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Abstract: Single crystals of LisCuB4O10 have been synthesized, and its crystal structure has been
determined. LisCuB4O1 crystallizes in the non-centrosymmetric triclinic space group P1 (No. 1). The structure
consists of isolated [CuB4O10]®" polyanions that are bridged by six LiO,4 tetrahedra. LisCuB4Oyo is a
congruently melting compound. It produces SHG intensity similar to that produced by KH,PO, and is phase-
matchable.

Introduction difficult to grow large single crystals that are necessary for

A non-centrosymmetric structure is a prerequisite for crystals Industrial applications. _
to exhibit efficient second-order nonlinear optical (NLO) effects ~AS mentioned, borates are excellent NLO materials because
that enable the manufacture of second-harmonic generating,Planar ionic groups withr-conjugated systems such as 80
electro-optical, and photorefractive devided.A number of trigonal planes are responsible for the large SHG coefficients
non-centrosymmetric compounds such A8aB0, (BBO) of these material® However, there are few non-centrosym-
LiB 505 (LBO), and KTiOPQ (KTP) are useful NLO materials metric structures that contain only B@nits and even fewer
for efficient second harmonic generation (SHG) of Nd:YAG that melt congruently: Because the ternary {0—CuO-B20;
lasers-11 However, full use of these materials can be limited SyStém has been unexplored largélyjew phases can provide
by optical imperfections (KTP), the incongruent nature of interesting stoichiometries, structures, and properties. An ex-
melting (LBO), or phase transitions (BBO). Therefore, much t€nsive search for new borate phases in th©HCUO-B20;
attention has been directed toward other non-centrosymmetricSyStem has led to kCuB;Os0, a new congruently melting NLO
compounds as potential NLO materials during the past two Material. In this paper, we report the synthesis, X-ray crystal
decades and crystalline borates in particiat? Because most ~ Structure, thermal analysis, and nonlinear optical properties of
_ _ : t S : o
borate materials are incongruently melting compounds, it is LisCUBsOio, containing isolated pseudosymmetric [G@]

units.
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Table 1. Crystal Data and Structure Refinement for LisCuB4O1o

Table 2. Atomic Coordinates (x 10%) and Equivalent Isotropic

Displacement Parameters (A2 x 103) for LisCuB4O10®

empirical formula L§CuB4O10
temp 153(2) K Wyckoff
fw 30842 atom position X y z Ueq
g;yjct eséfgup PTC“”'C Li(1) 1a 4630(30)  6382(17) 2626(16)  10(2)
unit cell dimensions a=4.8131(6) Ao = 83.369(2) L!(Z) 1a 5400(30) 1516(19) 2228(16) 10(2)
b= 6.4288(8) A — 71.623(2) Li(3) la —1470(40) 3350(30)  4420(30)  44(5)
c= 70223 9) Ay = 73.36 4(2) Li(4) la 9630(40) —1290(30) 3220(30) 40(4)
volume 197 éO( Y] ' Li(5) la —2550(50) 8670(30)  9520(40)  50(5)
Z i Li(6) la 8830(50)  —440(40)  6640(30)  56(5)
density (calcd) 2,593 g/chn Cu(1) la 7553(6) 3216(5) 8425(4)  25(1)
absorption coefficient 2.808/mm B(1) la 1200(30) 5370(20) 700(20) 7(3)
F(000) 147 B(2) la 2700(30) 6100(30)  6860(30)  15(3)
cryst size 0.0 0.06x 0.14 mr B(3) la 3750(40) 1030(30)  6220(30)  17(3)
" B(4) la 2100(30) 350(30) 9990(20)  11(3)
6 range for data collection 3.6828.70
. 0O(1) la 1090(20) 2048(17)  6037(14) 14(2)
index ranges _ —6=<h=<6,-8<k=<8,-9=<1=<9 o) Ia 9180(20) 1050(20) 121(16) 22(2)
reflns collected/unique 1851/159R(Jnt) = 0.0145]
— 0O(3) la 4212(19) 4385(17) 740(14)  12(2)
completeness t6 = 25.00 99.7%
) ) O(4) la 5770(30) 5070(20)  6504(16)  38(3)
refinement method full-matrix least-squaresFén
data/restraints/params 1592/3/191 0(5) la 781(18) 6033(14) 8779(12) 8(2)
GOF onf2 1.084 0o(6) 1a —1220(30) 5840(30)  2275(18)  34(3)
final Rindices Fo?>20(F)]®  R1=0.0546, wR2= 0.1369 o(7) Ia 1690(20)  7060(18)  5337(15)  11(2)
o _ 0O(8) la 3360(20) —561(18)  1472(15) 18(2)
min.and max. ansmission | 076635, 094683 0 ] M0Q0) 30716 805413 122)
: . 294 an®.96 0O(10) la 6270(20) 500(30) 4577(18)  31(4)

largest diff. peak and hole

a H 1 _ H "
aR1= ¥||Fo| — |Fell/S|Fo| and wR2= [SW(Fe?2 — FA)% SWFe V2 for Ueqis defined as one-third of the trace of the orthogonaliggdensor.

