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The bismuth borates BInB,0O; and CaBiGaBO; have been synthesized by solid-state reactions at
temperatures in the 6525°C range at 1 atm pressure. These compounds are the only synthetic diborate
members of the melilite family, &Z,0;, in which layers of A cations alternate with X@; tetrahedral
layers. Except for CdBiGa#®;, the synthesis of other substituted bismuth borate melilites has been
unsuccessful. The crystal structures 0$BiB,O; and CaBiGaBO; have been determined by powder
X-ray diffraction and refined by the Rietveld method using powder neutron diffraction data. Ca)zaB
adopts the regular tetragonal melilite structuPdZ;m space groupZ = 2) containing BO; tetrahedral
dimers. The refinement of split eight-coordinated sites for th& @ad BF* interlayer cations suggests
the presence of additional disorder.,B1B,0O; adopts a unique orthorhombic melilite superstructure
(Pba2 space grouZ = 4) containing both tetrahedrab®; and triangular BOs dimers. The Bi" cations

occupy two distinct interlayer sites with strongly

asymmetric 6-fold coordination environments. The

preliminary measurement of second harmonic generation efficiertzigot powder samples has yielded
values of 4.0 (BiZnB,0O;) and 1.6 (CaBiGaRD;) relative to a KHPO, standard.

Introduction

Binary bismuth borates have been of continuing interest
for their optical properties,;* in particular, the noncentro-
symmetric BiBOs compound that displays a large nonlinear
optical efficiency2~° In contrast, only a handful of ternary
bismuth borates have been reported in the literature: huntite
type Bi(Fa 35Al 165 (BO3)st CusBiB4O14'? recently char-
acterized in detail, and three other compounds, viz.,
PhyBi3B;0;9, ZNBisB,014, and CuBiB,0;,, only tentatively
identified by powder X-ray diffractiof®14We have therefore
undertaken a more systematic survey of some-NBQOs;—
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B,0; systems based on exploratory syntheses via solid-state
reactions and crystal growth. These surveys have very
recently led to the discovery of the novel noncentrosymmetric
BaBiBO, compound® The reinvestigation of the Zn©
Bi,0Os;—B,0; system has now resulted in the discovery of
yet another noncentrosymmetric compound,ZBB,0O7,

which is closely related to the melilite structural family based
on the dkermanite (G&gSi.O;) and gehlenite (GAIl,SiO;)
end-members. This paper describes the synthesis and crystal
structure of BiZnB,0O;, as well as those of its substituted
derivatives, CaBiGag; and CdBiGaBO; (only unit-cell
data are reported for the latter). Together with the okaya-
malite mineral, Cg5iB,0,'® these compounds are the only
borate representatives of the melilite family known to date.
Preliminary data on their nonlinear optical properties (ef-
ficiency for second harmonic generation) are briefly reported
here as well. After completion of this work, a previous
study'” of the BibZnB,O; compound was brought to our
attention. However, to our knowledge, detailed results from
this study have not been published in the literature.

Experimental Section

Solid-State Syntheseslhe Bi,ZnB,0O,compound was discovered
during the survey of the Zn©Bi,03;—B,0; system. Samples were
synthesized via solid-state reactions from powder mixtures &@Bi
(Alfa Aesar, 99.975%), ZnO (Fisher Scientific, certified reagent,
dried at 500°C), and B(OHj) (Alfa Aesar, 99.99%). Small pellets
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Table 1. Unit-Cell Data for Melilite-Type Borates Table 2. Neutron Rietveld Refinements of the BiZnB,O7 and
Bi,ZNB,0 CaBiGaBO/ CdBiGaRO? CaSiB0:° CaBiGaB,0; Structures
symmetry  orthorhombic tetragonal  tetragonal _ tetragonal BioZnB.07 CaBiGaBO#
space group Pba2 P42:m PA2;m P42;m neutron wavelength (A) 1.32995 1.32996
a(R) 10.8268(4)  7.4669(3) 7.4155(4) 7.1248(2) step size (deg) 0.1 0.1
b (A) 11.0329(4) 26 range (deg) 12:6112.0 12.6-114.00
c(A) 4.8848(2) 4.8344(2) 4.7933(5) 4.8177(2) no. of parameters 61 49
V (A3) 583.49 269.54 263.59 244.56 Rup 0.070 0.081
VA 4 2 2 2 Rexp 0.028 0.020
a . . 22 6.06 16.%
Powder neutron data (this work)Powder X-ray data (this work). Re 0.032 0.056
cPowder X-ray data for the okayamalite mineral (Giuli, G.; Bindi, L.; no. of reflections 659 108

