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Abstract

Two organic–inorganic hybrid compounds, Ga2(4,4
0-bpy)(PO4)2, 1, and Ga2(4,4

0-bpy)(AsO4)2, 2, have been synthesized under

hydrothermal conditions and structurally characterized by single-crystal X-ray diffraction. The two compounds are isostructural

and crystallize in the triclinic space group P%1 (No. 2) with a ¼ 4:9723ð9Þ Å, b ¼ 5:770ð1Þ Å, c ¼ 11:812ð2Þ Å, a ¼ 78:268ð3Þ1,
b ¼ 89:159ð3Þ1 g ¼ 88:344ð3Þ1, V ¼ 331:7ð2Þ Å3, Z ¼ 1; and R1 ¼ 0:0377 for 1, and a ¼ 5:1111ð7Þ Å, b ¼ 5:9327ð8Þ Å,
c ¼ 11:788ð2Þ Å, a ¼ 79:497ð2Þ1, b ¼ 88:870ð2Þ1, g ¼ 88:784ð2Þ1, V ¼ 351:3ð2Þ Å3, and R1 ¼ 0:0264 for 2. The structure consists

of neutral sheets of GaXO4 (X=P or As) which are pillared through 4,40-bipyridine ligands. Each oxide layer, which is formed only
by four-membered rings, is constructed from corner-sharing GaO4N trigonal bipyramids and XO4 tetrahedra. The title compounds

are two of the few examples in which the gallium atoms are exclusively five-coordinate.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Aluminophosphates have been extensively studied
due to the diverse fields of applications as catalysts,
corrosion protection, and medicine [1]. In the mid-
1980s, research was extended to gallophosphates in
order to discover new materials with open-framework
structures [2,3]. The replacement of aluminum by
gallium yields both novel structures and phases that
are analogous to known aluminophosphates. Interests
in gallophosphates also stems from the ability of the
gallium atom to adopt four-, five- or six-coordination
which enhances the probability that novel structures will
be formed. Most of these materials are synthesized in the
presence of an organic amine as structure-directing
agents. One of the most interesting gallophosphates is
cloverite [4]. The cages of cloverite have body diagonals

of B29–30 Å, the openings to which are comprised of
20 tetrahedra. The structure can be described solely in
terms of Ga–O–P double four rings (D4Rs) having
fluoride ions in the center. Recently, we synthesized a
discrete gallophosphate D4R unit containing an oc-
cluded oxygen atom using 4-aminopyridine as a
structure-directing agent [5]. In addition to organically
templated metal phosphates, we have also been inter-
ested in the synthesis of organic–inorganic hybrid
compounds by incorporating organic ligand such as
oxalate or 4,40-bipyridine (abbreviated as 4,40-bpy) in
the structures of metal phosphates. Several oxalate-
phosphates and 4,40-bpy-phosphates of gallium have
been reported [6–9]. As part of continuing work in these
systems, we synthesized a new gallophosphate, Ga2(4,4

0-
bpy)(PO4)2, and the arsenate analogue, Ga2(4,4

0-
bpy)(AsO4)2, which consist of neutral sheets of GaXO4

(X=P or As) linked by 4,40-bipyridine pillars. The Ga
atoms in the structure are exclusively five-coordinate.
In this paper, the synthesis and crystal structures of the
two compounds are presented.
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2. Experimental

2.1. Synthesis

The hydrothermal reactions were carried out in
Teflon-lined stainless-steel Parr acid digestion bombs.
All chemicals were purchased from Aldrich. Arsenic
acid was prepared from a reaction of As2O3 and H2O2.
Hydrothermal reaction of Ga2O3 (0.5mmol), 4,40-
bipyridine (10mmol), H3PO4 (5mmol), tetraethylam-
monium bromide (2mmol) and H2O (10mL) for 3 days
at 1651C followed by slow cooling at 101C/h to room
temperature yielded colorless plate-shaped crystals of
Ga2(4,4

0-bpy)(PO4)2 (further denoted as 1) in 73% yield
based on Ga. A suitable plate crystal was selected for
structure determination by single-crystal X-ray diffrac-
tion. The product is monophasic because its powder
X-ray diffraction pattern can be completely indexed
based on the unit cell from single-crystal X-ray
diffraction. However, the intensities of 0 0 l reflections
are considerably greater than the values simulated from
single-crystal data because of preferred orientation of
crystals within the powder specimen. Elemental analysis
confirmed its stoichiometry (anal. found: C, 24.17%; H,
1.69%; N, 5.71%. calc.: C, 24.74%; H, 1.66%; N,
5.77%) We have also carried out retro-syntheses with-
out tetraethylammonium bromide; the resulting product
is a mixture of 1 and a small amount of unidentified
acicular crystals. The arsenate analogue, Ga2(4,4