F02 > ZG(FOZ).

beamed monochromator set for Ca.4 = 1.5418 A) radiation. The Vibr_atio_nal Spectrqsc_opy. IR spectro_scopy was ca_rrie_d out with
experimental powder X-ray diffraction pattern ofsCLBOso is in the objective of specifying and comparing the coordination of boron

agreement with the calculated data on the basis of the single-crystal!? LieCuB:Ow. The mid-infrared spectrum was obtained at room
data, suggesting that it is pure phase (Figures S1 and S2 in thet€mperature via a Bio-Rad FTS-60 FTIR spectrometer. The sample was

Supporting Information). mixed thoroughly with dried KBr (5 mg of the sample, 500 mg of

Single-Crystal Growth. Small single crystals of LCUB.Ox0 were KI_3r). The spe_ctrum was collected in a range from 400 to 4000'cm
grown in air. Mixtures with stoichiometric molar compositions o§-Li with a resolution of 1 cm.

CuB4O1 Were melted at 930C in a covered platinum crucible that Differential Thermal Analysis. Differential thermal analysis (DTA)
was placed into a vertical, programmable temperature Molysili furnace. Was performed under static air on a TA Instruments DSC 2910
It was held at that temperature for 24 h, slowly cooled to 59t a differential scanning calorimeter. The sample and referencgOgpl

rate of 0.05°C/min, and finally cooled to room temperature at a rate Were enclosed in Pt crucibles, heated from room temperature to 930
of 10 °C/min. High yields of clear, sub-millimeter-size, blue tabular °C, and then cooled to room temperature at a rate ofC/énin.

crystals were separated from the melt. Crystals of suitable quality for ~ Transmission Spectrum.The transmission spectrum was recorded
X-ray diffraction were selected under an optical microscope. on the powder sample at room temperature using a Cary 5000 UV

X-ray Crystallographic Studies. The crystal structure of ki vis—NIR spectrophotometer and can be seen in Figure S3 in the
CuB40Os0Was determined by single-crystal X-ray diffraction on a Bruker  Supporting Information. The powder sample was mixed with KBr in a
SMART-1000 CCD diffractometer using monochromatic Max K 1:10 ratio of LsCuB4O1¢/KBr, and the KBr background was deducted.
radiation ¢ = 0.71073 A) and integrated with the SAINT-Plus A wide transmission range is observed from 200 to 2000 nm with one
program?? absorption peak around 610 nm in the spectrum.

All calculations were performed with programs from the SHELXTL Second-Harmonic Generation MeasurementPowder SHG mea-
crystallographic software packagf€The structure was solved by direct  syrements were carried out on the@iiB,O1, sample by means of the
methods. A face-indexed absorption correction was performed using Kurtz—Perry method? About 100 mg of powder was pressed into a
the XPREP program, followed by the SADABS progrénequivalent pellet which was then irradiated with a pulsed infrared beam (100 ns,
reflections were then averaged. Final least-squares refinement is on15 mJ, 10 Hz) produced by@-switched Nd:YAG laser of wavelength
Fo* with data havingFo® = 20(F¢?). The final difference Fourier 1064 nm. A 532 nm filter was used to absorb the fundamental and
synthesis may have shown maximum and minimum peaks at 2.24 (1.61pass the visible light onto a photomultiplier. A combination of a half-
A from Li(4)) and —0.96 eA~2 (0.89 A from Cu(1)), respectively.  wave achromatic retarder and a polarizer was used to control the
The structure was checked for missing symmetry elements with intensity of the incident power, which was measured with an identical
PLATON?® Crystal data and structure refinement information are photomultiplier connected to the same high-voltage source. This
summarized in Table 1. procedure was then repeated using a standard nonlinear optical material,

Final atomic coordinates and equivalent isotropic displacement in this case microcrystalline Ki?Qy (KDP), and the ratio of the second-
parameters of the titlte compound are listed in Table 2. Selected harmonic intensity outputs was calculated. Since the SHG efficiency
interatomic distances and angles are given in Table S1 in the Supportingof powders has been shown to depend strongly on particle?’sige,
Information. polycrystalline LiCuB4O:0 was ground and sieved (Newark Wire Cloth
Company) into distinct particle size rangex0, 20-38, 38-53, 53—

75, 75-90, 90-105, 105-150, and 156-180um. KDP samples were
ground and sieved into the same particle size ranges for comparison.

