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A new oxyborate Na2Ga2(BO3)2O is evidenced. The mean
crystal structure, determined by X-ray di4raction, is trigonal,
space group P-31c (n3163), Z 5 2, with a 5 4.855(2) As ,
c 5 15.441(7) As , V 5 315.2(4) As 3, R1 5 0.047, wR2 5 0.123. The
three-dimensional network is built up from the stacking, along
the c axis, of in5nite [NaGa2B2O7]==

sheets, separated by so-
dium layers. Na2Al2(BO3)2O is isostructural with Na2Ga2

(BO3)2O. Ionic conductivity is expected. ( 2000 Academic Press.

Key Words: oxyborate; crystal structure; structural correla-
tions.

INTRODUCTION

The polar orientation of BO3~
3

ions in crystals leads to
noncentrosymmetric structures (1). This feature, combined
with an excellent transparency in UV region and high polar-
izability, implies that borates are attractive candidates in the
search of new nonlinear materials (2, 3). Consequently, the
chemistry of borates, oxyborates, hydroxide borates, and
#uoride borates has been reinvestigated during the past 10
years. The most interesting frequency doubling compounds
are b-BaB

2
O

4
(BBO) (4), LiB

3
O

5
(LBO) (5), and

YAl
3
(BO

3
)
4
: Nd3` (YAB) (6). A new caesium lithium bor-

ate was recently found, CsLiB
6
O

10
(CLBO) (7), and is

currently displacing BBO for UV generation. In 1996, G.
Aka et al. obtained, by the Czochralski technique, large
crystals of the acentric oxyborate Ca

4
Gd(BO

3
)
3
O

(GdCOB) (8), a promising self-doubling laser host.
We have undertaken the study of several mixed

anionic systems. New structural families ¸n
3
(BO

3
)
2
F
3

(9),
Na

2
¸n

2
(BO

3
)
2
O (10) (¸n"Sm, Eu, and Gd) and a new

nonlinear hydroxide borate Zn
2
(BO

3
) (OH)

0.75
F
0.25

(11)
are now evidenced. We have also investigated the Na

2
O}

Ga
2
O

3
}B

2
O

3
system and crystals of Na

2
Ga

2
(BO

3
)
2
O have

been obtained. This phase was reported by Rza-Zade et al.
(12) in 1971, but its structure was still unknown. This paper
deals with the synthesis and the crystal structure of this
1To whom correspondence should be addressed.
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oxyborate. Structural comparisons with other borates,
Sr

2
Be

2
(BO

3
)
2
O (SBBO) (13), AAl

2
(BO

3
)
2
O (A"Ca (14),

Sr (15, 16), Ba (17)), and SiP
2
O

7
(18), are also presented.

One of the referees made us aware of the crystal structure
description of Na

2
Al

2
(BO

3
)
2
O by K.S. Chang (Ph.D. dissert-

ation, Oregon State University, 1998). This work was not
published.

EXPERIMENTAL DETAILS

Crystals of Na
2
M

2
(BO

3
)
2
O (M"Al, Ga) grow from the

stoichiometric mixture of 1Na
2
CO

3
, 1M

2
O

3
, and 1B

2
O

3
in

platinum tubes. This mixture is heated as follows: 7 h at
7003C (heating rate 23C/min), 30 h at 1020 or 9003C (heat-
ing rate 0.53C/min) respectively, and cooling at 0.13C/min.
A weight loss, corresponding to the departure of CO

2
from

Na
2
CO

3
, is always observed. For Na

2
Ga

2
(BO

3
)
2
O, a small

amount of impurity Ga
2
O

3
can be detected on the X-ray

powder di!raction pattern, recorded on a Siemens D501
di!ractometer (CuKa radiation, room temperature).

