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’ INTRODUCTION

Nonlinear optical (NLO) materials1�12 have played an im-
portant role in laser science and technology, and the search for
new NLO materials, particularly for deep-UV and far-IR applica-
tions, has attracted considerable attention. One important pre-
requisite for amaterial showingNLOproperties is that the crystal
must be noncentrosymmetric (NCS). Currently, β-BaB2O4

(BBO)1a and LiB3O5 (LBO)1b are the two most widely used
NLO crystals. The (B3O6)

3� and (B3O7)
5� groups are consid-

ered to be the dominant feature of these NCS structures,
respectively. The perovskite structure is also a good candidate
for a NCS structure type because it is susceptible to distortions
that lead to large second harmonic generation (SHG), for
example, in BaTiO3. It is well-known that the distorted TiO6

octahedron is the major NLO-active unit in BaTiO3.
3c It is also

well-known that the introduction of halogen and alkali metal
atoms can widen the transparency of borates in the UV,13,14 such
as in KBe2BO3F2 (KBBF).1c Thus the incorporation of the
alkali cations and halide anions into the borate system may lead
to the formation of unique structures. Guided by this idea, we
successfully obtained K3B6O10Cl (KBOC), which possesses a

perovskite-related structure and has a large SHG response and
wide transparency. Herein, we report its synthesis, structure,
thermal behavior, UV�vis�IR spectrum, and NLO properties.

’EXPERIMENTAL SECTION

Synthesis. Polycrystalline samples of KBOC were prepared via
solid-state reaction techniques. Initially, K2CO3 (Tianjin Baishi Chemi-
cal Reagent Co., Ltd., 99.8%), KCl (Beijing Chemical Co., Ltd., 99.5%),
and H3BO3 (Beijing Chemical Industry Co., Ltd., 99.5%) were taken in
stoichiometric proportions, mixed thoroughly, and preheated in a
platinum crucible at 500 �C for 10 h to decompose the carbonate and
eliminate the water; the products were cooled to room temperature and
ground again. The mixture was then calcined at 720 �C for two days with
several intermediate grindings until a single-phase powder was obtained.
The powder X-ray diffraction pattern of the bulk polycrystalline phase is
in good agreement with the calculated pattern derived from the single-
crystal data and is shown in Figure S1 in the Supporting Information.
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During the revision of this manuscript, we became aware of a brief
structure report of the bromide analogue of KBOC.15

Crystal Growth. Single crystals of KBOC were grown from a high-
temperature solution by using KF�PbO as the flux system. The solution
was prepared in a platinum crucible by melting a mixture of KF (Tianjin
Guangfu Chemical Reagent Co., Ltd., 99.0%), KCl, PbO (Tianjin Baishi
Chemical Reagent Co., Ltd., 99.0%), and H3BO3 at a molar ratio of
2:1:2:6. The Pt crucible, which was placed in the center of a vertical
programmable temperature furnace, was heated to 650 �C at which time
the solution became transparent and clear, held at this temperature for
15 h, and then quickly cooled to the initial crystallization temperature.
Then, a platinum wire was promptly dipped into the solution. The
temperature was further decreased to 490 �C at a rate of 0.5 �C/h, then
the platinum wire was pulled out of the solution and allowed to cool to
room temperature. Colorless, transparent crystals had crystallized on the
platinum wire. A photograph of one crystal is shown in Figure S2 in the
Supporting Information; its crystal dimension is 9� 4� 2mm3, and the
obtained average crystal dimension is 4 � 3 � 1 mm3.
X-ray Crystallographic Studies. The crystal structure of KBOC

was determined by single-crystal X-ray diffraction on the Rigaku R-axis
Spider diffractometer using monochromatic Mo KR radiation (λ =
0.71073 Å) at 293(2) K and intergrated with the SAINT program.16 A
colorless and transparent crystal with dimensions of 0.23� 0.20� 0.18
mm3 was chosen for the structure determination. The structure was
solved with SHELXS-9717 by direct methods. All atom positions were
refined using full matrix least-squares techniques with anisotropic
thermal parameters; final least-squares refinement is on Fo

2 with data
having Fo

2 > 2σ(Fo
2). The final difference Fourier synthesis map showed

the maximum and minimum peaks at 0.177 and �0.188 e 3Å
�3,

respectively. The structure was checked with PLATON.18 Crystal data
and structure refinement information are given in Table 1. The final

refined atomic positions and isotropic thermal parameters are summar-
ized in Table S1 in the Supporting Information. Selected bond dis-
tances (Å) and angles (deg) are listed in Table S2 in the Supporting
Information.
Infrared Spectroscopy. An infrared spectrum was recorded on

