potential
applications.35

■ CONCLUSIONS
Two new borate fluoride crystals LiBa12(BO3)7F4 and
NaBa12(BO3)7F4 were obtained by spontaneous crystallization.
The two compounds are isostructural with I4/mcm space
group. Octagonal tunnels are found in the structures of the two
compounds which resemble the hexagonal tunnels in the
fluorapatite structures. MF4−BO3 (M = Li and Na) units were
found to occupy the tunnels. LiBa12(BO3)7F4 crystals with sizes
up to 20 × 30 × 30 mm3 have been grown by the TSSG
method. The purple color of the grown LiBa12(BO3)7F4 crystal
was found to originate from the tiny amount of Cr3+ impurity.
Li ions in the tunnels were found possessing high mobility with
conductivity larger than 10−5 S·cm−1 above 500 °C, and the
activation energy is 0.54 ± 0.026 eV. The LiBa12(BO3)7F4
crystal is stable up to 900 °C and could potentially find
application as a high-temperature Li-ion electrolyte.
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