Bonazzi, P.Am. Miner 200Q 85, 1542).
aUnit-cell data are given in Table A few peaks from a trace impurity

° _ ; (maximum intensity of 11000 au) have been excluded from the refinement
(0.5 g) were heated to 68%50°C for 2-3 days in several stages (Figure 1).c The lowerRex, and highery? indices are in part due to the

with intermediate re-mixings. In all cases, care was taken to avoid pigher counts for CaBiGa®:.
any partial melting of the samples. These solid-state syntheses
established that BZnB,0O; is the only compound in the central
region of the phase diagram and thaiiB,0;, reported previ-
ously*3 does not exist. In fact, the X-ray powder pattern published
for this hypothetical compound can be interpreted as a mixture of
Bi,ZnB,0O; and a cubic BiOs-rich sillenite-type phase. The unit-
cell parameters of BZnB,O; are listed in Table 1 and its indexed
X-ray powder pattern is given in Table 7 in the Supporting
Information.

Following the characterization of BInB,O; as a new member
of the melilite series, the synthesis of other substituted derivatives
was attempted. The two new compounds CaBigaBand
CdBiGaBR0;, corresponding to the double substitution$'Bit
tetrahedral ZA" = Ca&"/Cc?*™ + tetrahedral G#, were successfully
synthesized by solid-state reactions of stoichiometric mixtures of
CaCQ (BDH inc. 99.0%) or CdO (Allied Chemicals, 98%), Bz,
Ga0; (Aldrich, 99.99%), and B(OH)powders. Pellets (0.75 g)
were slowly heated in stages up to 825 (Ca) or 650°C (Cd)
with several intermediate re-mixings. The maximum temperatures
were chosen so as to avoid any partial melting of the samples. The
formation of CaBiGaBO; and CdBiGaBO; was established via
the indexing of their X-ray powder patterns (Tables 8 and 9 in the
Supporting Information). Their unit-cell parameters are listed in

Structure Determinations and RefinementsA structure model
for Bi,ZnB,O; was determined ab initio using X-ray powder
diffraction data collected with a Guinier-igg camera using Cu
Ka; radiation. The systematic absences observed in the X-ray
powder pattern and in electron diffraction patterns recorded on
microscopic single crystals were consistent with Rbamor Pba2
space groups. The observation of a SHG signal generated from a
powder sample led to the choice of the noncentrosymmEtra2
space group. The structure solution with foupBiB,0O; formula
units per unit cell was obtained with the FOX progfdthat easily
revealed the melilite-type structure with layers of the head/ Bi
cations sandwiched between Z®B%~ layers. This structure type
was also suggested by the compound stoichiometry and by the
characteristic length of the axis (~4.8 A) corresponding to the
layer stacking direction in melilites. The structure o£Bi1B,0;
was subsequently refined by the Rietveld method using neutron
powder data. For this purpose, a large (9 g) sample was synthesized
by solid-state reaction as described abd¥#8-enriched boric acid
(99.3% from Eagle-Picher) was used as a starting material in order
to minimize the absorption of neutrons by tH&8 nuclei. The
neutron diffraction data were collected at room temperature with
Table 1. In the case of the Cd compound, a small amount of an the C2 high-resolution diffractometer at the Chalk River Labora-

; : ¥ tories. Details of the data collection and Rietveld refinement (with
unidentified phase W?S present in the product. ) - the FULLPROF prograf{) are summarized in Table 2 and the

