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a b s t r a c t

Bi2Cu5B4O14 crystallizes in the noncentrosymmetric triclinic space group P1 (No. 1) with cell parameters

a ¼ 10.1381(11) Å, b ¼ 9.3917(11) Å, c ¼ 3.4566(4) Å, a ¼ 105.570(2)1, b ¼ 92.275(2)1, g ¼ 107.783(2)1, Z ¼ 1

and R1 ¼ 0.0401 and wR2 ¼ 0.0980. It is a layered structure that is built up from sheets of rectangular

CuO4 and trigonal BO3 groups. The sheets are connected by infinite chains of edge shared BiO6

polyhedra that intersect the bc plane at an angle slightly greater than 901. The second-harmonic

generation efficiency of Bi2Cu5B4O14, using 1064 nm radiation, is about one half times that of KH2PO4.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Noncentrosymmetric compounds are of interest owing to their
symmetry dependent properties such as second-harmonic gen-
eration (SHG), electro-optical effect, photorefractive effect, and
piezoelectricity [1–9]. Inorganic borates have long been a focus of
research for their variety of noncentrosymmetric structure types,
transparency to a wide range of wavelengths, high damage
threshold, and high optical quality [10–18]. With the development
of optical communications and large-scale integrated circuit
semiconductors, interest in nonlinear optical materials is high.

The optical properties of borates are dominated by the BOx

units. Among the various anionic groups, planar BO3 groups
with delocalized valence electrons attract attention because
they are responsible for the large SHG coefficients of
these materials [19]. In the ternary Bi2O3–CuO–B2O3 system,
Bi2Cu5B4O14 has been reported in the centrosymmetric space
group P-1 [20], and Bi4CuB2O10 has been identified by powder
X-ray diffraction [21]. The current work, a search for new
borate phases in the Bi2O3–CuO–B2O3 system, has led to a
reinvestigation of Bi2Cu5B4O14 and determined that it is a
noncentrosymmetric material with an SHG response one half
times that of KH2PO4. The synthesis, crystal structure, thermal
analysis, and nonlinear optical properties of Bi2Cu5B4O14 are
reported.
ll rights reserved.
2. Experimental section

2.1. Single-crystal growth

Single crystals of Bi2Cu5B4O14 were grown in air. A covered
platinum crucible containing a 1:2:2 molar ratio of Bi2O3 (99%,
Sigma-Aldrich), CuO (99%, Sigma-Aldrich), and H3BO3 (99.99%,
Alfa-Aesar) was placed into the center of a vertical programmable
temperature Molysili furnace. The furnace was heated to a
temperature of 840 1C at a rate of 10 1C/min, maintained for
24 h, cooled to 600 1C at a rate of 0.1 1C/min, and finally cooled to
room temperature at a rate of 10 1C/min. Green needle crystals
were separated from the flux for the structure determination.

2.2. Single crystal X-ray diffraction

The crystal structure of Bi2Cu5B4O14 was determined by single-
crystal X-ray diffraction on a Bruker SMART—1000 CCD diffract-
ometer using monochromatic MoKa radiation (l ¼ 0.71073 Å) and
integrated with the SAINT—Plus program [22].

All calculations were performed with programs from the
SHELXTL crystallographic software package [23]. The structure
was solved by direct methods. A face-indexed absorption correc-
tion was performed using the XPREP program, followed by the
SADABS program [24]; equivalent reflections were then averaged.
Final least-squares refinement is on F0

2 with data having
F0

2
X2s(F0

2). Crystal data and structure refinement information
are summarized in Table 1 with additional details found in the
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Table 1
Crystal data and structure refinement for Bi2Cu5B4O14

Empirical formula Bi2Cu5B4O14

Temperature 153(2) K

Wavelength 0.71073 Å

Formula weight 1002.90

Crystal system Triclinic

Space group P1

Unit cell dimensions a ¼ 10.1381(11) Å, a ¼ 105.570(2)1

b ¼ 9.3917(11) Å, b ¼ 97.275(2)1

c ¼ 3.4566(4) Å, g ¼ 104.783(2)1

Volume 293.98(6) Å3

Z 1

Density (calculated) 5.665 g/cm3

Absorption coefficient 38.772 mm�1

F(000) 443

Crystal size 0.01�0.02�0.14 mm3

Theta range for data collection 2.17–28.621

Index ranges �13php13, �12pkp12, �4plp4

Reflections collected 2773

Independent reflections 2395 [R(int) ¼ 0.0455]