Crystals of Na
2
Ga

2
(BO

3
)
2
O were selected by optical

examination, and X-ray di!raction data (Table 1) were
collected on a Siemens AED2 four-circle di!ractometer. The
conditions of intensity measurement are reported in Table 1.
The unit cell and the space group were obtained from
long-exposure rotation photographs. The scattering factors
and anomalous dispersion corrections for all atoms were
taken from the &&International Tables for X-ray Crystallog-
raphy'' (19). Intensities were corrected for absorption with
SHELX-76 (20). Structural calculations were performed
with SHELXS-86 (21) and SHELXL-93 (22) programs.
Structure projections were realized with the program Dia-
mond (23).

It must be noted that the crystal quality is poor. At large
di!raction 2h angles, shoulders are observed on the peak
pro"les. This feature is probably signi"cant of twinning and
to the presence of several crystallites with a lower structural
symmetry. The twinning plane was not determined and
high-resolution synchrotron di!raction is needed in order to
evidence the structural distorsion.
4



TABLE 1
Crystallographic Data and Conditions of Data Collection for

Na2Ga2(BO3)2O

Four-circle di!ractometer Siemens AED2
Radiation, temperature MoKa, 293 K
Crystal dimensions (mm3) 0.03]0.21]0.19
Absorption l"86.5 cm~1

A
.*/

, A
.!9

0.303, 0.734
Symmetry Trigonal
Space group P-31c (n3163)
Z 2
Parameters

a (As ) 4.855(2)
c (As ) 15.441(7)

Volume (As 3) 315.2(4)
Molecular weight 319.04
Calculated density (g/cm3) 3.361(4)
Secondary extinction factor 3.9(8) 10~5

Weighting scheme k"1
w"k/(p2(F2)#(0.0719P)2
Number of re"ned parameters 25
Max */p !0.001
Reliability factors R

1
; wR

2
0.047; 0.123

Goodness-of-"t 1.19
Max, min heights in the "nal di!erence

Fourier map (eAs ~3 ) #2.6, !1.4
Centering re#ections (2#+303) 27
Re#ections for re"ned cell parameters 27 (scans at $#)
Scan mode u!2# in N steps of *u"0.0353 374N443
Data collection range 2#4703
Aperture 4]4 mm2

Measured re#ections 2598
Minimum h, k, l ;

maximum h, k, l (2 independent sets)
!7 !7 !24;
7 7 24

Standard re#ections 0 2 5; 2 !2 5; 2 0 !5
Maximum standard intensity variation 3.0
Independent re#ections (I'2p (I)) 436
R

*/5
0.017

TABLE 2
Atomic Coordinates and Temperature Factors in

Na2Ga2(BO3)2O

Atom Site x y z SOF B
%2

[As 2]

Ga 4f 1/3 2/3 0.63835(4) 1 1.26(2)
Na(1) 2b 0 0 0 1 1.78(6)
Na(2) 2a 0 0 1/4 1 3.7(1)
O(1) 12i 0.9523(7) 0.6113(8) 0.8946(4) 1 4.3(1)
O(2) 6h !0.409(2) 0.409(2) 1/4 1/3 3.4(3)
B 4f 1/3 2/3 0.1031(6) 1 2.2(1)a

Note. B
%2
"A

8n2

3 B+
i

+
j

;
ij
a*
i
a*
j
a
i
a
j
(26).

aB
*40

.

TABLE 3
Anisotropic Displacement Parameters in Na2Ga2(BO3)2O

Atom ;
11

;
22

;
33

;
23

;
13

;
12

Ga 0.0135(3) 0.0135(3) 0.0209(4) 0 0 0.0067(2)
Na(1) 0.019(1) 0.019(1) 0.030(2) 0 0 0.009(1)
Na(2) 0.036(2) 0.036(2) 0.067(4) 0 0 0.018(1)
O(1) 0.008(1) 0.014(1) 0.139(5) !0.014(2) 0.004(2) 0.004(1)
O(2) 0.060(8) 0.060(8) 0.020(4) !0.008(6)!0.008(6) 0.036(9)

Note. The anisotropic temperature factor expression is ¹"exp
[!2n2 ((ha*)2;

11
#2#2hka*b*;

12
)] (26).
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An optical second-harmonic generation test was per-
formed by the Kurtz}Perry method (24) on a polycrystalline
sample of Na

2
Ga

2
(BO

3
)
2
O using the 1.06-lm line of

a YAG : Nd3` laser. No signal was detected.
The thermal characterizations of Na

2
Al

2
(BO

3
)
2
O and

Na
2
Ga

2
(BO

3
)
2
O were performed by coupled TGA}DTA

under argon #ow (TA Instruments SDT 2960, heating rate
103C/min, temperature range 30}12003C). On heating, only
an endothermic peak, corresponding to the melting, can be
observed. A large hysteresis for recrystallisation occurs on
cooling (Table 5).

