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ABSTRACT: By incorporation of the largest-electro-
negativity F atoms into borate, two novel halogen-
containing borates, Li6RbB2O6F and K3B3O3F6, have
been synthesized. Interestingly, Li6RbB2O6F is the first
borate fluoride in alkali-metal borate. Meanwhile,
K3B3O3F6 appears to be the first confirmed alkali-metal
fluoroborate crystal grown by a high-temperature solution
in air.

The research about the relationship of structure−property
plays an important role in the design of functional

compounds. As is known to all, the property is governed by
the crystal structure of the compound;1,2 thus, the design and
synthesis of new compounds with presupposed structures is
challenging for material scientists and chemists. During the past
years, many strategies and methods have been put forward to
guide the synthesis of the new compounds. For example,
Poeppelmeier et al. have successfully used oxyfluoride groups to
create new polar materials.3 Halasyamani et al. have focused on
synthesizing new oxide materials that contain cations susceptible
to second-order Jahn−Teller distortions,4 that is, octahedrally
coordinated d0 transition metals (Ti4+, Nb5+, W6+, etc.) and
cations with a stereoactive lone pair (Pb2+, Bi3+, Se4+, Te4+, I5+,
etc.).5 Yang’s group has made great progress in the systems
containing organic and transition-metal complex-templated
aluminoborates or organically templated borogermanates.6

Mao et al. have successfully reported a new series of
borogermanates by high-temperature solid-state reactions.7

Recently, our and other groups have been aware that
introducing halogen into borate is a fruitful method for exploring
the functional materials.8−11 For example, using standard
Schlenk techniques in a purified argon atmosphere,9 several
lithium fluorooxoborates have been efficiently synthesized,
which endows the window for potential applications in batteries
and fuel cells. For nonlinear-optical (NLO) material, a series of
halogen-containing beryllium borates ABe2BO3F2 (A = K, Rb,
Cs),9a and MM′Be2B2O6F (M = Na, M′ = Ca; M = K, M′ = Ca,
Sr)9b were synthesized through molecular engineering design.
Among them, KBe2BO3F2 (KBBF) is the only practically usable
deep-UV NLO material; the excellent property can be attributed
to its special structure with a [Be2BO3F2]∞ layer structure, which
results in broad transparency and large birefringence. Also, other
halogen-containing borates including K3B6O10Cl,

10a

Ba4B11O20F,
10b M3B6O11F2 (M = Ba, Sr, Pb),11 and

Li3Ca9(BO3)7·2LiF,
12 etc., in succession have also been reported

in our group, and some of them are promising UV NLO crystals.
However, on the basis of different connection modes between

B and X (X = F, Cl, Br) atoms, the halogen-containing borate can
be classified as two types: (1) borate halide, halide, or halogenide
is a double salt, where one (or more) halogen atom is directly
coordinated to the metal atom, such as KBBF, etc.; (2)
halidoborate, halide, or halogenide is an anionic species, where
one (or more) halogen atom is directly coordinated to the B
atom, such as ABF4 (A = Na, K). In this study, we are still
interested in the halogen-containing borates. We try to introduce
the largest-electronegativity F anion into borates. It is reported
that the incorporation of an F anion can efficiently widen the
transparent window of materials, making them more suitable for
UV applications. Also, Albrecht-Schmitt et al.13 state that,
compared to the BO4 tetrahedra, the partial substitution of O
atoms by F atoms will further reduce the symmetry; thus, a
noncentrosymmetric structure could yield a larger NLO
response based on polarization of the B−F bond. Compared to
oxygen anions, the F anions are more likely to be terminal instead
of bridging, which favors functionalization of the structure of
sheets and frameworks. Guided by these ideas, two halogen-
containing borates, Li6RbB2O6F and K3B3O3F6, have been
synthesized by a high-temperature solution method under
ambient pressure. According to the definition described above,
Li6RbB2O6F should be the borate fluoride, in which all of the F
atoms connect with the cations rather than the B atoms, while
K3B3O3F6 should be the fluoroborate, in which the interesting
B−F bonds are observed. In the structure of Li6RbB2O6F, the
[Li3B3O6]∞ layer similar to the [Be3B3O6]∞ layers in Sr2Be2B2O7
(SBBO)2a and the [RbF]∞ layers similar to graphene are
observed, and according to the conception of salt-inclusion
compound reported by Hwu et al.,14 Li6RbB2O6F can also be
regarded as a salt-inclusion compound. In addition, it is worth
noting that all of the reported borate fluorides seem to focus on
the alkaline-earth borate, while as far as we know, there are no
reports about borate fluorides that only contain alkaline-metal
cations. Therefore, Li6RbB2O6F seems to represent the first
example of alkali-metal borate fluoride. For K3B3O3F6, although
Andriiko et al. reported the formation of K3B3O3F6 and depicted
an orthorhombic crystal system.15a Subsequently, Jansen et al.
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also referred to the molecular formula K3B3O3F6.
15c However,

