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ABSTRACT: A new noncentrosymmetric polyborate, Li4Cs3B7-
O14, has been synthesized using the conventional solid state reac-
tion method. It crystallizes in the trigonal space group P3121 (No.
152) with unit cell parameters of a = 6.9313(6) Å, c = 26.799(3) Å,
and Z = 3. The new structure contains an infinite three-dimen-
sional matrix that is built from B7O14 building blocks rarely found
in anhydrous borate compounds and LiOn (n = 4, 5), CsOn (n =
9, 10) polyhedra. The optical characterization of the compound
indicates that the compound is phase matchable, and the UV
cutoff edge is below 190 nm. IR spectroscopy, thermal analysis,
and second-harmonic generation were also performed on the
reported material.

’ INTRODUCTION

Nonlinear optical (NLO) materials have long been a remark-
able focus of research projects, especially borate crystals,1-19 for their
variety of noncentrosymmetric structure types, transparency to awide
range of wavelengths, high damage threshold, and high optical
quality.11c Even though much effort has focused on the design and
controlled synthesis of new NLO materials with enhanced merits
over the last two decades, it is still a great challenge to design new
materials with a preset function by an inorganic crystal engineering
method. Research on NLOmaterials reveals that borate compounds
are superior to other commonly used NLO materials for UV
applications.8a The design and construction of new inorganic NLO
materials often utilize B-O fundamental building blocks. A variety of
B-O groups are considered to be a dominant factor in their physical
properties, in particular the optical properties of borates.1f In addition,
the alkalimetal-oxygen bond is ideal for the transmission ofUV light
because there are no electron transitions in this range.1e Among the
alkali metal borate NLO materials designed, several crystals can pro-
duceUV coherent light, such as LiB3O5 (LBO),

2a CsB3O5 (CBO),
3a

and CsLiB6O10 (CLBO),4a etc. The excellent properties of
alkali metal borates inspirit us to explore new NLOmaterials in
borate systems.20

In this study, we carried out systematic explorations on the
Li2O-Cs2O-B2O3 ternary system to expand and codify the
structural chemistry of mixed alkali-metal borates and iden-
tify novel materials. A new noncentrosymmetric polyborate,

Li4Cs3B7O14, with a UV cutoff wavelength below 190 nm was
found, and it consists of the B7O14 fundamental building block,
which is rarely found in an anhydrous borate compound.21 The
synthesis, structure, thermal behavior, spectrum, and optical
properties of the borate are described in this paper.

’EXPERIMENTAL SECTION

Reagent. All commercially available chemicals (Li2CO3, Cs2CO3,
and H3BO3) are of reagent grade and were used as received.
Crystal Growth. Small single crystals of Li4Cs3B10O17 were grown

by melting a mixture of Li2CO3, Cs2CO3, and H3BO3 with a 2:3:10
molar ratio at 800 �C in a platinum crucible that was placed into a
vertical, programmable temperature furnace. It was held at that tem-
perature for 24 h, then slowly cooled to 630 �C at a rate of 0.05 �C/min,
and finally cooled to room temperature at a rate of 10 �C/min. Colorless
block crystals were separated from the crucible for structural character-
ization with 15% yield (based on Cs). Crystals suitable for X-ray
diffraction were selected under an optical microscope. Crystal picture
of Li4Cs3B10O17 is shown in Figure 1.
Solid-State Synthesis. Polycrystalline samples of Li4Cs3B7O14

were synthesized via solid-state reactions from mixtures of Li2CO3,
Cs2CO3, and H3BO3 as the starting components in a molar ratio of
4:3:14. The sample was heated to 560 �C slowly and held at this
temperature for 48 h with several intermediate grindings and mixings.
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The purity of the sample was checked by XRD diffraction, as shown in
Figure 2. The XRD measurements on Li4Cs3B7O14 were performed at
room temperature on a Bruker D8 ADVANCE X-ray diffractometer
with graphite monochromatized Cu KR (λ = 1.5418 Å) radiation. The
diffraction patterns were taken from 10� to 70� (2θ). The measured
XRD powder pattern matches the one simulated from single-crystal
X-ray diffraction studies (Figure S1 of the Supporting Information).
Structure Determination. The crystal structure of Li4Cs3B7O14

was investigated by single-crystal X-ray diffraction on a Bruker SMART
APEX II CCD diffractometer using monochromatic Mo KR radiation
(λ = 0.71073 Å) at 293(2) K and integrated with the SAINT program.22

