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A new cobalt phosphate Cs2Co3(HPO4)(PO4)2 'H2O 1, has
been synthesized by hydrothermal reactions and characterized by
single-crystal X-ray di4raction, thermogravimetric analysis, and
magnetic techniques. It crystallizes in the monoclinic space group
P21 with a 5 10.4711 (6) A_ , b 5 5.1129 (3) A_ , c 5 13.5584 (8) A_ ,
b 5 109.893 (1)3, V 5 682.57 A_ 3, Z 5 2. Re5nement gave
R1 5 0.0226, wR2 5 0.0583 for 2611 unique observed re6ections
(I'2r(I)). The cobalt and phosphorus atoms in 1 are tetrahed-
rally coordinated by oxygen atoms with Co to P ratio of 1. The
framework structure of 1 is built up by sharing corners of
[Co(PO4)]2 layers and [Co(HPO4)] double zigzag chains, which
contains in5nite 1-D tunnels, with 16-membered ring channels
housing caesium cations and water molecules. Magnetic suscep-
tibility measurements showed that 1 has a canted antiferromag-
netic interaction at a transition temperature of about 10 K.
( 2001 Academic Press
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INTRODUCTION

Microporous framework structures containing a high
level of transition metal centers are currently of great inter-
est because of their potential catalytic applications. For
example, much work has been done on the incorporation of
divalent cobalt cations into aluminum (or gallium) phos-
phates (1}3). Several novel microporous cobalt phosphates
with the formula of MCoPO

4
(M"Na, K, Rb, Cs, and

NH`
4

) which are related to the zeolite ABW structure con-
structed by alternating CoO

4
and PO

4
tetrahedra have also

been reported (4, 5). Using bifunctional amines as structure-
directing agents in the hydrothermal (or solvothermal) syn-
theses has successfully led to many organically templated
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E-mail: raykuang@cc.fec.edu.tw.

242
0022-4596/01 $35.00
Copyright ( 2001 by Academic Press
All rights of reproduction in any form reserved.
transition metal phosphates (6}15). Among them cobalt is of
particular interest owing to its feasibility for tetrahedral
coordination and potential catalytic properties. Organically
templated cobalt phosphates showed a rich structure diver-
sity varying from 1-D to 3-D (16}20). Classi"cation of these
compounds by unique structure building units is of substan-
tial importance to the exploration of the possibility of cobalt
phosphate adopting zeolitic structures. In the case of zinc
phosphates, they have revealed several di!erent structure
features not found in zeolitic structures. These include the
three (or four)-coordinated oxygen atoms, Zn}O}Zn link-
ages, and more #exible zinc oxygen coordination. Also, for
divalent metal phosphates the charge density matching of
framework host and template guest is not as easy as in
zeolite structures. In aluminosilicates this can be done via
replacing a "ne-tuned amount of Si by Al, but in most of
porous divalent metal phosphates a strictly alternating con-
nection of M(II)O

4
and PO

4
is observed. Consequently,

interrupted framework structures are frequently found in
divalent metal phosphates with large pores, in which some
oxygen atoms bond to only one tetrahedral atom. The
interrupted structures are of interest, because some of them
are related to the known zeolitic structure. Herein are de-
scribed the synthesis and characterization of a new open-
framework cobalt phosphate, Cs

2
Co

3
(HPO

4
)(PO

4
)
2
)H

2
O,

with 16-ring channels. Its structure contains in"nite
Co}O}Co linkages and interrupted P}OH groups, and the
major structural building unit, a double zigzag chain, is also
a building unit in the known CsCoPO

4
}ABW (5) structure.