Completeness to theta ¼ 25 91.5%

Flack parameter 0.06(8)

Max. and min. transmission 0.70598 and 0.12841

Refinement method Full-matrix least squares on F2

Data/restraints/parameters 2395/3/136

Goodness-of-fit on F2 1.009

Final R indices [I42s(I)]a R1 ¼ 0.0401, wR2 ¼ 0.0980

R indices (all data)a R1 ¼ 0.0451, wR2 ¼ 0.1010

Largest diff. peak and hole 2.655 and �3.035 e Å�3

a R1 ¼
P

||F0|�Fc||/
P

|F0| and wR2 ¼ [
P

w(F0
2
�Fc

2)2/
P

wF0
4]1/2 for F0

242s(F0
2).

Table 2
Atomic coordinates (�104) and equivalent isotropic displacement parameters

(Å2
�103) for Bi2Cu5B4O14

Atom wyckoff position x y z Ueq

Bi(1) 1a 8193(1) 653(1) 15939(1) 5(1)

Bi(2) 1a 1692(1) �2231(1) 3303(1) 6(1)

Cu(1) 1a 9945(8) 4223(10) 14630(20) 5(1)

Cu(2) 1a 3430(6) �4039(7) 6809(18) 6(1)

Cu(3) 1a 6470(6) 2456(7) 12452(18) 5(1)

Cu(4) 1a 4946(8) �779(9) 9660(20) 5(1)

Cu(5) 1a 4952(8) 4214(11) 9630(30) 7(1)

B(1) 1a 3330(30) 1300(40) 10610(90) 0(6)

B(2) 1a 1870(30) 2930(30) 8380(90) 2(6)

B(3) 1a 8060(40) 5690(40) 10840(110) 13(8)

B(4) 1a 6660(30) �2870(40) 8930(100) 4(7)

O(1) 1a 6100(20) 760(30) 14890(70) 3(5)

O(2) 1a 8270(20) 2230(30) 12160(70) 4(5)

O(3) 1a 4530(20) 2530(30) 11980(70) 5(5)

O(4) 1a 6860(30) 4290(30) 10620(80) 10(5)

O(5) 1a 3730(20) �2400(30) 4330(70) 3(5)

O(6) 1a 1580(30) �3820(20) 7060(70) 6(5)

O(7) 1a 3060(30) 4140(30) 8630(70) 8(5)

O(8) 1a 3180(30) �260(30) 10140(70) 5(5)

O(9) 1a 6690(30) �1340(30) 9160(80) 11(5)

O(10) 1a 2030(20) 1580(30) 9270(70) 9(5)

O(11) 1a 550(20) 3000(30) 7820(60) 5(5)

O(12) 1a 7880(20) 6940(20) 10280(70) 4(4)

O(13) 1a 5330(20) �4070(30) 7370(70) 5(5)

O(14) 1a �650(30) �4500(30) 1470(70) 11(5)

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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supporting information. Final atomic coordinates and equivalent
isotropic displacement parameters are listed in Table 2. Selected
interatomic distances and angles are given in Table S1 in the
supporting information.

2.3. Solid-state synthesis

Polycrystalline powder samples were synthesized for infrared
spectroscopy, differential thermal analysis (DTA), and SHG
measurements. Stoichiometric mixtures of Bi2O3 (99%, Sigma-
Aldrich), CuO (99%, Sigma-Aldrich), and H3BO3 (99.99%, Alfa-
Aesar) were packed into a platinum crucible and heated at 500 1C
for several hours in air to eliminate the water. The reaction
mixture was then elevated to a temperature of 710 1C and held for
72 h with intermittent grinding, and cooled to room temperature
at a rate of 10 1C/min.

