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Abstract

Two novel layered organic-inorganic hybrid materials M (phen)(H,0)(VO)(H,0)(HPO,), (M = Ni, Co) have been synthesized
hydrothermally, their crystal structures and variable temperature magnetic susceptibilities were determined. Being characterized by
single-crystal X-ray diffraction, the two compounds are isostructural and crystallize in the monoclinic system with P2,/c space group
with @ = 14.3903(7) A, b =15.5232(6) A, ¢ =7.3943(3) A, p=90.577(2)", Z=4, ¥ =1651.7(2) A* and R, = 0.0358 for 1, and
a=14.3726(4) A, b=15.5078(5) A, ¢ =7.3932(2)A, p=90.576(2)", Z=4, V =1647.77(8) A*> and R, =0.0323 for 2. The
structure exhibits an unusual 4,12-membered rings oxovanadium phosphate (V-P-O) layer capped by [M (phen)]2+ complexes with
phen groups projecting above and below into the interlamellar regions. Therefore, the bimetallic phosphate undulating layers extend
into three-dimensional supermolecular arrays through a strong n—n stacking interaction of the phen groups between adjacent

layers.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of the open-framework structure
alumino-phosphate [1] in 1982, numerous novel metal
phosphates with open-framework structures have ap-
peared in the literatures [2], which were synthesized by
using organic amines or quaternary ammonium cations
as templates. As an alternative approach, organic—
inorganic hybrid metal phosphates have been greatly
developed by introducing organic component as a ligand
[3]. The dramatic expansion of the chemistry of metal
phosphates is due to their potential application in the
fields of catalysis, adsorption, optical and electromag-
netic functional materials [2-5]. The oxovanadium
phosphates as an important subclass of this family have
been extensively studied [6—18]. Furthermore, associated
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with the remarkable diversities in the coordination
geometry of vanadium in various oxidation states, the
secondary metal ions as well as the organic molecules
can exert significant influence on the geometric topology
of oxovanadium phosphates, a number of bimetallic
vanadium phosphate hybrid materials have been re-
ported [19-27]. Bimetallic phosphate means that there
are two different transition metals in the phosphate
compound, which exhibits special properties not con-
sistent with the properties of the monometallic phos-
phate. In this field, Zubieta and co-workers have made a
prominent contribution. They described a series of
oxovanadium phosphates and phosphonates incorpo-
rated with a secondary metal atom including 1-D
[24,27], 2-D [24-26], and 3-D [26] structures. However,
the secondary metal atoms in those complexes reported
previously are mainly copper or zinc, the other
transition metal oxovanadium phosphates are relatively
rare. To our knowledge, only ome organic—inorganic
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hybrid nickel/cobalt-vanadium phosphate has been
described in the literature [20]. In order to explore the
influence of a secondary metal atom on the frame-
work of the oxovanadium phosphate and provide
crystallographic data for mechanism studying further,
we have been interested in the syntheses of transi-
tion metal oxovanadium phosphates (MVPOs). Here,
we report syntheses, structures and magnetic proper-
ties of two new layered organic-inorganic hybrid
materials Ni(phen)(H,0)VO(H,0)(HPO,), 1 and
Co(phen)(H,0)VO(H,0)(HPO,), 2.

2. Experimental
2.1. Physical measurements

Powder X-ray (XRD) data were collected on a
Siemens DS5005 diffractometer with CuKo radiation
(A =1.5418 A). The step size was 0.02° and the count
time was 4s. The elemental analyses (C, H and N) were
performed on a Perkin-Elmer 2400 Elemental Analyzer
and the inductively coupled plasma (ICP) analyses were
conducted on a Perkin-Elmer Optima 3300DV ICP
instrument. The infrared (IR) spectra were recorded
within the 400-4000cm ' region on a Nicolet Impact
410 FTIR spectrometer using KBr pellets. Perkin-Elmer
TG-7 and DTA-1700 were used to carry out the
TGA and DTA analyses in air with a heating rate of
10°C/min.

Magnetic susceptibility data were collected based on a
0.131 and 0.046 g sample of 1 and 2, respectively over
the temperature range 2-300 K at a magnetic field of
5kG on a Quantum Design MPMS-7 SQUID magnet-
ometer.