The IR spectrum, realized on an ATI MATTSON Genesis
series FTIR apparatus, is consistent with the presence of
borate groups BO3~

3
(lines between 700 and 1250 cm~1) (25).

STRUCTURE DETERMINATION

The structure determination was performed on
Na

2
Ga

2
(BO

3
)
2
O. Re#ection conditions (hh21 hl: l"2n) lead
to the centric P31 1c (n3163) and acentric P31c (n3159) space
groups. The P31 1c space group was selected for the structure
solution. The starting set of atomic coordinates was ob-
tained from the analysis of the Patterson map (Patt option
of the SHELXS-86 program). One gallium and two sodium
were located respectively on 4f, 2a, and 2b crystallographic
sites (R

1
"0.204, with SHELXL-93 re"nement program).

The positions of boron and oxygen were given by successive
re"nements and di!erence Fourier syntheses (SHELXL-93).
A statistic disorder, probably correlated with the twinning
of the crystals, was observed for oxygen O(2); the site occu-
pation factor (SOF) was re"ned to 1/3. Secondary extinction
and anisotropic or isotropic (boron atoms) thermal para-
meters were re"ned, and the "nal residuals decreased to
R

1
"0.047 (wR

2
"0.123). The results are not improved in

the P31c space group.
The atomic coordinates and temperature factors are re-

ported in Table 2, the anisotropic displacement parameters
are given in Table 3, and the selected interatomic distances
are listed in Table 4.

STRUCTURE DESCRIPTION

In the crystal structure of Na
2
Ga

2
(BO

3
)
2
O, Ga3` ca-

tions reside on distorted tetrahedral sites while sodium



TABLE 5
Cell Parameters, Melting (Tf ), and Recrystallization (Tr ) Points

of Na2M2(BO3)2O (M 5 Al, Ga)

a (As ) c (As ) < (As 3 ) R
M3` (As )a ¹

&
(3C) ¹

3
(3C)

Na
2
Al

2
(BO

3
)
2
O 4.802(7) 15.29(4) 305.2(9) 0.39 1005 905

Na
2
Ga

2
(BO

3
)
2
O 4.855(2) 15.441(7) 315.2(4) 0.47 880 800

a Values from Ref. (27).

TABLE 4
Selected Interatomic Distances (As ) and Angles (33) in

Na2Ga2(BO3)2O

Ga polyhedron

3]Ga}O(1) 1.805(3)
1]Ga}O(2) 1.836(6)

SGa}OT"1.81 As

Na(1) polyhedron Na(2) polyhedron
6]Na}O(1) 2.414(4) 2]Na}O(2) 2.547(6)
SNa(1)}OT"2.414 As 6]Na}O(1) 2.858(5)

SNa(2)}OT"2.78 As

Borate BO3~
3

ion

3]B}O(1) 1.369(3)
3]O(1)}B}O(1) 119.93(4)
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cations Na(1)` and Na(2)` are sixfold (regular octahedron)
and eightfold (bicapped octahedron (3#2#3)) coordinated
respectively. The mean metal}oxygen distances found in
GaO

4
tetrahedra (SGa}OT"1.81 As ) and Na(1)O

6
oc-

tahedra (SNa(1)}OT"2.414 As ) are in agreement with the
sum of ionic radii given by Shannon (27): Ga3` (0.47 As ),
Na` (1.02 As in coordination VI), and O2~ (1.35 As ). In
contrast, the distance SNa(2)}OT"2.78 As is clearly longer
than the expected value, 2.53 As (Na`:1.18 As in coordination
VIII). The corresponding polyhedra are distorted along the
FIG. 1. Perspective view of Na
2
Ga

2
(BO

3
)
2
O. The stat
c axis. Boron atoms adopt a triangular coordination. The
mean B}O distance, 1.37 As , is close to that found generally
in borates: Na

2
Gd

2
(BO

3
)
2
O (1.38 As ) (10), K

2
Ga

2
(BO

3
)
2
O

(1.37 As ) (28), and Ca
4
Gd(BO

3
)
3
O (1.38 As ) (8).