EXPERIMENTAL

Synthesis

The syntheses were carried out in Te#on-lined acid
digestion bombs with an internal volume of 23 cm3 under
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autogeneous pressure by heating the reaction mixture at
1903C for 3 days followed by slow cooling to room temper-
ature at 4.83Ch~1. Compound 1 was prepared from the
reaction mixture of Co

3
(PO

4
)
2
)xH

2
O (1 mmole), 85%

H
3
PO

4
(4 mmole), piperazine (6 mmole), H

2
C

2
O

4
)2H

2
O (3

mmole), 50% CsOH water solution (6 mmole), distilled
water (2.0 mL), and ethylene glycol (8.0 mL). The product
was recovered by vacuum "ltration and washed with copi-
ous distilled water. The product was a dark-blue needle-like
crystal and a very small amount of dark-blue granular
crystals. The XRD pattern of the blue needle compared well
with the pattern simulated from the coordinates of the
single-crystal study of 1 (see below). Preliminary analysis of
the blue granular crystal showed that it is probably one
form of CsCoPO

4
, but the structure could not be solved

because of the poor crystal quality.

Single-Crystal X-Ray Structure Analysis

The structure of 1 was determined by single-crystal X-ray
methods, and the crystallographic data is summarized in
Table 1. A suitable crystal (0.80]0.09]0.09 mm) was glued
on a glass "ber and mounted on a smart CCD di!rac-
tometer using MoKa radiation. Intensity data were col-
lected for indexing in 1271 frames with increasing u (width
of 0.33 per frame). Unit cell dimensions for 1 were deter-
TABLE 1
Crystallographic Data

Cs
2
Co

3
(HPO

4
)(PO

4
)
2
)H

2
O

Fw 746.54
Crystal system monoclinic
Size (mm) 0.80]0.09]0.09
Habit blue needle
Space group P2

1
a (A_ ) 10.4711(6)
b (A_ ) 5.1129(3)
c (A_ ) 13.5584(8)
b (deg) 109.893(1)
< (A_ 3) 682.57(7)
Z 2
Temp (K) 293(2)
j, (A_ ) 0.71073
¹max/min 0.9508 and 0.7981
o
#!-#$

(gcm~3) 3.632
k, cm~1 92.72
F(000) 686
2h

.!9
56.50

Observed re#ections [I'2s(I)] 2611
Parameter re"ned 190
Final R indices [I'2sigma(I)] R1!"0.0227, wR"

2
"0.0578

R indices (all data) R1"0.0246, wR
2
"0.0589

aR
1
"+DDF

0
D!DF

#
DD/+DF

0
D.

bwR
2
"[+w (DF

0
D2!DF

#
D2)2/+ w (DF

0
D2)2]1@2, w"[p2 (F2

0
)#0.0288P]2#

1.2501P], where P"(F2
0
#2F2

#
)/3.
mined by a least-squares "t of 3291 re#ections. Of the 4166
re#ections collected, 2611 unique re#ections were con-
sidered observed (I

0"4
'2p (I)). The absorption correction

was based on symmetry-equivalent re#ections using the
SADABS programs (21). On the basis of systematic absences
and statistic intensity distribution, the space group was
determined to be P 2

1
. Direct methods were used to locate

the Cs, Co, and P atoms "rst, and the remaining oxygen
atoms were found from successive di!erence maps. O(13)
was assigned as water. Bond valence calculations (22) in-
dicated that O(6) and O(10) have values of 1.56 and 1.17,
respectively, and all other oxygen atoms have values
ranging from 1.87 to 2.00. O(6) and O(10) were thus assigned
as pendant oxygen atom and OH, respectively. The three
H atoms were then located on di!erence Fourier maps. The
"nal cycles of re"nement, including the atomic coordinates
and anisotropic thermal parameters for all nonhydrogen
atoms and "xed atomic coordinates and isotropic thermal
parameters for the hydrogen atoms, converged at
R

1
"0.0227 and wR

2
"0.0578. In the "nal di!erence map

the deepest hole was !0.72 e A_ ~3 and the highest peak 0.69
e A_ ~3. Anomalous and secondary extinction corrections
were applied. All calculations were performed using the
SHE¸X¹¸ programs (23). Supplementary data (X-ray crys-
tallographic "le in CIF format, and observed and calculated
structure factors) are available from the authors.