the crystal structure of K3B3O3F6 still could not be obtained until
now. In our current research, we synthesized K3B3O3F6 with a
traditional solid-state reaction technique and grew a small size
single crystal of K3B3O3F6 using a high-temperature solution
method under ambient pressure for the first time. A high-
temperature solution method was used to grow the fluoroborate,
which is really difficult in open air, because the B−F bonds tend
to be oxidized. However, our current research shows that
K3B3O3F6 can be stable in open air and the crystal can be grown
by the high-temperature solution method. Therefore, we believe
that our current research will guide the syntheses and growth of
other new alkine-metal borate fluorides and fluoroborates using
the high-temperature solution method under ambient pressure.
Li6RbB2O6F crystallizes in the orthorhombic space group

Pnma. In the structure, the B atom has only one coordinated
environment to form the planar BO3 triangle. The Li atoms with
three unique positions are all in a four-coordinated environment.
The Li(1) atoms are coordinated by three O atoms and one F
atom to form Li(1)O3F tetrahedra, while the Li(2) and Li(3)
atoms are both connected with four O atoms to form LiO4
tetrahedra. The planar BO3 triangles connect with the Li(1)
atoms to form alveolate [Li3B3O6]∞ layers (Figure 1a). The

alveolate layers are linked up via F atoms to give double layers
with tunnels running along the a axis, where the Rb atoms reside
(Figure 1b). The LiO4 tetrahedra assist in coupling the double
layers together to generate the three-dimensional (3D) network.
Interestingly, the structure of Li6RbB2O6F is similar to that of

SBBO.2a The [Li3B3O6]∞ layers of Li6RbB2O6F can be treated as
the [Be3B3O6]∞ layers in SBBO, in which the BeO4 tetrahedra
are replaced by the LiO3F tetrahedra. The adjacent [Be3B3O6]∞
layers are bridged via O atoms, forming double layers, with the
tunnel running along the b axis, where the Sr(1) atoms reside
(Figure 1d). The Sr(2)O8 polyhedra assist in coupling the double
layers together by sharing O atoms to generate a 3D network
(Figure 1d,e). In addition, the BO3 triangles in the [Li3B3O6]∞
layers have an arrangement similar to that of SBBO; all BO3
triangles nearly adopt a coplanar configuration, which can favor
the promotion of birefringence. The calculation result suggests
that the birefringence of Li6RbB2O6F is about 0.06 in the visible
region (Figure S1 in the SI). The other structure characters are
the graphene-like [RbF]∞ layers (Figure S2 in the SI), which
have also been observed in beryllium borates or other borates,
just giving a few examples, beryllium borates including
KBe2BO3F,

16a Na2CsBe6B5O15,
16b MBe2B3O7 (M = Rb, K),16c

etc., other borates including M2Cd3B16O28 (M = Rb, Cs),17a and
Na11B21O36X2 (X = Cl, Br)17b reported by our group. The
difference is that the [RbF]∞ layers in Li6RbB2O6F are
electrically neutral, which is little observed in borate. However,
the weak bond strength between the Rb and F atoms may lead to
the instability of Li6RbB2O6F compound. Thus, during the
synthesis of a pure phase of Li6RbB2O6F, which cannot be
obtained, the phase of Li6B2O6 stably exists, and there are also
some unknown phases (Figure S3 in the SI).
K3B3O3F6 crystallizes in the monoclinic space group P21/n. In

the structure, the fundamental building block B3O3F6 consists of
three tetrahedrally coordinated B atoms, which coordinate by
two O atoms and two F atoms to form BO2F2 tetrahedra and
then are further shared by the K atoms to form a 3D network
(Figure 2). The K(1) and K(2) atoms are coordinated by ten