The attempted solid-state syntheses of the following melilites fin5| Rietveld profile is shown in Figure 1. Atomic coordinates and
were unsuccessful: BIB.0; (M = Be, Mg, Co), MBiGaBO; displacement parameters are given in Table 3 and selected bond
(M = Mg, Sr, Ba), CaBiMBO; (M = B, Al, In), and MBiZnB,O; lengths and angles in Table 5.
(M =Y, Nd, Yb). Either melting occurred at low temperature or
other more stable borates formed. For instance, in the case of
ABIZnB,0; (A =Y, Nd, Yb), the only crystalline reaction products

corresponded to the MB{rompounds. ; . . L
P . P . . - acid. Based on its tetragonal unit cell, the initial model used
Measurement of Nonlinear Optical Properties.The efficiency for the refinement of CaBiGa®, was the structure of

T e e e o " N, G50, desabed i h42imspace rcup i
ey ! @ using Y two formula units per unit ceft In this model, the C& and
method:® About 50_ mg of powd_er (particle size _bEIOW ’,a‘_Bn) ) Bid™ cations were initially located on the same 4e site with
was hand-pressed into a 7-mm-diameter pellet which was |rrad|atedSymmetry Although unusual due to their very different co-
with a pulsed infrared beam (5 ns, 10 mJ, 10 Hz) produced by an o ination geometries, a similar €#Bi3* disorder has previously

optical parametric oscillator pumped by a Nd:YAG laser. A dichroic been observed. e in @i(PO)-22 CaBiV1:041.23 and
mirror was used to separate the signal from the fundamental and » &0 FAPONa™ CaBiaV 1O,

direct the visible light onto a photomultiplier. A combination of a

half-wave achromatic retarder and a polarizer was used to control (19) Favre-Nicolin, VFOX, Free Objects for Xtallographygrsion 1.6.0.2
University of Geneva, Switzerland, 2003. See also Favre-Nicolin, V.;

The crystal structure of CaBiGaB; was also refined by the
Rietveld method using neutron diffraction data collected on a
large (8 g) powder sample synthesized frétB-enriched boric

the intensity of t_he inciden_t powm_aP{,), Which was measu_red with Cerny, R.J. Appl. Crystallogr 2002 35, 734. FOX uses a simulated
afast IR photodiode. The intensity of the sigrdd,() was fitted to annealing method for the ab initio solution of crystal stuctures by
P,, = Kde2P,2. All the measurements were referred to a standard optimizing the positions and connectivity of known atoms, molecular

A : fragments, or inorganic groups in the unit cell.

powder sample of KEPQ, (KDP) considering that the factét is (20) Rodriguez-Carvajal, FULLPROF.2kzersion 2.55 2004. Roisnel,

nearly constant if the refractive indices and particle size of sample T.; Rodriguez-Carvajal, WinPLOTRMarch 2004 version, Universite

and reference are similar. de Rennes and Laboratoiré dre Brillouin, Saclay, France, 2004.

(21) Lejus, A. M.; Kahn-Harari, A.; Benitez, J. M.; Viana, Blater. Res.
Bull. 1994 29, 725.

(18) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798. (22) Barbier, JJ. Solid State Cheni992 101, 249.
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Figure 1. Final plots for the powder neutron Rietveld refinements of orthorhomhiZriB,0; (top) and tetragonal CaBiGa8; (bottom). Only the low-
angle regions (@ = 10-64°) are shown for clarity. The full profiles are available as Supporting Information. Very minor unindexed peaks
(intensity < 11000 au) were excluded from the refinement of CaBigEaB

CaBiV30.3.24 After convergence of the refinement, rather atomic coordinates due to strong correlations. No indication
large displacement parameters were obtained for all sites (e.g.,was found in either neutron or X-ray diffraction data of a
B = 1.49 A for the Ca/Bi site), suggesting additional positional ~symmetry lower than tetragonal or of a larger unit cell that would
disorder or lower symmetry in the CaBiG#®B, structure. A allow Ca/Bi ordering, even in a sample slowly cooled from 800 to
refinement in theP4 space group (subgroup B#2,m) converged 350 °C at 3°C/h. Eventually, a significant improvement of the
smoothly but also yielded a large displacement pararr?eter for refinement in P42;m was obtained after refining anisotropic
the Ca/Bi site B = 1.23 /) and generally larger esd's for displacement parameters and after splitting the Ca/Bi site by
. . _ allowing the B#* cation to shift off the mirror plane. Details of
23 Sg?ec;'s%gﬂgm%awgzrgéf: A. K. Sleight, A.W.; Evans, J. SJ0. the data collection and Rietveld refinement (with the FULLPROF
(24) Huang, J.-F.; Sleight, A. Wl. Solid State Cheni993 104, 52. program) are summarized in Table 2 and the final Rietveld profile
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Table 3. Atomic Coordinates and Displacement Parameters for
Bi»ZnB,07 (Top) and CaBiGaB,07 (Bottom)