Thermogravimetric analysis was carried out in nitrogen
at a heating rate of 103C/min (Perkin}Elmer Instruments,
TGA 7). Magnetic susceptibility was measured under 5000
Oe from 2 to 300 K (SQUID, Quantum Design).

RESULTS AND DISCUSSION

Crystal Structure of Cs
2
Co

3
(HPO

4
)(PO

4
)
2
)H

2
O

The atomic coordinates and the thermal parameters of
1 are given in Table 2, and selected bond lengths and bond
valence sums are given in Table 3. The projection of the
structure along [010] is shown in Fig. 1. The structure
contains cross-shaped 16-ring windows built up by edges of
alternating PO

4
and CoO

4
tetrahedra, which caesium

cations and water molecules inhabit. The cobalt and
phosphorus atoms in 1 are tetrahedrally coordinated by
oxygen atoms with Co to P ratio of 1. The framework has
hydrogen bonding with the occluded water molecules,
O(10)2O(13)"2.87 A_ , and the water molecules in the
center of the hole are hydrogen bonded to each other,
O(13)2O(13)"2.99 and 3.02 A_ . While the short distance
between O(6) and O(10) indicates hydrogen bonding might
exist, the small angle of LO(10)}H2O(6) is unacceptable
for hydrogen bonding. The coordination numbers of the
two unique caesium atoms are 7 and 11 respectively, and
were determined on the basis of the maximum gap occur-
ring in the Cs}O distances list. The maximum cation}oxy-
gen distance for Cs}O, 3.60 A_ , according to Donny and



TABLE 2
Atomic Coordinates and Thermal Parameters for 1

Atom x y z ;
%2

a

Cs(1) 0.4976(1) 0.2422(1) 0.2783(1) 0.034(1)
Cs(2) 0.0057(1) 0.2243(1) 0.2551(1) 0.024(1)
Co(1) 0.8357(1) 0.7490(2) 0.3973(1) 0.018(1)
Co(2) 0.1196(1) 0.2057(2) 0.0006(1) 0.016(1)
Co(3) 0.6095(1) 0.2812(2) 0.0086(1) 0.014(1)
P(1) 0.6974(1) !0.2434(3) 0.1455(1) 0.012(1)
P(2) 0.2039(1) 0.7531(3) 0.1304(1) 0.015(1)
P(3) 0.8395(1) 0.2511(3) 0.5274(1) 0.016(1)
O(1) 0.7077(4) !0.3169(9) 0.2556(3) 0.019(1)
O(2) 0.5682(4) !0.3850(7) 0.684(3) 0.015(1)
O(3) 0.8215(4) !0.3397(9) 0.1203(3) 0.025(1)
O(4) 0.6786(4) 0.0521(7) 0.1285(3) 0.021(1)
O(5) 0.0658(4) 0.8783(8) 0.0602(3) 0.022(1)
O(6) 0.2307(5) 0.8200(10) 0.2434(3) 0.032(1)
O(7) 0.3083(4) 0.8939(9) 0.0909(3) 0.025(1)
O(8) 0.2024(5) 0.4578(8) 0.1115(4) 0.032(1)
O(9) 0.0182(4) 0.6934(10) 0.3951(3) 0.024(1)
O(10) 0.7387(4) 0.1328(8) 0.5790(3) 0.025(1)
O(11) 0.8138(4) 0.5455(8) 0.5124(3) 0.022(1)
O(12) 0.8106(5) 0.1192(8) 0.4219(3) 0.025(1)
O(13) 0.4520(6) 0.2010(20) 0.5328(8) 0.113(4)
H(10) 0.6755 0.0468 0.5434 0.05
H(13A) 0.4906 0.2440 0.5888 0.05
H(13B) 0.4793 0.0473 0.5376 0.05

a;
%2

is de"ned as one-third of the trace of the orthogonalized;
ij

tensor.