(23) SAINT-Plus version 6.02A.; Bruker Analytical X-ray Instruments, Inc.:
Madison, WI, 2000.

(24) Sheldrick, G. M.SHELXTL Version 6.14; Bruker Analytical X-ray
Instruments, Inc.: Madison, WI, 2003.

(25) Bruker SMART Version 5.054, andSADABS version 2.05; Bruker
Analytical X-ray Systems, Inc.: Madison, WI, 2003.

(26) Spek, A. L.J. Appl. Crystallogr. 2003 36, 7.

(27) Kurtz, S. Q.; Perry, T. TJ. Appl. Phys 1968 39, 3798.
(28) Dougherty, J. P.; Kurtz, S. K. Appl. Crystallogr. 1976 9, 145.
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Figure 3. DTA curve of LigCuB4Os0 recorded at a heating rate of 10/
min. The large difference between the heating and cooling peaks is due to
b supercooling of the melt.

well with the average L+O distances in LICuG?! and
. LiB 305,32 and the average BO distance compares to similar
Figure 1. Drawing of the structure of CuB4O10 viewed down thea Interactions (,)bse,rved ',n a variety of Other borates. The
axis with the triclinic cell outlined. The blue spheres are Li, the yellow 0Xygen coordination varies from two-coordinate (O(4) and O(5))
spheres are Cu, the green spheres are B, and the red spheres are O atom® four-coordinate (O(1), O(2), O(3), O(6), O(7), and O(9)) to
five-coordinate (O(8) and O(10)) (Table S2 in the Supporting
Information).

The bond valence sums of each atom igQLiB,O; were
calculated* 3% and are listed in Table S2 in the Supporting
Information. These valence sums agree with the expected
oxidation states.

After review and during revision of this manuscript, the
authors became aware of an unpublished reportg@fuB,0; .36
¢ Interestingly, the structure observed was centrosymmetric and

Z = 3, with one centric and two acentric [CyB,0]®~ individual
b units. It is likely that there are other phases with this stoichi-
ometry possible containing these [C4@B]®~ units.

Vibrational Spectroscopic Characterization.The spectrum
exhibited the following absorptions which were assigned
referring to literature (Figure S5 in the Supporting Informa-
tion).37-39 The main infrared absorption region between about

Crystal Structure. LigCuB4O10 crystallizes in the non-  1100-1400 cn! reveals several absorption bands owing to
centrosymmetric triclinic space groii. The structure is shown  asymmetric stretching of trigonal B1366, 1330, and 1175
in Figure 1. Six unique lithium atoms, one unique copper atom, cmY) groups. The bands at 710 and 675¢rare the out-of-
four unique boron atoms, and 10 unique oxygen atoms are inplane bending of B-O in BOs. In the long-wavelength part of
the asymmetric unit. The basic building units of the title the spectrum, there are weak bands at 540 lcwhich
compound are corner-shared Bfblyhedra that form isolated  correspond to the deformation vibrations of trigonalsR@oups.
pyroborate (BOs) units, and therefore, kCuB4Oy0 can be Thermal Stability. Figure 3 presents the DTA curve ofgki
written as LECu(BOs).. The extended framework of the CuB,Oy. It shows one endothermic peak at 798 on the
structure can be described as isolated pseudosymmetricheating curve and one exothermic peak on cooling (supercooled)
[CuB4010]® units that are linked by Li@ polyhedra. The  at 739°C, which suggests that §&uB,O10 melts congruently
isolated [CuBO10]®~ unit is depicted in Figure 2. The CuO  at 794°C. To further verify that LiCuB4O1o melts congruently,
polyhedra are nearly square planar, and theOwbonds range 0.5 g of LisCuBsO10 powder was packed into a platinum
from 1.883(12) to 2.008(10) A. The Cu@olyhedra share four  crucible, heated to 936C, and then rapidly cooled to room
oxygen atoms with four boron atoms within two differert®s temperature. Analysis of the powder XRD pattern of the
pyroborate groups (Figure 2). Because the [@D#]® poly- solidified melt revealed that the entire solid product exhibited
anions are isolated in the structure, there is no interaction g diffraction pattern identical to that of the initial g3uBsO10
between the Cii ions, and the linear temperature dependence powder, shown in Figure S6 in the Supporting Information,
of the reciprocal susceptibility for ECuB,O; accurately follows
the Curie-Weiss law (Figure S4 and Table S3 in the Supporting (31) Weller, M. T; Lines, D. RJ. Solid State Cheni.989 82, 21.

o

Figure 2. Structural unit [CuBO10]®~ in LigCuB4Oxo.