0-
bpy)(AsO4)2 (further denoted as 2), has also been
synthesized under the same reaction conditions. The
arsenate is indicated from single-crystal X-ray diffrac-
tion to be isotypic with 1.
Thermogravimetric analysis of 1 was performed on a

Perkin-Elmer TGA 7 thermal analyzer; the sample was
heated to 9001C at 51C/min in flowing oxygen. The
TGA curve showed a broad weight loss which began at
ca. 3001C, reached maximum rate at ca. 4501C and was
incomplete by 9001C (Fig. 1). The decomposition
products contained GaPO4 (JCPDS: 31–546) and black

glassy carbon, as indicated from powder X-ray diffrac-
tion and the color. The total weight loss between 301C
and 9001C is ca. 30%, which is smaller than the
calculated value of 32.2% because of incomplete
oxidation of the organic component.

2.2. Single-crystal X-ray diffraction

A suitable crystal of each compound was selected for
indexing and intensity data collection on a Siemens
SMART CCD diffractometer equipped with a normal
focus, 3-kW sealed tube X-ray source. The data were
collected at room temperature in 1271 frames with o
scans (width 0.301 per frame). Empirical absorption
corrections based on symmetry equivalents were ap-
plied. The structures were solved by direct methods and
difference Fourier syntheses. All H atoms in 4,40-bpy
molecule were found in difference Fourier maps. The
final cycles of least-squares refinement included atomic
coordinates for all atoms, anisotropic thermal para-
meters for all non-hydrogen atoms, and isotropic

Fig. 1. TGA curve, recorded in oxygen, of 1.

Table 1

Crystallographic data for Ga2(4,4
0-bpy)(PO4)2 (1) and Ga2(4,4

0-
bpy)(AsO4)2 (2)

1 2

Crystal size, mm 0.14� 0.05� 0.01 0.25� 0.12� 0.08

Color Colorless Colorless

Crystal system Triclinic Triclinic

Space group P%1 P%1

a, Å 4.9723(9) 5.1111(7)

b, Å 5.770(1) 5.9327(8)

c, Å 11.812(2) 11.788(2)

a; deg 78.268(3) 79.497(2)

b; deg 89.159(3) 88.870(2)

g; deg 88.344(3) 88.784(2)

V, Å3 331.7(2) 351.3(1)

Z 1 1

Fw 485.56 573.46

Dc; g cm
�3 2.431 2.710

T ; 1C 23 23

m(MoKa), cm�1 43.5 85.6

Tmin; max 0.599, 0.942 0.316, 0.859

l(MoKa), Å 0.71073 0.71073

Maximum 2y; deg 56.2 56.6

Number of unique

reflections

1483 1650

Observed unique

reflections (I42sðIÞ)
1230 1521

Number of parameters 126 126

R1a, wR2b 0.0377 (0.0490),

0.0903

0.0264 (0.0294),

0.0685

Goodness of fit 1.021 1.084

(Dr)max,min, eÅ
�3 1.10, �0.73 0.91, �0.83

aR1 ¼
P

Foj � jFcj j=
P

jFoj: The value in parentheses is for all data.
bwR2¼

P
wðF 2

o �F2
c Þ

2
h i

=
P

wðF2
o Þ

2
h in o1=2

; w=1/[s2(Fo
2)+(aP)2+

bP], P=(MaxFo
2+2Fc

2)/3, where a ¼ 0:0518 and b ¼ 0 for 1 and

a ¼ 0:0343 and b ¼ 0:27 for 2.
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thermal parameters for all H atoms. All calculations
were performed using the SHELXTL Version 5.1
software package [10].