TABLE 3
Selected Bond Lengths (A_ ) and Bond Valence Sums (+s) for 1

Cs(1)-O(7) 3.183(4) Cs(1)-O(4) 3.360(4)
Cs(1)}O(1) 3.237(4) Cs(1)}O(13) 3.379(9)
Cs(1)}O(12) 3.254(4) Cs(1)}O(6) 3.434(5)
Cs(1)}O(8) 3.336(4)
+s(Cs(1)}O)"0.64
Cs(2)}O(9) 3.034(4) Cs(2)}O(5) 3.412(4)
Cs(2)}O(3) 3.104(4) Cs(2)}O(8) 3.491(5)
Cs(2)}O(6) 3.178(5) Cs(2)}O(10) 3.534(4)
Cs(2)}O(11) 3.208(4) Cs(2)}O(12) 3.567(4)
Cs(2)}O(9) 3.289(5) Cs(2)}O(3) 3.602(4)
Cs(2)}O(4) 3.384(4)
+s(Cs(1)}O)"0.99
Co(1)}O(9) 1.942(4) Co(1)}O(12) 1.942(4)
Co(1)}O(11) 1.954(4) Co(1)}O(1) 1.954(4)
+s(Co(1)}O)"1.98
Co(2)}O(8) 1.946(4) Co(2)}O(5) 2.020(4)
Co(2)}O(3) 1.952(4) Co(2)}O(5) 2.034(4)
+s(Co(2)}O)"1.81
Co(3)}O(7) 1.919(4) Co(3)}O(2) 1.988(4)
Co(3)}O(4) 1.933(4) Co(3)}O(2) 1.999(4)
+s(Co(3)}O)"1.95
P(1)}O(1) 1.506(4) P(1)}O(3) 1.534(4)
P(1)}O(4) 1.531(4) P(1)}O(2) 1.576(4)
+s(P(1)}O)"4.94
P(2)}O(6) 1.501(5) P(2)}O(7) 1.549(4)
P(2)}O(8) 1.530(5) P(2)}O(5) 1.572(4)
+s(P(2)}O)"4.98
P(3)}O(12) 1.516(4) P(3)}O(9) 1.532(4)
P(3)}O(11) 1.531(4) P(3)}O(10) 1.572(4)
+s(P(3)}O)"4.95

FIG. 1. Polyhedral view of 1 showing the 16-ring tunnels along the
[010] direction.
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Allmann was also considered (24). The bond valence sum of
Cs(1) is much less than 1, indicating it is loosely bonded.

The framework of 1 can be considered as being built up
by corner-sharing of two structure units, the [Co(HPO

4
)]

chain and the [CoPO
4
] layer, Fig. 2. This results in much

smaller 3-ring and 4-ring windows along the [001] direc-
tion, and 6-ring windows along the [100] direction (Fig. 3).
In both structure units they contain the edge-sharing four-
ring chain, the so-called double zigzag (dz) chain. The "rst
dz chain contains a 2

1
screw axis in the center of the chain

along the b axis involving P(3) and Co(1) tetrahedra. The
second dz chain in the layer involves P(1), P(2), Co(2), and
Co(3) tetrahedra, and the neighboring dz chains are fused by
k-3 oxygen atoms, O(2) and O(5), to form a layer of alternat-
ing three-ring and four-ring chains. This leads to the forma-
tion of the in"nite }Co}O}Co} linkages, Co(2)}O(5)}Co(2)
and Co(3)}O(2)}Co(3). The neighboring dz chains in the
layer are also related by 2

1
symmetry operations that sit in

the center of the three-ring chain. A similar layer has been
found in zinc phosphate (15), but this is the "rst example in
the cobalt phosphates. The Co}O bond lengths are in the
range 1.919(4)}2.020(4) A_ , and the longer ones are bonded
to the k-3 oxygen atoms. The P}O bond lengths are in the
range 1.501(5)}1.576(4) A_ , and the longest three are related
to P}O(10)}H and the two bonded to k-3 oxygen atoms,
P}O(2) and P}O(5). The shortest is related to the pendant
P}O(6).