site X y z B(A2?)
Bil  4c 0.6812(4)  0.9666(4) 0.5770 0.45(8)
Bi2 4c 0.4841(4)  0.6874(4) 0.5800(12)  0.39(8)
Zn 4c 0.2598(6)  0.7593(5) 0.0714(18) 0.32(10)
B1 4c 0.1150(5)  0.9802(5) 0.0818(18) 0.55(10)
B2 4c 0.5154(5)  0.8731(4) 0.1201(14) 0.43(10)
o1 4c 0.4141(6)  0.7997(6) 0.2513(18) 0.77(12)
02 4c 0.1309(6)  0.6725(6) 0.2694(17) 0.59(12)
03 4c 0.1946(6)  0.9149(5) —0.0625(17)  0.53(11)
04 4c 0.3008(6)  0.6737(6) —0.2614(16)  0.55(11)
05 4c 0.5197(6)  0.8583(5) —0.1762(16)  0.67(12)
06 2b 0.5 1.0 0.2119(19) 0.33(15)
o7 4c 0.1352(6) 1.0246(6) 0.3338(15) 0.57(13)
08 2a 0.0 1.0 —0.0394(19)  0.54(15)
site X y z Wq(A?d)  occupancy
C& 4e 0.1583(8) 0.6583(8) 0.4778(20) 0.0024¢13) 50%
Bi® 8f 0.1606(8) 0.6963(10) 0.5122(13) 0.0024€L3) 25%
Ga 2a 0.0 0.0 0.0 0.0160
B 4e 0.3679(3) 0.8679(3) 0.0475(5) 0.0252
01 2c 05 0.0 0.1465(8)  0.0160
02 4e 0.3554(3) 0.8554(3) 0.7558(6) 0.0456
03 8f 0.0754(3) 0.1917(3) 0.7964(5) 0.0220

az(Bi1) was used to fix the origin along ® The Ca/Bi site is split with
Bi displaced from the mirror plané.Common isotropic displacement
parameter? Anisotropic displacement parameters were refined (Table 4).

Chem. Mater., Vol. 17, No. 12, 2003133

Description of the Bi,ZnB,0; Structure. The BLZnB,0O;
compound is a noncentrosymmetric orthorhombic derivative
of the melilite structure type with the following symmetry
relationship: tetragonal melilitePd2;m, a, ¢, Z = 2) —
hypothetical orthorhombic derivativec(nn®, subgroup of
P42;m, type |, ~av/2, ~av/2, ¢, Z = 4) — orthorhombic
Bi»ZnB,O; (Pba2, subgroup ofCmn®, type lla, ~av/2,
~av2, ¢, Z = 4). The structure consists of (001)
ZnB,0/* layers alternating with layers of Bi cations
(Figure 3). Unlike okayamalite (G&iB,O;) where all B
atoms are tetrahedrally coordinated, the borate layers in
Bi»ZnB,0; contain both tetrahedral,B; and triangular BOs
diborate groups. Their alternating arrangement inalaad
b directions, the tilting of the Znptetrahedra, and the
positions of the Bi" cations all contribute to the formation
of the (~av/2, ~av/2, ¢) superstructure. The Bi cations
occupy two distinct sites, both asymmetrically six-coordi-
nated with three short BiO bonds in the range of
2.14-2.31 A (Table 5). All bond valence sums are close to
their expected values. It is noteworthy that the triangular
coordination around the Bl atom in the@® groups is
ideally planar with a sum of ©B1—0 bond angles equal
to 36C. The formation of these s groups can be seen as
a result of the asymmetrical coordination around th&" Bi

is shown in Figure 1. Atomic coordinates and displacement cations as imposed by the presence of their stereoactive lone
parameters are given in Tables 3 and 4 and selected bond Iength@airs; the two shortest B104 (2.17 A) and Bi204

and angles in Table 6.