All calculations were performed with programs from the SHELXTL
crystallographic software package.23 The structure was solved by direct
methods using SHELXS-97.24 Final least-squares refinement is on Fo

2

with data having Fo
2 g 2σ(Fo

2). It was checked for missing symmetry
elements with PLATON.25 Crystal data and structure refinement informa-
tion are summarized in Table 1. The final refined atomic positions and
isotropic thermal parameters are given in Table 2. The main interatomic
distances and angles are listed in Table S1 of the Supporting Information.
Vibrational Spectroscopy. IR spectroscopy was carried out with

the objective of specifying and comparing the coordination of boron in
Li4Cs3B7O14. The mid-infrared spectrum was obtained at room tem-
perature via a Bio-Rad FTS-60 FTIR spectrometer. The sample was

mixed thoroughly with dried KBr (5 mg of the sample, 500 mg of KBr).
It was collected in a range from 400 to 4000 cm-1 with a resolution
of 1 cm-1.
Differential Thermal Analysis. Thermal analysis was carried out

on NETZSCH STA 449C instrument at a temperature range of 30-
900 �Cwith a heating rate of 10 �C/min in an atmosphere of flowing N2.
Elemental Analysis. Elemental analysis of Li4Cs3B7O14 single

crystal was measured by using a VISTA-PRO CCD Simultaneous ICP-
OES. The crystal samples were dissolved in nitric acid at boiling point for
1 h. Anal. Calcd for the Li4Cs3B7O14: Li, 3.82; Cs, 54.91; B, 10.42.
Found: Li, 4.05; Cs, 54.72; B, 10.47.
UV-vis-NIR Diffuse Reflectance Spectroscopy. UV-vis-NIR

diffuse reflectance of Li4Cs3B7O14 crystalline samples was collected with a

Figure 1. Photograph of Li4Cs3B7O14 crystals. (The minimum scale of
the ruler is one millimeter.).

Figure 2. Powder XRD pattern of Li4Cs3B7O14.

Table 1. Crystal Data and Structure Refinement for
Li4Cs3B7O14

empirical formula B7Cs3Li4O14

temperature 293(2)
formula weight 726.16
crystal system trigonal
space group P3121
unit cell dimensions a = 6.9313(6) Å

c = 26.799(3) Å
volume 1115.01(19) Å 3

Z 3
density (calculated) 3.244 g/cm3

absorption coefficient 7.386/mm
F(000) 972
crystal size 0.21 � 0.18 � 0.05 mm3

theta range for data collection 3.39-27.41�
index ranges -8 e h e 8, -8 e k e 8, -34 e l e 33
reflections collected/unique 8384/1310 [R(int) = 0.1731]
completeness to theta =27.41 99.9%
refinement method full-matrix least-squares on F2

data/restraints/parameters 1310/0/130
goodness-of-fit on F2 0.990
final R indices [F0

2 > 2σ(F0
2)]a R1 = 0.0403, wR2 = 0.0704

R indices (all data) a R1 = 0.0550, wR2 = 0.0735
largest diff. peak and hole 0.966 and -1.484 e Å-3

flack parameter -0.06(4)
aR1 =

P
||Fo|- |Fc||/

P
|Fo| and wR2 = [

P
w(F0

2- Fc
2)2/

P
w F0

4]1/
2 for F0

2 > 2σ(F0
2).