3. Results and discussion

The crystallographic data, atomic coordinates and
selected bond lengths for 1 and 2 are given in Tables 1, 2
and 3, respectively. The two compounds are isostructur-
al and crystallize in the triclinic space group P%1 with a
unit cell content of one formula unit. All atoms are at
general positions. Fig. 2 shows the coordination envir-
onment of the Ga atom in 1. Each gallium is bonded to
four phosphate oxygen atoms and one 4,40-bpy nitrogen
atom at an axial position to form a GaO4N trigonal
bipyramid. The 4,40-bpy molecule sits on an inversion

center. The bipyridine molecules are planar and parallel
to each other in an offset parallel-stacked geometry. The
distance between the least-squares planes of adjacent
4,40-bpy molecules is 3.44 Å, indicative of the presence
of intermolecular aromatic interaction. The 4,40-bpy
ligands extend from the inorganic layers at an angle of
ca. 511.
As shown in Fig. 3a, the structure consists of gallium

phosphate layers covalently linked through 4,40-bpy
pillars into a 3D framework. Thus, the structure exhibits
the characteristic pattern of alternating organic/inor-
ganic domains often observed in metal organopho-
sphonate phases [11]. Several other members in the
4,40-bpy-phosphate system also adopt a pillared
layer structure [12–14]. The inorganic layer, shown in
Fig. 3b, is constructed from corner-sharing GaO4N
trigonal bipyramids and PO4 tetrahedra. The covalent
connectivity in each layer produces two different

Table 2

Atomic coordinates and thermal parameters for Ga2(4,4
0-bpy)(PO4)2

(1) and Ga2(4,4
0-bpy)(AsO4)2 (2)

a

Atom x y z Ueq (Å
2)b

Compound 1

Ga(1) 0.66596(9) 0.79543(8) 0.90025(4) 0.0123(2)

P(1) 0.8454(2) 0.2796(2) 0.92558(9) 0.0114(2)

O(1) 0.1402(6) 0.2808(5) 0.9581(2) 0.0162(2)

O(2) 0.6720(6) 0.2261(5) 0.0345(2) 0.0159(6)

O(3) 0.8036(6) 0.0941(5) 0.8506(2) 0.0163(6)

O(4) 0.7661(6) 0.5203(5) 0.8495(2) 0.0154(6)

N(1) 0.4446(7) 0.8806(6) 0.7383(3) 0.0170(8)

C(1) 0.2793(9) 0.7189(9) 0.7175(4) 0.025(1)

C(2) 0.103(1) 0.7584(9) 0.6253(4) 0.026(1)

C(3) 0.0921(9) 0.9755(8) 0.5502(4) 0.0203(9)

C(4) 0.264(1) 0.1446(9) 0.5738(5) 0.034(1)

C(5) 0.433(1) 0.0908(9) 0.6673(4) 0.029(1)

H(1C) 0.30(1) 0.56(1) 0.761(6) 0.07(2)

H(2C) �0.04(1) 0.63(1) 0.613(5) 0.06(2)

H(4C) 0.56(1) 0.203(9) 0.693(4) 0.03(1)

H(5C) 0.25(1) 0.29(1) 0.528(5) 0.04(2)

Compound 2

Ga(1) 0.66357(6) 0.79160(5) 0.89350(3) 0.0123(1)

As(1) 0.85145(6) 0.27684(5) 0.92550(2) 0.0112(1)

O(1) 0.1654(4) 0.2926(4) 0.9600(2) 0.0164(5)

O(2) 0.6722(4) 0.2118(4) 0.0464(2) 0.0171(4)

O(3) 0.8200(4) 0.0732(4) 0.8437(2) 0.0161(4)

O(4) 0.7588(4) 0.5237(4) 0.8391(2) 0.0162(4)

N(1) 0.4490(5) 0.8747(4) 0.7305(2) 0.0176(6)

C(1) 0.2856(7) 0.7174(6) 0.7082(3) 0.0228(7)

C(2) 0.1075(7) 0.7593(6) 0.6199(3) 0.0254(8)

C(3) 0.0938(6) 0.9753(6) 0.5482(3) 0.0205(7)

C(4) 0.2633(8) 0.1390(6) 0.5736(4) 0.0312(9)

C(5) 0.4374(8) 0.0832(6) 0.6640(3) 0.0296(8)

H(1C) 0.278(7) 0.583(6) 0.761(4) 0.018(9)

H(2C) 0.279(9) 0.286(7) 0.519(4) 0.04(1)

H(4C) 0.003(8) 0.645(7) 0.604(4) 0.03(1)

H(5C) 0.57(1) 0.19(1) 0.672(6) 0.07(2)

aThe coordinates of hydrogen atoms are given in supplementary

materials.
bUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.