Two GaO
4

polyhedra, up and down, are connected by
O(2) in order to form bitetrahedral entities [Ga

2
O(1)

6
O(2)

2@2
] (Fig. 1). The axis 31 involves a rotation of their

O(1)
3

bases.
Borate ions de"ne dense layers of #at-lying triangles

parallel to the (a, b) plane. In a previous paper (11), we
described the stacking of borate layers using (A, B, C) let-
ters, indicative of the relative shift of the layers, and (#) or
(!) symbols, associated with the orientation of B}O bonds.
This notation is applied to Na

2
Ga

2
(BO

3
)
2
O and the stack-

ing is /A(#)/A(!)/B(#) /B(!)/. Ga
2
O

7
dimers and BO3~

3
triangles share O(1) corners and create cavities occupies by
Na(2)`. They build up in"nite sheets [NaGa

2
B
2
O

7
]
=

of
istic occupation of O(2) site is materialized by an ellipse.



TABLE 6
Structural Comparison of Oxyborates with Na2Ga2(BO3)2O

Sheet formulation
Compound a (As ) c (As ) Space group (thickness in As ) Stacking of borate layers References

Na
2
Ga

2
(BO

3
)
2
O 4.855(2) 15.441(7) P-31c (n3163) [NaGa

2
B
2
O

7
]
=

(4.5) /A(#)/A(!)/B(#)/B(!)/ This work
Sr

2
Be

2
(BO

3
)
2
O 4.683(3) 15.311(7) P-6c2 (n3188) [SrBe

2
B

2
O

7
]
=

(3.9) /A(#)/A(#)/A(!)/A(!)/ (13)
CaAl

2
(BO

3
)
2
O 4.810(6) 46.633(5) R-3c (n3167) [[ ]Al

2
B
2
O

7
]
=

(4.7) /A(#)/B(#)/C(!)/A(!)/B(#)/C(#)/ (14)
A(!)/B(!)/C(#)/A(#)/B(!)/C(!)/

SrAl
2
(BO

3
)
2
O 4.893(1) 47.78(1) R-3c (n3167) [[ ]Al

2
B
2
O

7
]
=

(4.7) /A(#)/B(#)/C(!)/A(!)/B(#)/C(#)/ (16)
A(!)/B(!)/C(#)/A(#)/B(!)/C(!)/

BaAl
2
(BO

3
)
2
O 5.001(2) 24.378(3) R32 (n3155) [[ ]Al

2
B
2
O

7
]
=

(4.8) /A(#)/B(#)/C(#)/A(#)/B(#)/C(#)/ (17)
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thickness 4.5 As , related by the symmetry center. These
sheets are separated along the c axis by in"nite planes of
Na(1)`.

STRUCTURAL CORRELATIONS

It is interesting to compare the structure of
Na

2
Ga

2
(BO

3
)
2
O and those of other oxyborates:

Sr
2
Be

2
(BO

3
)
2
O (SBBO) (13), and AAl

2
(BO

3
)
2
O (A"Ca

(14), Sr (16), Ba (17)). All these compounds exhibit
[M

2
B
2
O

7
]
=

(M"Be, Al, and Ga) sheets. Their arrange-
ment can be either noncentrosymmetric, in SBBO, or cen-
trosymmetric in aluminum and gallium borates. In
BaAl

2
(BO

3
)
2
O (15), the noncentrosymmetric character is
FIG. 2. Perspective vi
due to the rotation of the tetrahedra which constitute the
dimeric units [Al

2
O

7
]. As a consequence, within

a [M
2
B

2
O

7
]
=

sheet, two di!erent layers of boron atoms
(A/B, C/A, or B/C) instead of one (A/A or B/B) in
Na

2
Ga

2
(BO

3
)
2
O and SBBO can be distinguished (Table 6).