Table 2. Atomic Coordinates (�104) and Equivalent Iso-
tropic Displacement Parameters (Å2� 103) for Li4Cs3B7O14

a

atom x y z Ueq

Cs(1) 5321(1) 10084(1) 1089(1) 24(1)

Cs(2) 734(1) 10734(1) 0 31(1)

O(1) 10007(10) 9318(8) 1221(1) 22(1)

O(2) 3474(7) 5035(9) 774(1) 18(1)

O(3) 10000 12271(11) 1667 24(2)

O(4) -107(7) 6209(8) 789(1) 16(1)

O(5) 6681(8) 5793(10) 1243(1) 25(1)

O(6) 4235(9) 9229(9) -29(1) 18(1)

O(7) 10000 6294(10) 1667 19(2)

O(8) 6267(8) 4420(9) 421(1) 18(1)

B(1) 5357(12) 5102(13) 816(3) 13(2)

B(2) 9126(13) 6919(15) 1235(2) 17(2)

B(3) 10000 10387(16) 1667 15(2)

B(4) 8503(14) 14961(14) 401(2) 16(2)

Li(1) 11150(20) 14580(20) 1234(4) 20(3)

Li(2) 2456(18) 6045(17) 230(3) 12(2)
a UEq is defined as one-third of the trace of the orthogonalizedUij tensor.
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SolidSpec-3700DUV spectrophotometer using fluororesin as a standard in
the wavelength range from 190 to 2600 nm.
NLO Measurements. Powder second-harmonic generation

(SHG) tests were carried out on Li4Cs3B7O14 by the Kurtz-Perry
method using 1064 nm radiation.26 A detailed description of the
equipment and the methodology used has been published.17

’RESULTS AND DISCUSSION

Thermal Behavior. Figure 3 presents the DTA curve of
Li4Cs3B7O14. There are two endothermic peaks as the sample
being heated, which suggests that Li4Cs3B7O14 melts incongru-
ently. The two endothermic peaks begin at 654 and 672 �C,
respectively. In order to further verify that Li4Cs3B7O14 melts
incongruently, 0.5 g of Li4Cs3B7O14 powder was packed into a
platinum crucible, heated to 900 �C, and then rapidly cooled to
room temperature. Analysis of the powder XRD pattern of the
solidified melt revealed that the entire solid product exhibited a
diffraction pattern different from that of the initial Li4Cs3B7O14

powder (Figure S2 of the Supporting Information), further demon-
strating that Li4Cs3B7O14 is an incongruently melting compound.
Therefore, the flux method is necessary for the purpose of its crystal
growth, and it can be obtained using Cs2O-B2O3 as the flux. The
molar ratio of Li4Cs3B7O14:Cs2O:B2O3 is 1:1.5:1.5.
Crystal Structure. Crystallographic analysis revealed that

Li4Cs3B7O14 belongs to the space group P3121. Two unique
lithium atoms, two unique cesium atoms, four unique boron
atoms, and eight unique oxygen atoms are in an asymmetric unit
(Table 2). The structure of Li4Cs3B7O14 features a complicated
three-dimensional (3-D) network composed of isolated B7O14 units
interconnected by LiOn (n = 4, 5), CsOn (n = 9, 10) distorted poly-
hedra (Figure 4 and Figure S3 of the Supporting Information). A
notable feature in Li4Cs3B7O14 is the B7O14 heptaborate group,
consisting of three six-membered rings in which five trigonal BO3

units and two tetrahedral BO4 units are linked by vertical oxygen
atoms (Figure 4). The dihedral angles between two neighboring
B3O6 rings in the B7O14 cluster are 72.6� and 107.4�, respectively.
According to the classification of polyborate anions proposed by
Christ and Clark,10 the fundamental building blocks shorthand
notation for B7O14 in Li4Cs3B7O14 is 7:[5Δ þ 2T]. Such a poly-
borate anion with seven boron atoms has only been found in
KBa7Mg2B14O28F5

21 previously in anhydrous borates. The trian-
gularly coordinated boron atoms have B-O distances in the range
1.288(9)-1.428(9) Å [av = 1.371 Å], and the tetrahedral B atoms
have longer B-O distances in the range of 1.458(9)-1.488(8) Å

[av = 1.471Å]. These values are comparable to those in other borate
compounds reported previously.17