Fig. 2. The coordination environment of Ga in the structure of 1

showing atom labeling scheme. Thermal ellipsoids are shown at 50%

probability. Small open circles represent hydrogen atoms.

Table 3

Interatomic distances (Å) for Ga2(4,4
0-bpy)(PO4)2 (1) and Ga2(4,4

0-
bpy)(AsO4)2 (2)

Compound 1

Ga(1)–O(1) 1.909(3) Ga(1)–O(2) 1.836(3)

Ga(1)–O(3) 1.852(3) Ga(1)–O(4) 1.860(3)

Ga(1)–N(1) 2.182(4) P(1)–O(1) 1.522(3)

P(1)–O(2) 1.521(3) P(1)–O(3) 1.541(3)

P(1)–O(4) 1.537(3) C(1)–C(2) 1.384(7)

C(2)–C(3) 1.380(6) C(3)–C(3) 1.486(3)

C(3)–C(4) 1.387(7) C(4)–C(5) 1.377(7)

N(1)–C(1) 1.323(6) N(1)–C(5) 1.327(6)

C(1)–H(1C) 0.94(7) C(2)–H(2C) 1.07(7)

C(4)–H(4C) 0.90(6) C(5)–H(5C) 1.00(5)

Compound 2

Ga(1)–O(1) 1.929(3) Ga(1)–O(2) 1.843(2)

Ga(1)–O(3) 1.859(2) Ga(1)–O(4) 1.871(2)

Ga(1)–N(1) 2.202(3) As(1)–O(1) 1.672(2)

As(1)–O(2) 1.668(2) As(1)–O(3) 1.689(2)

As(1)–O(4) 1.689(2) C(1)–C(2) 1.381(5)

C(2)–C(3) 1.402(5) C(3)–C(3) 1.485(6)

C(3)–C(4) 1.392(5) C(4)–C(5) 1.390(5)

N(1)–C(1) 1.331(4) N(1)–C(5) 1.339(4)

C(1)–H(1C) 0.92(4) C(2)–H(2C) 0.92(5)

C(4)–H(4C) 0.99(4) C(5)–H(5C) 0.94(6)
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four-membered {Ga2P2} rings, which fuse to propagate
the network structure. The layer structure is unusual as
it is formed only by four-membered rings, which are one
of the fundamental building units in solids possessing
open structures. Each 4,40-bpy ligand links two Ga
atoms in adjacent layers to produce [Ga2(4,4

0-bpy)] as
a structural unit. Each Ga is bonded to four phosphate
oxygen atoms and each phosphate connects four Ga
atoms to form a 3D neutral framework with the
stoichiometry Ga2(4,4

0-bipy)(PO4)2.

An interesting structural feature of 1 and 2 is the
presence of exclusively five-coordinate gallium. The Ga
atoms in most gallophosphates are found in four-, five-,
and six-fold coordination, or in some combinations
of the three. For example, Ga5(OH)2(C10H9N2)(C2O4)
(PO4)4, Ga4(PO4)4(OH) 	C3H10N 	 1.09H2O (GaPO4-14),
Rb2[Ga4(HPO4)(PO4)4] 	 0.5H2O, and Ga12P12O48(OH)4
(C6H18N2)2 	 4H2O (Mu-8) consist of mixed four-, five-,
and six-coordinate Ga [8, 15–17]. However, among the
large number of gallophosphates that have been
reported, few contain exclusively five-coordinate gallium.
The cobalt-substituted gallophosphate (NH4)[CoGa2
P3O12(H2O)2] [18], (4-HAP)2[Ga4O(PO4)4(H2O)4] (AP=
aminopyridine) [5], and (NH4)3[Ga2(PO4)3] [19] are
three examples in which only five-coordinate Ga exists.
Compounds 1 and 2 are the only examples in which each
gallium is coordinated by one nitrogen and four oxygen
atoms in a geometry of trigonal bipyramid.
The structures of the title compounds consist of metal

phosphate layers pillared by 4,40-bpy ligands. This type
of structure is common and is seen in about a half of the
compounds in the 4,40-bpy-phosphate system. However,
these compounds should be regarded condensed phases
with little or no accessible interlayer space. It is
interesting to explore the synthesis of open-framework
materials in the 4,40-bpy-phosphate system by including
appropriate organic amine templates in their structures.
Further research on this theme is underway.
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