Shimadzu IRAffinity-1 Fourier transform infrared spectrometer in the
400�4000 cm�1 range. The sample was mixed thoroughly with dried
KBr (6 mg of the sample, 500 mg of KBr).
TG/DSC Analysis. The melting behavior of KBOC was carried out

on NETZSCH STA 449C simultaneous analyzer instrument. The
sample and reference (Al2O3) were enclosed in Pt crucibles, heated
from 25 to 1000 �C at a heating rate of 10 �C 3min�1 under flowing
nitrogen gas.
UV�Vis�IR Transmittance Spectroscopy. The UV�vis�IR

transmittance spectrum of the KBOC crystal was collected from 165 to
2600 nm in an atmosphere of flowing N2 using a Shimadzu SolidSpec-
3700DUV spectrophotometer. The plate sample used was 2.08 mm
thick and polished on both sides.
Second-Order NLO Measurements. The NCS structure of

KBOC prompted us tomeasure its SHG properties. The test was perfor-
med on the microcrystalline samples of the KBOC by the Kurtz�Perry
method.19 Because the SHG efficiency has been shown to depend on
particle size,20 polycrystalline KBOCwas ground and sieved into distinct
particle size ranges, <20, 20�38, 38�55, 55�88, 88�105, 105�150,
and 150�200 μm. Fundamental 1064 nm light was generated with a
Q-switched Nd:YAG solid-state laser. The intensity of the frequency-
doubled output emitted from the sample was measured using a photo-
multiplier tube. Microcrystallines KDP served as the standard and was
sieved into the same particle size ranges.
Density Functional Calculations. We performed density func-

tional calculations using the Vienna ab initio Simulation package
(VASP)21 within the local density approximation (LDA)22 on the
experimentally refined structure. The core and valence electrons were
treated with the projector augmented wave method23 with the following
valence configurations: 3s23p64s1 (K), 3s23p5 (Cl), 2s22p1 (B), and
2s22p4 (O). The Brillouin-zone (BZ) integrations were performed with
a Gaussian smearing of 0.02 eV over a 7� 7� 7 Monkhorst�Pack24 k-
point mesh centered at Γ and a 550 eV plane-wave energy cutoff. The
electronic contribution to the polarization is calculated following the
standard Berry-phase formalism.25

’RESULTS AND DISCUSSION

Crystal Structure. KBOC crystallizes in the noncentrosym-
metric polar rhombohedral space group R3m. The structure
exhibits an intricate three-dimensional network composed of
[B6O10] units and [ClK6] octahedra (Figure 1) and can also be
described as two networks (a [B6O10]¥ and a ReO3-type ClK6

net) that are interweaved. The hexaborate [B6O10] unit consists
of three BO4 tetrahedra (T) shared by the oxygen vertex and
three BO3 triangles (Δ) attached to the terminal vertices of these
tetrahedra, which can be represented as 6[3Δþ 3T] according to
the definition given by Burns et al.26 The hexaborate units are
joined together through their vertices into a new type of
[B6O10]¥ framework. The individual [ClK6] Cl-centered octa-
hedra are linked together through vertices to create a distorted
perovskite framework. By analogy with the mineral perovskite
CaTiO3, the positions of large calcium cations are occupied by
the [B6O10] groups, the positions of titanium atoms are similar to
those of chlorine atoms, and the positions of oxygen atoms
are similar to the positions of potassium atoms. Hence, their
formulas can be represented as CaTiO3 and [B6O10]ClK3,
respectively (Figure 2).

Table 1. Crystal Data and Structure Refinement for KBOC

empirical formula K3B6O10Cl

formula weight 377.61

crystal system rhombohedral

space group, Z R3m, 3

unit cell dimensions a = 10.0624(14) Å

b = 10.0624(14) Å

c = 8.8361(18) Å

volume 774.8(2) Å3

density (calculated) 2.428 Mg/m3

absorption coefficient 1.623/mm

F(000) 552

theta range for data collection 3.28� to 27.48�
limiting indices �12 e h e 13, �13 e k e 12,

�11 e l e 11

reflections collected/unique 2606/474 [R(int) = 0.0274]

completeness to theta = 27.48 100.0%

refinement method full matrix least-squares on F2

data/restraints/parameters 474/1/41

goodness-of-fit on F2 1.188

final R indices [Fo
2 > 2σ(Fo

2)]a R1 = 0.0138, wR2 = 0.0320

R indices (all data)a R1 = 0.0143, wR2 = 0.0323

absolute structure parameter �0.03(4)

extinction coefficient 0.066(2)