Results and Discussion

Description of the CaBiGaB0; Structure. The
CaBiGaBO; compound crystallizes with the noncentro-
symmetric tetragonal melilite structure-type, wiBd2;m

symmetry and two formula units per unit cell. Corner-sharing

GaQ, tetrahedra and - tetrahedral dimers form (001)
layers interleaved with layers of €aand BP" cations
(Figure 2). The Ga@tetrahedra are quasi-regular by sym-
metry whereas the BQetrahedra show distortions in bond
lengths and bond angles (Table 6). The spread 60OB

(2.14 A) bonds prevent the O4 atom from approaching the

B1 atom (B%--O4 = 2.87 A) and preclude the formation of

tetrahedral BO; groups around B1 (Figure 3). Alternatively,

the B,Os groups could be seen as the product of an extreme

displacive transformation in which the formation of two

Bi—04 bonds is favored over that of one-B4 bond.
Occurrence of Borate Melilites. The borates described

here, ByZnB,0O;, CaBiGaBO;, and CdBiGaBO;, belong to

the large family of natural and synthetic melilitesX¥ ,Oy,

in which A cations (Na, Ca, Sr, Ba, Cd, Pb, Y, Ln) are

interleaved between XD, tetrahedral layers (X Be, Mg,

Co, Fe, Mn, Cu, Zn, Cd, Al, Ga; Z Be, B, Al, Ga, Si,

distances is in qualitative agreement with bond valence Ge). Melilites have been investigated extensively in the past

arguments that predict a shorter-B2 bond (viz., B-O1
=150A,B-02=1.41 A B-03=1.51A, as calculated
by the Bond Valence Wizard progré®h As a result of the
splitting of the C&" and BPF* positions, both cations achieve

and are still of current interest for their crystal chemical
properties (e.g., GEoSbO;%?%) as well as their potential
applications as laser host materials (e.g.SiBe0O;%7 or
SrLaGa0+%%). These studies have shown that the predomi-

a proper bond valence sum. The 8-fold coordination of the nant crystal chemical factor influencing the stability of the

Bi3* cation is unusual but its shift to a general position off
the mirror plane yields an asymmetrical coordination with
three shorter BO bonds (2.222.39 A), in agreement with

melilite structure is the size misfit between the tetrahedral
layers and the interlayer catiofs3! In that regard, it is
noteworthy that only one other diborate melilite is known,

the effect expected from a stereoactive lone pair. The Ca/Bi Viz. CaSiB;07, occurring as the rare mineral okayamafite

splitting along thez direction is also associated with a

and as a metastable synthetic compound obtained by

significant anisotropy of some of the displacement parametersdehydration of the mineral datolite, CaBS{IH.** The mean

(e.g., Usz for O3 in Table 4), which could indicate the

size of the SiBO; tetrahedral layer is clearly the smallest

presence of additional disorder or of a modulation in the @mong all melilites and is apparently only able to accom-

CaBiGaBO; structure. TheP42;m symmetry clearly only
describes an average structure and the growth of singl
crystals will be attempted in order to investigate this point
further.

(25) Orlov, I. P.Bond Valence Wizardersion 2.01 Ecole Polytechnique

e(26) Hagiya, K.; Kusaka, K.; Ohmasa, M.; lishi, Kcta Crystallogr. B

2001 57, 271.
(27) Kuz'micheva, G. M.; Rybakov, V. B.; Kutovoi, S. A.; Panyutin, V.
L.; Oleinik, A. Yu.; Plashkarev, O. Gnorg. Mater.2002 38, 60.
(28) Kaczmarek, S. M.; Boulon, G®pt. Mater 2003 24, 151.
(29) Seifert, F.N. Jb. Miner. Mh 1986 1, 8.
(30) Rahlisberger, F.; Seifert, F.; Czank, Mur. J. Mineral 199Q 2, 585.