Other cobalt phosphates containing layers with three-
ring and four-ring chains are [H

3
N(CH

2
)
3
NH

3
]
0.5



FIG. 2. Structure units of 1 showing the connection of Co and P atoms
in the dz chains (a) and in the [CoPO

4
] layer (b).

FIG. 3. Polyhedral view of 1 showing the 6-ring tunnels along the
[100] direction: CoO

4
, dark tetrahedral; PO

4
, light tetrahedral; caesium,

large circle; water, small circle.
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CoPO
4
)0.5H

2
O and [H

3
N(CH

2
)
4
NH

3
]
0.5

CoPO
4
, in

which the building unit, the corner-sharing four-ring chains,
is di!erent from what is found in 1. The documented cae-
sium cobalt phosphate structures are rare. Cs

2
Co(PO

4
)
3

(25) and CsCoPO
4
}ABW (5) are the only two examples.

Cs
2
Co(PO

4
)
3

contains in"nite PO
3

chains linked by CoO
6

octahedra, which is not related to compound 1. Interesting-
ly, compound 1 and CsCoPO

4
both utilize the dz chains as

their structural building unit. In CsCoPO
4

the dz chains are
connected with strictly alternating CoO

4
and PO

4
tet-

rahedra, while in compound 1 the dz chains are connected
in a way involving three-coordinated oxygen atoms and
interrupted P}OH. The di!erence indicates that compound
1 can utilize more #exible connections to adapt the
host}guest charge matching. From this evidence and some
structure features found in zinc phosphates, the possibility
of cobalt phosphates adopting the known zeolite-like struc-
ture type is probably limited, but the cobalt phosphates with
ample structure diversity like zinc phosphates are predict-
able. Another related compound is CsZn

3
(HPO

4
)
2
(PO

4
). It

contains an interrupted open framework with more slender
16-ring channels which only Cs cations inhabit, and the
building units in it are the dz chain and a single zigzag
chain (26).

Thermogravimetric decomposition of compound 1 was
carried out in N

2
from 30 to 10003C and showed unresolved

two steps. The "rst step ranging from 50 to &3703C is
attributed to the evaporation of occluded water. The second
step ranging from &370 to 6503C is attributed to the
removal of water that is formed by the condensation of
HO}P groups. The total weight lost (4.2%) is a little
higher than the theoretical value (3.6%). The XRD
of the residual of the TGA experiment showed peaks of the
unidenti"ed blue granular crystals found in the hydrother-
mal reaction. They are probably one form of CsCoPO

4
.

Further work on the blue granular crystals is needed to
prove this.

The variable temperature magnetic susceptibility for 1 is
shown in Fig. 4. The linear behavior of 1/s(¹) above 25 K
obeys well the Curie}Weiss equation (C"7.4 emu-K/mol,
h"!27.4 K). The e!ective magnetic moment per metal
atom at 300 K, 4.26 k

B
, is greater than the spin-only value

(3.87 k
B
), indicating the existence of a signi"cant orbital

contribution, which is commonly found in cobalt com-
pounds. The negative Weiss temperature is characteristic of
an antiferromagnetic interaction, but below 25 K the mag-
netic susceptibility rises abruptly with a maximum at 6 K in-
dicating some ferromagnetic contribution. Also, the s¹ at
about 10 K rises sharply to a maximum at &7 K and then
decreases as sharply. This weak ferromagmetic contribution



FIG. 4. Temperature-dependent magnetic susceptibility data for 1 :s vs
¹ and s~1 vs ¹, and s¹ vs ¹.
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could be due to unequal antiferromagnetic spin compensa-
tion of two nonequivalent Co(II) ions. This might result
from the interaction of the nearest neighbor Co2` in the
in"nite }Co}O}Co} chains. At even lower temperature the
ferromagnetic contribution disappears and three-dimen-
sional antiferromagnetic interaction occurs. This probably
arises from the interchain interaction via the Co}O}
P}O}Co pathway.
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