largest diff. peak and hole 0.177 and �0.188 e 3Å
�3

a R1 = ∑||Fo| � |Fc||/∑|Fo| and wR2 = [∑w(Fo
2 � Fc

2)2/∑wFo
4]1/2 for

Fo
2 > 2σ(Fo

2) and w�1 = σ2(Fo
2) þ (0.0129P)2 þ 0.1902P where P =

(Fo
2 þ 2Fc

2)/3.
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The K cations are bonded to six oxygen atoms and two
chlorine atoms (see Figure S3 in the Supporting Information).
The K�O bond lengths range from 2.762 to 2.839 Å, an average
distance of 2.794 Å. The two K�Cl bond distances lie in a very
narrow interval, 3.3101�3.2660 Å. The boron atoms possess two
coordination environments, either BO3 triangles or BO4 tetra-
hedra. The B�O distances (1.362�1.373 Å) in BO3 triangles
have an average bond distance of 1.366 Å, which compares with
the corresponding B�O bond distances found generally in
fluoroborates.27,28 O�B�O bond angles are within 2� of the
3-fold symmetrical 120� angle. The BO4 group exhibits the
widest variation of B�O distances (1.448�1.525 Å) and an
average bond distance of 1.474 Å, and O�B�O bond angles
ranging from 107.02� to 110.94�. These values are in agreement
with other borate compounds reported previously.29

Infrared Spectrum. As indicated in Figure S4 in the Support-
ing Information, the peaks at 1316 and 1176 cm�1 can be
attributed to asymmetric stretching and symmetric stretching
vibrations of BO3 groups, respectively. The 1006, 877, and
825 cm�1 bands are likely the asymmetric and symmetric
stretching of B�O in BO4, respectively. The deformation vibra-
tion at 686, 634, and 597 cm�1 can be assigned as the bending of
BO3 groups and 491 cm

�1 to the bendingmode of BO4 groups.
30

TG/DSC Analysis. As shown in Figure S5 in the Supporting
Information, there is one endothermic peak on the DSC curve,
along with weight loss on the TGA curve upon melting suggest-
ing that KBOC melts incongruently.
UV�Vis�IR Transmittance Spectroscopy. The transmit-

tance spectrum of KBOC from 165 to 2600 nm is shown in
Figure 3. Clearly, from 265 to 2400 nm, the transmittance rate is

above 85%, and the transmission rate sharply decreases below
265 nm. There is a peak at 206 nm, which may be from an
impurity.31 The X-ray diffraction analysis of ground KBOC
crystal powder indicates that the impurity may come from KCl.
The UV cutoff edge is about 180 nm. Hence KBOC can be used
in the deep UV region as a NLO material.
Nonlinear Optical Properties. SHG measurements on the

powder samples indicate that KBOC exhibits an SHG efficiency
of about 4 times that of KDP, and is phase-matchable as shown in
Figure 4. Based on the structural analysis, the polar structural
component along the c axis is most pronounced in the bor-
on�oxygen framework (Figure 5). Moreover, it should be noted
that the upper and lower triangular faces of the octahedra in the
Cl-centered octahedral framework (Figure 6) are asymmetric
along the c axis with significantly different K�Cl bond lengths at
3.310 and 3.266 Å (Δl≈ 0.04�0.05 Å). Thus, the large response
of KBOC is attributed to the cooperative effects of the BO3 and
BO4 groups and the large degree of polarization of the distorted
ClK6 octahedra. However, the distortions in the ClK6 octahedra
are not the result of second-order Jahn�Teller effects. Further-
more, our dipole calculations based on the point-charge model
for the [B6O10] and ClK6 groups (Figures S6a and S6b in the

Figure 1. The 3D framework of KBOC with K�O bonds omitted for
clarity.

Figure 2. (a) The perovskite structure of CaTiO3. (b) The perovskite-
related structure of KBOC.

Figure 3. UV�vis�IR transmittance spectrum of KBOC crystal. Inset
gives the transmittance versus λ curve between 165 and 300 nm.

Figure 4. Phase-matching, that is, particle size vs SHG intensity, data for
KBOC. The solid curve drawn is to guide the eye and is not a fit to
the data.
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Supporting Information, respectively) yield 1.635 and 11.330 D,
respectively, indicating that distinct acentric distortions exist in
both groups. Consistent with these model calculations, our first-
principles density functional calculations within the LDA indi-
cate that the total polarization of KBOC is 25.50 μC/cm2 along
the c-axis. So we conclude that the large SHG response arises
from the distortions of [B6O10] groups and ClK6 groups.

’CONCLUSION

The synthesis, structure, and characterization of a new NCS
hexaborate, KBOC, are reported. The structure features a three-
dimensional network consisting of Cl-centered [ClK6] distorted
octahedra and hexaborate [B6O10] units. It possesses a UV cut
off edge at about 180 nm and is phase-matchable. The
perovskite-related structure leads to a large SHG response, about
4 times that of KDP. The density functional calculations within
the LDA indicate that the large SHG response comes from not
only the [B6O10] groups but also the large degree of polarization
of the ClK6 octahedra. The short UV cut off edge, large SHG
response, and wide transparency are favorable for practical
applications. Our future research efforts will explore similar
systems to find other new NLO materials based on perovskite
topologies.
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