atoms to form KO2F8 polyhedra while K(3) atoms are
coordinated by three O atoms and six F atoms. The pure
phase of K3B3O3F6 has been characterized by the powder X-ray
diffraction (XRD). The result is that the experimental XRD
pattern is in agreement with the calculated one based on the
single-crystal crystallographic data of K3B3O3F6 (Figure S4 in the
SI). The B atom surrounded by three or four O atoms is a
common feature in borates, while the B atom surrounded by the
F atom is rarely seen. There are only a few oxygen-containing
compounds including the B−F bond (e.g., Li2C2O4BF2,

18a

C2H10N2(BPO4F2),
18b Li2B6O9F2,

8a LiB6O9F,
8b Li2B3O4F3,

8c

Na3B3O3F6,
15b,c and BiB2O4F

19). They are all synthesized
under hydrothermal conditions or in a purified argon
atmosphere using a standard Schlenk technique.15b Only
BaBOF3 including the B−F bond has been synthesized by the
high-temperature solution, but in the structure, the bond
distance information turns out to be very suspicious.20 Thus,
K3B3O3F6 appear to be the first alkali-metal fluoroborate crystal
grown by the high-temperature solution method in air. These
indicate that the open high-temperature solution method may
also be a feasible method to grow the fluoroborate.
In the IR spectrum of K3B3O3F6 (Figure S5 in the SI), the

strong absorption peak at 1386 cm−1 is ascribed for the ring
stretching vibrations.21a The peaks at 1201, 1076, and 921 cm−1

are attributed to the characteristic stretching vibrations,
manifesting the hexafluorotriborate ring.21b The peak at 783
cm−1 discloses the B−F stretching vibration of the BO2F2
groups.21c The peak at 561 cm−1 is interpreted for the ring
deformation vibration. The IR spectrum further confirms the
existence of the B3O3F6 rings, consistent with the results
obtained from the single-crystal X-ray structural analyses. To
gain insight into the nature of the chemical bonding of K3B3O3F6,
the band structures and densities of states (DOS) were calculated
based on density functional theory.22 It is worth noting that, from
the deformation charge-density map (Figure S6 in the SI), strong

Figure 1. (a) [Li3B3O6]∞ layer in Li6RbB2O6F. (b) 3D framework of
Li6RbB2O6F with Li (Rb)−O and Rb−F bonds omitted for clarity
viewed along the a axis. (c) Arrangement of the BO3 groups in
Li6RbB2O6F. (d) [Be3B3O6]∞ layers in SBBO. (e) 3D framework of
SBBO with Sr−O bonds omitted for clarity viewed along the b axis. (c)
Arrangement of the BO3 groups in SBBO.

Figure 2. Structure of K3B3O3F6 with K−O(F) bonds omitted for clarity
viewed along the b axis.
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covalent B−F(O) bonds have been found. In addition, K3B3O3F6
is a direct energy gap with a band gap of 5.96 eV, which is similar
to the experimental one of 6.1 eV derived from the UV−vis−IR
diffuse-reflection spectrum (Figures S7 and S8 in the SI). The
fundamental optical transition is believed to originate from the
filled O 2p and F 2p states in the valence band to the empty K 3s
and 3p states and small amounts of B 2p states in the conduction
band based on the total and partial DOS. The thermal behavior
suggests that K3B3O3F6 melts at 432 °C, along with the
volatilization (Figure S9 in the SI).

■ CONCLUSIONS
Two novel halogen-containing borates have been prepared by a
high-temperature solution method. Li6RbB2O6F appears to be
the first borate fluoride in alkali-metal borates. Also, the favorable
structure features of SBBO are maintained in the structure of
Li6RbB2O6F; namely, the nearly planar [Li3B3O6]∞ layers with
all BO3 groups retain a coplanar configuration for producing
large birefringence. However, in the structure of K3B3O3F6, the
unique linkage mode of the B atoms directly connecting the F
atoms has been observed. K3B3O3F6 appears to be the first
fluoroborate synthesized by an open high-temperature solution
method. That provides the new synthesis strategy to obtain the
fluoroborate under ambient pressure.
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