Fedéerale de Lausanne, Switzerland, 2002. See also Orlov. I. P.; Popov, (31) Mill, B. V.; Baibakova, G. D.Russ. J. Inorg. Chen199Q 35, 341.

K. A.; Urusov, V. S.J. Struct. Chem1998 39, 575.

(32) Tarney, J.; Nicol, A. W.; Marriner, G. Miner. Mag 1973 39, 158.
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Table 4. Anisotropic Displacement Parameters for CaBiGaBOy
Unp Uz Us3 U1z Uiz Uz Ueq(A2)
Ga 0.0039(4) 0.0039(4) 0.0069(13) 0.0 0.0 0.0 0.0100
B 0.0106(4) 0.0106(4) 0.0133(15) —0.0039(5) —0.0048(5) —0.0048(5) 0.0252
o1 0.0038(5) 0.0038(5) 0.0074(19) 0.0006(8) 0.0 0.0 0.0100
02 0.0063(4) 0.0063(4) 0.0097(14) —0.0018(5) —0.0000(7) —0.0000(7) 0.0156
03 0.0062(4) 0.0070(5) 0.0245(58) 0.0018(4) 0.0027(7) 0.0058(6) 0.0220

Table 5. Selected Bond Distances (A), Bond Valences (s), and Bond

Angles () in Bi»ZnB,0O7

s s
Bi1-04 2.168(7) 0.810 ZnO4 1.932(10) 0.540
Bi1-02 2.216(8) 0.711 ZnOl1 1.939(9) 0.530
Bi1-07 2.318(7) 0.540 ZnO2 1.949(9) 0.516
Bi1-05 2.437(8) 0.391 ZnO3 1.968(8) 0.490
Bi1-03 2.572(8) 0.272 Ss 2.08
Bi1-06 2.677(7) 0.205 B2O3 1.326(9) 1.129
Ss 293 B1-0O7 1.343(11) 1.079
Bi2—04 2.136(8) 0.883 B208 1.395(7) 0.937
Bi2—01 2.165(9) 0.817 Ss 3.14
Bi2—05 2.263(8) 0.627 B201 1.507(9) 0.692
Bi2-07 2.519(8) 0.314 B205 1.457(10) 0.793
Bi2—02 2.686(8) 0.200 B206 1.479(6) 0.747
Bi2—08 2.786(8) 0.152 B202 1.532(8) 0.647
Ss  2.99 Ss 2.88

01-Zn—02 120.3(6) 03-B1-07 125.4(10)
01-Zn—03 105.0(6) 03B1-08 116.1(7)
01-Zn—04 107.2(7) 07B1-08 118.5(9)
02-Zn-03 109.7(6) 0+B2-02 102.4(7)
02-Zn—04 110.0(7) 0%B2-05 112.7(9)
03-Zn—04 103.2(6) 0+B2-06 107.3(6)
02-B2-05 114.2(9)

02-B2-06 105.0(5)

05-B2-06 114.2(8)

among melilites in several respects: first, it is the only known

aBond valence parameters from Brese, N. E.; O'Keeffe, Mta
Crystallogr. B 1991 47, 192.

Table 6. Selected Bond Distances (A), Bond Valences (s), and Bond

Angles () in CaBiGaB,07

5 s
Ca-03x2 2.402(8) 0.309 GaO3x4 1.826(2) 0.771
Ca-01 2.469(9) 0.257 Ss 3.08
Ca-02 2.477(8) 0252 BO2 1.416(4) 0.885
Ca-02x2 2531(7) 0.218 BO1 1.475(3) 0.755
Ca-03x2 2583(8) 0.189 BO3x2  1.574(3) 0.578
s 1.94 Ss 2.80
Bi—02 2.217(7) 0.709 03Ga-03 106.9(2)x4
Bi—03 2.277(7) 0.603 03Ga—03 114.8(2)x2
Bi—03 2.386(7) 0.449 0iB-02 114.3(3)
Bi—03 2.472(7) 0356 O01B—-03  102.9(2)x2
Bi—O1 2.512(7) 0320 02B-03  116.1(3)x2
Bi—02 2.650(7) 0.220 03B-03  102.7(3)
Bi—03 2.687(7) 0.199
Bi—02 2.859(7) 0.125
s 2.98

aBond valence parameters from Brese, N. E.; O'Keeffe, Atta
Crystallogr. B 1991 47, 192.