2.4. Powder X-ray diffraction

X-ray powder diffraction analysis of Bi2Cu5B4O14 was per-
formed at room temperature in the angular range of 101p2yp701
with a scan step width of 0.021 and a fixed counting time of
1 s/step using an automated Rigaku X-ray diffractometer equipped
with a diffracted-beam monochromator set for CuKa (l ¼ 1.5418 Å)
radiation. The experimental powder X-ray diffraction pattern
of Bi2Cu5B4O14 is in agreement with the calculated data based
on the single-crystal data (Figures S1 and S2 in the supporting
information).

2.5. Infrared spectroscopy

The infrared spectrum was measured to specify and compare
the coordination of boron. The mid-infrared spectrum was
obtained at room temperature via a Bio-Rad FTS-60 FTIR spectro-
meter. The polycrystalline sample was mixed thoroughly with
dried KBr (5 mg of the sample, 500 mg of KBr) and pressed into a
pellet. The spectrum was collected in a range from 400 to
4000 cm�1 with a resolution of 1 cm�1.

2.6. Differential thermal analysis

DTA was performed under static air on a TA Instruments DSC
2910 thermal analyzer. The powder sample and reference (Al2O3)
were enclosed in Pt crucibles, heated from room temperature
to 910 1C, and then cooled to room temperature at a rate of
10 1C/min. A large difference in the heating and cooling curves
suggested that Bi2Cu5B4O14 melts incongruently (Figure S3 in the
supporting information). To further verify that Bi2Cu5B4O14 melts
incongruently, 0.6 g of Bi2Cu5B4O14 polycrystalline powder was
heated to 910 1C, and quickly cooled to room temperature.
Analysis of the powder X-ray diffraction pattern of the recovered
solid in Figure S4 in the supporting information revealed that the
diffraction pattern is different from that of the initial Bi2Cu5B4O14

powder, which further suggests that Bi2Cu5B4O14 is an incon-
gruently melting compound. Based on the above X-ray diffraction
pattern collected on a sample that has been melted and cooled,
the peritectic reaction should be followed by another peak
corresponding to complete melting in the heating curve
(Figure S3 in the supporting information). This peak is not
observed on the heating curve, but may not be visible owing
to low intensity. In addition, there is no exothermic peak in the
cooling curve (Figure S3 in the supporting information), which
could be due to the fast cooling rate of 10 1C/min and the high
viscosity for borate melts in general.

2.7. SHG measurement

Powder SHG measurements were carried out on Bi2Cu5B4O14

by means of the Kurtz–Perry method [25]. About 80 mg of
polycrystalline powder sample was pressed into a pellet which
was then irradiated with a pulsed infrared beam (100 ns, 15 mJ,
10 Hz) produced by a Q-switched Nd:YAG laser of wavelength
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1064 nm. A 532 nm filter was used to absorb the fundamental and
pass the visible light onto a photomultiplier. A combination of a
half-wave achromatic retarder and a polarizer was used to control
the intensity of the incident power, which was measured with an
identical photomultiplier connected to the same high voltage
source. This procedure was then repeated using a standard
nonlinear optical material, in this case microcrystalline KH2PO4

(KDP), and the ratio of the second-harmonic intensity output was
calculated. Since the SHG efficiency of powders has been shown to
depend strongly on particle size [25,26], polycrystalline Bi2Cu5

B4O14 was ground and sieved (Newark Wire Cloth Company) into
distinct particle size ranges, o20, 20–38, 38–53, 53–75, 75–90,
90–105, 105–150, and 150–180 mm. KDP samples were ground and
sieved into the same particle size ranges for comparison.
Fig. 2. Infinite chains of edge shared BiO6 polyhedra intersect the zigzag sheets of

interconnected rectangular planar CuO4 and triangular planar BO3 groups. The Bi

atoms and BiO6 polyhedra are blue, the Cu atoms and CuO4 polyhedra are yellow;