The di!erence in stacking of the [M
2
B

2
O

7
]
=

layers induces
a modi"cation of the coordination: Na(1)O

6
or AO

6
(A"Ca, Sr) octahedra in Na

2
Ga

2
(BO

3
)
2
O (Fig. 1) or

CaAl
2
(BO

3
)
2
O and SrAl

2
(BO

3
)
2
O, or AO

6
(A"Sr, Ba)

trigonal prisms in Sr
2
Be

2
(BO

3
)
2
O (Fig. 2) or BaAl

2
(BO

3
)
2
O .

The mean plane of bitetrahedral entities M
2
O

7
which contains the apical O(2) atoms can be "lled with
alkaline or alkaline}earth cations (Na

2
Ga

2
(BO

3
)
2
O or
ew of Sr
2
Be

2
(BO

3
)
2
O.



FIG. 3. Perspective view of SiP
2
O

7
(a) and projection, along the c axis, of the layers of ¹O

4
tetrahedra (¹"P, Ga) and AO

6
octahedra (A"Si, Na)

found in SiP
2
O

7
(b) and Na

2
Ga

2
(BO

3
)
2
O (c).
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Sr
2
Be

2
(BO

3
)
2
O) and with lone pairs (Tl

4
V

2
O

7
(29) or

K
2
Al

2
Sb

2
O

7
(30)) or can be lacunar (CaAl

2
(BO

3
)
2
O,

SrAl
2
(BO

3
)
2
O, or BaAl

2
(BO

3
)
2
O) (Table 6).

Moreover, the structural arrangement of Ga
2
O

7
entities

and Na(1)O
6

octahedra in Na
2
Ga

2
(BO

3
)
2
O can be com-

pared with that found in the hexagonal form of the diphos-
phate SiP

2
O

7
(18). This structure is built up from in"nite

sheets of P
2
O

7
dimers separated along the c axis by layers of

SiO
6

octahedra. A perspective view of the SiP
2
O

7
structure

is given in Fig. 3a. In this structure type, alternating rota-
tions (a

3
+173) of the octahedra and tetrahedra around the

threefold axis (Fig. 3b) lead to triangles of oxygen atoms. In
Na

2
Ga

2
(BO

3
)
2
O, these sites are occupied by boron atoms

(Fig. 3c).
It is worthy of note that Na

2
Ga

2
(BO

3
)
2
O and calcite

CaCO
3

(31) present similar sheets of octahedra, Na(1)O
6

or
CaO

6
, and triangular entities, BO3~

3
or CO2~

3
, but the most

interesting structural feature of this new oxyborate concerns
the presence of [NaM

2
O

7
]
=

sheets similar to that found in
b-alumina (32). In this last compound, ionic conductivity is
ensured by the motion of Na` ions via a statistical occu-
pancy of several crystallographic sites of NaO planes
(33, 34).

CONCLUSION

A new oxyborate Na
2
Ga

2
(BO

3
)
2
O is evidenced. The

synthesis is achieved by solid state reaction. The structure is
determined by X-ray di!raction from a crystal which is
probably twinned. The true cell symmetry is probably lower
than trigonal, and high-resolution powder X-ray di!raction
is needed in order to evidence the structural distorsion.
Na

2
Al

2
(BO

3
)
2
O is isostructural with the gallium phase.

The three-dimensional framework is based on double
borate layers connected by Ga

2
O

7
dimers. They form in"-

nite sheets in which and between which sodium cations are
located.

The presence of Na` planes, the observation of highly
anisotropic displacement parameters for Na(2) and O(1)
atoms, and the structural similarity with b-alumina suggest
that ionic conductivity can be expected in Na

2
Ga

2
(BO

3
)
2
O.

These properties are investigated by impedance measure-
ments and NMR spectroscopy; the results will be presented
in a forthcoming paper.
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