Each B7O14 group is connected to 14 different CsOn (n = 9,
10) polyhedra, in which there are eight Cs(1)O9 and six Cs-
(2)O10 polyhedra. The average distances of Cs-O is 3.3482 Å
with ranges of 2.939(4)-3.604(6) Å [av = 3.3068 Å] of Cs(1)
and 3.085(5)-3.581(4) Å [av = 3.3896 Å] of Cs(2). Cs(1)O9

and Cs(2)O10 polyhedra are interconnected by shared oxygen
atoms to form the 3-D framework (Figure S4 of the Supporting
Information). Li(1) and Li(2) atoms are located between the B7O14

and CsOn (n = 9, 10) groups to hold the groups through coordina-
tion with oxygen atoms (Figure 4). Each Li(1) atom is coordinated
to four O atoms forming a distorted tetrahedron arrangement with
Li-O bond distances ranging from 1.808(13) to 2.108(12) Å [av =
1.981 Å]. Each Li(2) atom is surrounded by five O atoms forming a
trigonal bipyramid with bond distances ranging from 1.899(11) to
2.369(11) Å [av = 2.099 Å]. Li(1)O5 and Li(2)O4 polyhedra are
interconnected via sharing edges into a 3-D framework (Figure S5 of
the Supporting Information).
The bond valence sums of each atom in Li4Cs3B7O14 were

calculated27,28 and are listed in Table S2 of Supporting Information.
These valence sums agree with expected oxidation states.
IR Spectroscopy. The spectrum exhibited the following absorp-

tions, which were assigned referring to the literature (Figure S6 of
the Supporting Information).29-31 The main infrared absorption
region between about 1460-1300 cm-1 reveals several absorption
bands due to the asymmetric stretching of trigonal BO3 (1458 and
1421 cm-1) groups. The bands at 1129 and 1165 cm-1 are the in-
plane bending of B-O in BO3. The band at 934 cm-1 is the
symmetric stretching of B-O in BO3. The bands at 766, 728, 679,
and 635 cm-1 are the out-of-plane bending of B-O in BO3. The
wave numbers of fundamental vibrations of the BO4 group are
grouped into three distinct regions, i.e., 1150-1000, 890-740, and
590-510 cm-1, assigned as the asymmetric stretching (1090 cm-1),
symmetric stretching (828 cm-1), and the bending modes
(579 cm-1), respectively. Li4Cs3B7O14 is moisture sensitive,32

which is shown from the band at 3428 cm-1.
UV-vis-NIR Diffuse Reflectance Spectroscopy. UV-vis-NIR

diffuse reflectance spectrum of Li4Cs3B7O14 crystalline sample is
shown in Figure 5. It has a cutoff edge below 190 nm, indicating that
the crystal may have potential use in UV NLO applications.
NLO Measurements. On the basis of the noncentrosym-

metric crystal structure of Li4Cs3B7O14, it is expected to possess

Figure 3. DTA curve of Li4Cs3B7O14.
Figure 4. View of the structure of Li4Cs3B7O14 and cations coordinate
environments.
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NLO properties. According to the anionic group theory of NLO
activity in borates,33 the BO3 trigonal planes are responsible for
the large SHG effects, and the BO4 groups contribute less. Also,
the different orientations of the structure limit their total NLO
contribution. The angles between two neighboring B3O6 rings in
B7O14 are 72.6� and 107.4�, respectively, which indicate that each
two hexagonal rings are almost perpendicular to each other in this
unit. The arrangement of the fundamental building blocks is in an
unfavorable manner so that the SHG coefficients are almost can-
celed. Then, the resulting SHG effects are very limited.34 Conse-
quently, the overall SHG efficiency of Li4Cs3B7O14 is merely about
1/2 KDP. The SHG measurements on the sieved Li4Cs3B7O14

sample indicate that it is phase matchable (Figure 6).

’CONCLUSION

With the combination of the alkali metal cation, which can
form the alkali metal-oxygen bond with no electron transitions
in UV range, and the heptaborate building block, a new UVNLO
material, Li4Cs3B7O14, has been prepared. It was obtained by spon-
taneous crystallization with flux on the basis of the Cs2O-B2O3

solvent. The three-dimensional network consists of isolated hepta-
borate units B7O14 linked by LiOn (n = 4, 5) and CsOn (n = 9, 10)
distorted polyhedra. The UV-vis-NIR diffuse reflectance spectros-
copy on powder samples indicates that it has a wide transparent
region with the short-wavelength absorption edge below 190 nm.
The feature of a short UV cutoff edge is favorable in practical appli-
cations. Future efforts will be devoted to the growth of large crystals

and related physical property studies for this compound. Other
similar systems leading to new NLO materials are also on the way.
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