modate the relatively small €a cation. Consequently,

example in which the layers contain triangulaB groups,

a structural feature that obviously can only be found in borate
melilites; second, it is the only melilite structure in which
the interlayer cations occupy two crystallographically distinct
sites; and third, as a result of the unique structural arrange-
ment within and between the layers, it is the only melilite to
crystallize with a fully ordered, commensurate superstructure
with Pba2 symmetry. The same space group symmetry
would be expected from cation ordering in other melilites
containing two different interlayer cations, such as Mk@7T

(M = Ca, Sr, Ba; L= lanthanide; T= Al, Ga), but it has

not been reported so far. As described above, the formation
of B,Os groups in the BiZnB,O; structure occurs in synergy
with the asymmetrical bonding requirement of the’'Bi
cations, suggesting that the latter could stabilize other
BioXB,0O; diborate melilites. Our own attempts with %
Mg?" and C@" (with ionic radii similar to that of Z&") have
been unsuccessful possibly because the tetrahedral coordina-
tion of these particular cations is not favored at the relatively
low synthesis temperatures required to avoid the melting of
borate melilites. Similar difficulties may be anticipated for
the synthesis of other hypothetical melilites, such as
BioFeB,0O-, Bi,MnB,0O;, and ByCuB,O;. The possible exist-
ence of B}CdB,O; remains to be investigated.

Attempts to substitute Bi in BiZnB,O; with other
trivalent cations of similar size have also been unsuccessful.
For example, the ¥nB,0;, BiNdZnB,O;, or BiYbB,O;
melilites could not be synthesized and the simple MBO
orthoborates formed instead. This result suggests that the
formation of BpZnB,O; itself could be favored by the
metastable nature of BiBQO

Double substitutions in BZnB,O; have been successful
for Bi®" + zZn*t = Ca&*" (or C#") + G&', as described
above. This result is consistent with the influence of the
[f+/0Asize ratio on the stability of AT30; melilites?° the
ratios for CaBiGaBO; (0.29) and CdBiGagD; (0.29) are
indeed close to that for BZnB,O; (0.31) (using Shannon’s
ionic radii 3 with C.N. = 8 for the A cations and C.N= 4
for the T cations). On the other hand, hypothetical melilites
with similar ratios, such as CaBiA; (0.26), CaBiFeBO;,

okayamalite crystallizes with a very small unit cell (Table
1). As expected, the substitution of Ga or Zn for Si leads to
a larger unit cell with an anisotropic in-plane expansion of

the tetrahedral layers. For instance, from,&RB,0; to

CaBiGaB0y, thec anda axes expand by 0.3% and 4.8%,
respectively (Table 1). The minor change in thexis reflects

the similar effective sizes of the interlayer Taand BP*

cations.

Despite the straightforward syntheses of CaBigaBand

Bi»ZnB,0O;, no previous report of Bi-substituted melilites

could be found in the literature. EinB,0; itself is unique

(0.29), and SrBiGapgD; (0.27), could not be synthesized.
Although the melilite structure is known to accommodate a
large range ofi[/s[ratios (e.g., from 0.32 in GBeSipO;

to 0.48 in CaZnGe0O; and CaLaGgDy), itis clear that borate
melilites lie at the lower limit of this range and that,
consequently, other factors may become predominant in
determining their stability. For example, the attempted
syntheses of CaBiFeB); and SrBiGaBO; yielded mixtures
containing the two novel compounds MBpO; (M = Ca,

(33) Shannon, R. DActa Crystallogr A 1976 32, 751.