and the B atoms and BO3 polyhedra are green (for interpretation of color see the

figures in the online version of the paper).
3. Results and discussion

3.1. Crystal structure

Bi2Cu5B4O14 crystallizes in the noncentrosymmetric triclinic
space group P1. Two unique bismuth atoms, five unique copper
atoms, four unique boron atoms, and 14 unique oxygen atoms are
in the asymmetric unit. The extended framework is built up from
zigzag sheets that consist of rectangular planar CuO4 and trigonal
planar BO3 groups, shown in Fig. 1. The sheets are connected by
infinite chains of edge shared BiO6 polyhedra that intersect the
sheets at an angle slightly greater than 901, shown in Fig. 2. Cu3O8

trimers of edge shared CuO4 polyhedra, where the three copper
atoms are in the same plane, are bordered on each side by BiO6

polyhedra. The central copper atom of the trimer shares edges
with two separate pyroborate groups on each side, forming
CuB4O10 units similar to those observed in Li6CuB4O10 [8] (Fig. 1).

The Bi3+ cations occupy two distinct sites. The coordination
polyhedron of Bi3+ cations is asymmetric with three short bonds
(2.12(2)–2.24(2) Å) and three longer ones (2.51(3)–2.62(3) Å)
(Table S1). Such irregular coordination is common for bismuth
Fig. 1. The two-dimensional layer of interconnected rectangular planar CuO4 and

triangular planar BO3 groups in Bi2Cu5B4O14. The yellow spheres are Cu; the green

spheres are B; and the red spheres are O atoms (for interpretation of color see the

figures in the online version of the paper).

Fig. 3. The coordination polyhedron of Bi3+ ion is shown. The blue sphere is Bi, and

the red spheres are O atoms (for interpretation of color see the figures in the online

version of the paper).
borates [27,28] (Fig. 3) owing in part to the electron lone pair on
the Bi3+ cation. For the CuO4 groups, the average Cu–O distance is
similar to the Cu–O bond lengths observed in other copper borates
such as Pb2CuB2O6 and CuB2O4 [29,30]. The BO3 polyhedra are
distorted from perfect trigonal planar geometry, as shown by the
B–O distances and O–B–O angles listed in Table S1. However, it
remains planar (the sum of the O–B–O angles are 360, as seen in
Table S1) and the average B–O distances compare to similar
interactions observed in a variety of other borates [31–33]. The
oxygen coordination varies from two coordinate (O(12) and O(14))
to three coordinate (O(1), O(2), O(3), O(6), O(8), O(10), O(11), and
O(13)) to four coordinate (O(4), O(5), O(7), and O(9)) (Table 3). The
bond valence sums of each atom in Bi2Cu5B4O14 were calculated
[34,35] and are listed in Table 3.

3.2. Vibrational spectroscopic characterization

To further investigate the coordination environment of boron,
the infrared spectrum was measured at room temperature and is
shown in Figure S5 in the supporting information. Absorptions
were assigned from literature precedents [36–38]. The infrared
absorption region between about 1100 and 1400 cm�1 reveals two
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Table 3
Bond valence analysis of the Bi2Cu5B4O14

a,b

Atom Bi(1) Bi(2) Cu(1) Cu(2) Cu(3) Cu(4) Cu(5) B(1) B(2) B(3) B(4)

O(1) 0.857 0.494 0.478

O(2) 0.955 0.512 0.413

O(3) 0.581 0.494 0.725

O(4) 0.330 0.398 0.925

0.240

O(5) 0.700 0.473 0.502

0.663

O(6) 0.494 0.550 1.148

O(7) 0.725 0.494 0.451

0.687

O(8) 0.297 0.440 1.117

O(9) 0.304 0.409 0.976

0.255

O(10) 0.287 0.452 0.950

O(11) 0.521 0.491 0.900

O(12) 1.087 1.117

O(13) 0.521 0.463 1.179

O(14) 0.765 0.830

P
cations 3.223 3.077 2.021 1.816 1.714 2.143 1.937 2.912 2.959 2.920 2.928

a Bond valences calculated with the program Bond Valence Calculator Version

2.00, Hormillosa, C., Healy, S., Stephen, T. McMaster University (1993).
b Valence sums calculated with the formula: Si ¼ exp[(R0�Ri)/B], where Si:

valence of bond ‘‘i’’ and B ¼ 0.37.
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strong absorption bands (1210 and 1300 cm�1) owing to the B–O
asymmetric stretching mode of the trigonal BO3 groups, while the
bands at about 682 cm�1 should be attributed to the B–O out-of-
plane bending, which confirms the existence of the BO3 groups.