Results and Discussion

f . (32) Koenig, H.; Hoppe, RZ. Anorg Allg. Chem 1978 439, 71.
Information). A (33) Keszler D. A.; Sun, HActa Crystallogr 1988 44B, 1505.
Th ver istan f 1.940(11 is similar (34) Brown, I. D.; Altermatt, D Acta Crystallogr 1985 41B, 244.
€ average C.'tIO distance o 9 0( ) S S ar to (35) Brese, N. E.; Xeeffe, M. Acta Crystallogr 1991, 47B, 192.
values observed in other copper borates such aBQyg and (36) Sparta, K. Structural investigation of quaternary copper oxides with low
29,30 | i i H i dimensional magnetic properties. Ph.D. thesis, InstituKfistallographie
CuB,0s. Likewise, the average HO distance compares of the RWTH-ASchen. Aachen. Germany. 2003,
(37) Li, J.; Xia, S.; Gao, SSpectrochimActa 1995 51A(4) 519.
(29) Behm, H.Acta Crystallogr 1982 38B, 2781. (38) Ross, S. D. IThe Infrared Spectra of Minergl§armer, V. C., Ed.; Adlard,
(30) Martinez-Ripoll, M.; Martinez-Carrera, S.; Garcia-BlancoAsta Crys- Dorking: Surrey, 1974; p 205.
tallogr. 1971, 27B, 677. (39) Liu, Z.; Li, S.; Zuo, C.ThermochimActa 2005 433, 196.
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Figure 4. Phase-matching, i.e, particle size vs SHG intensity, data fer Li
CUB4010.

further demonstrating that §CuB4O1p is a congruently melting
compound. The DTA curve of the solidified melt is shown in
Figure S7 in the Supporting Information. Again, one endother-
mic peak at 794C is observed upon heating and one exothermic
peak is observed upon cooling, further indicating that no other

phases were present in the solidified melt. Therefore, large

crystals of LgCuB4O10 can, in principle, be grown from
stoichiometric melts.
Nonlinear Optical Properties. One preliminary measurement

Figure 5. B,0s pyroborate group. The green spheres are B, and the red
spheres are O atoms. The two B atoms of th®®Bdimer are aligned to
show that the oxygen atoms are displaced from the plane.

are on unique crystallographic sites, and each B@yhedron
contains three differentBO bond lengths with various distor-
tions. Additionally, none of the BOgroups are in the same
plane (Table S1 in the Supporting Information). The structural
arrangement for the B£yroups in LiCuB4O; are not aligned

in the same directions, and the two corner-shared Oups

of the B,Os dimers are not planar (Figures 1 and 5), which does
lead to some cancellation of the microscopic hyperpolarizability
coefficients. However, because these cancellations are limited,
the intensity of the SHG light produced bys0OuB;010 powder

is similar to that produced by KDP powder. Efforts are currently
underway to grow large crystals ofdduB,O10 and to measure

a more complete set of nonlinear optical properties.

of second-order nonlinear optical effects for the powder sample Conclusions

of the title compound has been carried out by the KuRerry

method at room temperature. The investigation probes propertiesd
associated with the determined symmetry group, in particular,

the lack of an inversion center. The intensity of the green light
(frequency-doubled outputA = 532 nm) produced by the
triclinic LigCuB4O10 crystal powder is similar to that of KDP
powder, indicating that CuB4O;0 has a powder SHG effect
similar to that of KDP. The SHG signal provides a highly

sensitive and definitive test for the absence of a center of

symmetry in the compound. In addition sCiuB,O;0 was found
to be phase-matchable (Figure 4). As the particle size gf Li

LisCuB4O;0 has been synthesized, and its structure has been
etermined by single-crystal X-ray diffraction. The structure
consists of isolated [Cuf®:0]°~ polyanions that are bridged
by six LiO4 tetrahedra. BecausedduB,Osg lacks a center of
symmetry, it exhibits distinct nonlinear optical properties which
are similar to those of KDP powder and is also phase-matchable.
LisCuB4010 melts congruently which suggests that large single
crystals of L§CuB4O;0 can be grown from a liquid of the same
composition.
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