Melilite-Type Borates BZnB,O; and CaBiGaBO;

Figure 2. Structure of tetragonal CaBiGaB; viewed along the [001] (top)

and [100] (bottom) directions. The Ca and Bi positions are half-filled and
the Bi positions are split across the mirror planes. Numbers correspond to
the oxygen positions in Table 3.

Sr) instead of the melilites. The characterization of these
novel bismuth borates is in progress.

Nonlinear Optical Properties. Only one preliminary
measurement of the efficiency for second harmonic genera-
tion (SHG) of BpZnB,O; and CaBiGaBO; has been carried
out by the Kurtz-Perry method using powder samples. In

Chem. Mater., Vol. 17, No. 12, 2008135

Figure 3. Structure of orthorhombic BZnB,;O; viewed along the [001]
(top) and [£10] (bottom) directions. Numbers correspond to the oxygen
positions in Table 3.

borate groups can also be qualitatively predicted to be larger
in Bi»ZnB,O; due to the presence of planar B@roups in

the B,Os dimers (although the dimers themselves are not

planar but twisted by about 4&round the bridging O atom,
Figure 2b). By comparison, the nonplanar tetrahedral BO
groups in the BO; dimers of CaBiGaBO; would contribute
less to the SHG efficiency. Efforts are currently underway

agreement with their noncentrosymmetric crystal structures, to grow large single crystals of BnB,O; in order to

both compounds produced an SHG signal with efficiencies
(der) equal to 4.0 (BiZnB,0Oy) and 1.6 (CaBiGaRD;) relative

to a KH,POs standard of similar grain size. The larger
efficiency for Bb,ZnB,Oy is qualitatively consistent with the
presence of a larger concentration of the heavy and polariz-
able BP" cations in its crystal structure. As has been shown
by theoretical calculations in the case of B@B,’ the
asymmetric BiQ coordination polyhedra are major contribu-
tors to the SHG efficiency of bismuth borates. The BIiO
polyhedra in BiZnB,O; (Figure 2a, Table 5) are indeed
significantly more asymmetric than the Bi@olyhedra in
CaBiGaBO0y (Figure 3a, Table 6), thus leading to a reduced
cancellation of the B+O bond polarizabilities and a larger
nonlinear optical (NLO) activity in the former. Moreover,
according to the anionic group theory of NLO activity in
borates’*35 the contribution to the SHG efficiency of the

measure a more complete set of NLO properties. Preliminary
Czochralski and flux growth experiments using®4-rich
melts show promising results toward this goal.

Conclusion

The borates described in this work, ,BnB,O;,
CaBiGaB0y, and CdBiGaBO;, are the only examples of
synthetic diborate members of the melilite family,X¥ ,0;.
They are also the only examples of melilites containing the
Bi®" cation. Whereas CaBiGaB; and CdBiGaBO; crystal-
lize with the normal tetragonal melilite structur®4@:m
symmetry,Z = 2), Bi,.ZnB,O; adopts a unique orthorhombic
superstructure of meliliteRba2 symmetry,Z = 4). The
structural analysis has established that the lower symmetry
and the larger unit cell of BZnB,O; result from the
stereoactive lone pairs of the®Bications. In particular, the

(34) Chen, C.; Wu, Y.; Jiang, A.; Wu, B.; You, G.; Li, R.; Lin, $. Opt.
Soc. Am. B1989 6, 616.

(35) Becker, PAdv. Mater. 1998 10, 979.
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strongly asymmetric coordination environment of Bieads Council of Canada at the Chalk River Laboratories is gratefully
to the formation of BOs diborate groups not previously —acknowledged. The preliminary measurements of nonlinear
encountered in the melilite family. The preliminary measure- optical properties were carried out in Professor Vargas-Baca’s
ment of the efficiency for second harmonic generation of laboratory at McMaster University.

Bi»ZnB,0O; powder has shown promising results that will be

explored further with more detailed measurements on large Supporting Information Available: Indexed X-ray powder
single crystals. diffraction patterns_ for BZnB,O; (Table 7), CaBngﬁl)y
(Table 8), and CdBiGag®; (Table 9) (PDF) and the full Rietveld
refinement profiles for BZnB,O; and CaBiGaBO- (Figures la
and 1b) (TIFF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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