3.3. Nonlinear optical properties

A preliminary SHG efficiency measurement of Bi2Cu5B4O14 has
been carried out by the Kurtz–Perry method using polycrystalline
samples at room temperature [25]. The investigation probes
properties associated with the determined symmetry group, in
particular, the lack of an inversion center. The intensity of the
green light (frequency-doubled output: l ¼ 532 nm) produced by
the Bi2Cu5B4O14 powder is about one half times that of KDP
powder, indicating that Bi2Cu5B4O14 has one half times the SHG
efficiency of KDP. Bi2Cu5B4O14 was found to be nonphase-
matchable (Figure S6 in the supporting information). That is, as
the particle size of Bi2Cu5B4O14 becomes significantly larger than
the coherence length of the material, the SHG intensity decreases
rapidly [25,26].

A previous structure characterization of Bi2Cu5B4O14 has
determined that it crystallizes in the centrosymmetric space
group P-1 [20], although only the unit cell parameters were given.
The SHG signal suggests, however, that Bi2Cu5B4O14 lacks a center
of symmetry, and therefore P1 is the correct space group, which is
consistent with our crystal structure results. During the process of
solving the crystal structure of Bi2Cu5B4O14, after the Shelxtl
program was used, the program only gave two optional space
groups (P-1 and P1). The centrosymmetric space group P-1 was
first tried, but the final residual indices (R1) for all data is very
high (0.1128) after its crystal structure was solved. Then the
noncentrosymmetric space group P1 was tried, the final residual
indices (R1) for all data is reasonable (0.0451) after the crystal
structure was solved. Although the zigzag sheet (Fig. 1) appears to
have a center of symmetry, all of the Cu–O bonds in the CuO4

polyhedra are different lengths, and each BO3 polyhedron contains
three different B–O bond lengths with various distortions.
Furthermore, none of the different BO3 groups lie within the
same plane. When these separate BO3 groups fall out of plane,
the SHG response is thought to decrease because large NLO effects
occur when anionic groups with conjugated p-electron systems
such as BO3 are distributed within the same plane. However,
because the different BO3 groups are nonplanar, Bi2Cu5B4O14

adopts a noncentrosymmetric structure, and ultimately the
separate nonplanar BO3 groups are responsible for the SHG
response.

As mentioned, the Bi3+ cations are in asymmetric coordination
environments owing to their nonbonded electron pair. The net
direction of the lone pair polarizations can contribute to the SHG
response [3,39]. As depicted in the Fig. 2, the lone pairs on
neighboring Bi3+ cations are directed towards each other which
limits their total NLO contribution.

4. Conclusions

Bi2Cu5B4O14 has been synthesized and its structure has been
determined by single crystal X-ray diffraction. It is a layered
structure and is built up from zigzag sheets of rectangular planar
CuO4 and triangular planar BO3 groups that are joined by infinite
chains of edge shared BiO6 polyhedra. Bi2Cu5B4O14 lacks a center
of symmetry, and exhibits distinct nonlinear optical properties
which are about one half times those of KDP powder.

Auxiliary Material: Further details of the crystal structure
investigation may be obtained from the Fachinformationzentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany (Fax:
+49 7247 808 666; E-mail: crysdata@fiz-karlsruhe.de) on quoting
depository number CSD418807.

Supporting information available

An X-ray crystallographic file in CIF format including crystal-
lographic details; calculated and observed X-ray diffraction
pattern data; differential thermal analysis plot, the powder
X-ray diffraction pattern of the Bi2Cu5B4O14 sample melted and
cooled, IR spectrum, phase-matching, i.e., particle size vs SHG
intensity data and selected bond lengths (Å) and angles (degrees)
for Bi2Cu5B4O14.
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