2.2. Synthesis

All chemicals purchased were of reagent grade and
used without further purification. The title compounds
were synthesized in the hydrothermal system. We can
get title compounds in a broad range of phen(0.24—
0.30g), but we got big enough crystals suited to be
resolved by CCD only in these typical molar ratios. For
compound 1, the starting materials V,05 (0.09 g), Ni
(CH,CO00),-4H,0 (0.25g), H;PO4 (0.24mL 85wt%),
and 1,10-phen (0.30 g) were dissolved in 5SmL H,O in
the molar ratio of 1:2:7:3:556 and stirred for 90 min. The
final reaction mixture was transferred into a 15mL
PTFE lined stainless steel autoclave, and heated at
180°C for 3 d under autogenous pressure. Upon cooling,
after filtration, washing and drying in air, green block
crystals of 1 were obtained in 70% yield based on
vanadium. Anal. found for C;,H;4N,NiO;,P,V:C,
26.55%; H, 2.66%; N, 5.18%; P, 11.59%; V, 9.38%;
Ni, 11.15%; Calc.: C, 26.97%; H, 2.62%; N, 5.24%; P,

11.61%; V, 9.54%; Ni, 10.99%. IR spectrum (cmfl):
3430(br), 1641(s), 1577(w), 1513(m), 1425(s), 1217(w),
1171(m), 1099(m), 1074(m), 1037(m), 943(s), 880(m),
851(m), 727(s), 576(w), 526(s), 434(m). For compound 2,
the starting materials V,0s (0.09g), Co(CH;COO),-
4H,0 (0.25 g), H3PO4 (0.24mL, 85wt%), and 1,10-phen
(0.24 g) were dissolved in SmL H,O in the molar ratio of
1:2:7:2.4:556 and stirred for 90 min. The final reaction
mixture was transferred into a 15mL PTFE lined
stainless steel autoclave, and heated at 180°C for 5d
under autogenous pressure. Upon cooling, after filtra-
tion washing and drying in air, we got the light red block
crystals of 2 in 60% yield based on vanadium. Anal.
found for C12H14N2C0011P2V . C, 26.04%; H, 2.72%;
N, 5.06%; P, 11.67%; V, 9.68%; Co, 10.85%; Calc.: C,
26.96%; H, 2.62%; N, 5.24%,; P, 11.61%; V, 9.54%:; Co,
11.03%. IR spectrum (cm™'): 3436(br), 1646(s),
1580(m), 1510(m), 1425(s), 1209(w), 1163(m), 1089(m),
1074(m), 1024(m), 943(s), 873(s), 848(m), 727(s), 576(m),
524(s), 434(m).

2.3. X-ray crystallography

Suitable single crystals of the title compound 1
(0.40 x 0.35 x 0.35mm?) and 2 (0.25 x 0.20 x 0.20 mm°)
were selected and mounted on a thin glass fiber,
respectively. The intensity data were collected on
a Siemens Smart CCD diffractometer equipped with
a normal-focus, 2.4kW sealed-tube X-ray source
(graphite-monochromated MoKua radiation, A(MoKua)
:0.710731&) operating at 50kV and 40mA. The
number of collected reflections and independent reflec-
tions were 7900 and 2346 for 1, 7935 and 2356 for 2,
respectively. Data processing was accomplished with the
SAINT processing program. The structures were solved
by direct methods and refined by full-matrix least-
squares on F* using SHELXTL Version 5.1 [28]. We
have introduced the pseudo-orthorhombic twin law
[100/0-10/00-1] in the SHELX refinement, and the
refined BASF parameter is 0.00134 and 0.00125 for
compounds 1 and 2, respectively. All of the non-
hydrogen atoms were refined anisotropically. Hydrogen
atoms of aqua ligands were located from difference
Fourier maps. Hydrogen atoms from the organic cations
and {HPO,} units were located using geometrical
constraints.

3. Results and discussion
3.1. Crystal structures

The crystallographic data and details of the data
collection and refinement for the structures of 1 and 2

are listed in Table 1. The selected bond lengths and
angles are given in Table 2 and 3, respectively. Other
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Table 1
Summary of crystal data and structure refinement for 1 and 2
Compound 1 2
Empirical formula C12H14N2Ni01 1P2V C12H14CON201 ]P2V
Formula weight 533.84 534.06
T (K) 293(2) 293(2)
Crystal system Monoclinic Monoclinic
Space group P2y/c P2,y/c
a (A) 14.3903(7) 14.3726(4)
b (A) 15.5232(6) 15.5078(5)
cA) 7.3943(3) 7.3932(2)
p (deg) 90.577(2) 90.576(2)
V(A% 1651.7(2) 1647.77(8)
Z 4 4
Dcale (gem ™) 2.147 2.153
i (mm~") 1.970 1.838
Reflections collected/ 7900/2346 7735/2356
unique

[R(int) =0.0365] [R(int)=10.0387]
Goodness-of-fit on F> 1.039 1.036
R indices (all data) R, =0.0355, wR, = R; =0.0319, wR, =

0.0776 0.0629

Table 2

Selected bond lengths (A) for compounds 1 and 2

Compound 1

Ni(1)-O(8) 2.020(2) V(1)-0(4) 2.008(2)
Ni(1)-N(2) 2.066(3) V(1)-0(6) 2.300(3)
Ni(1)-O(7) 2.077(3) P(1)-0O(1) 1.507(3)
Ni(1)-O(2)#1 2.092(2) P(1)-O(7) 1.525(3)
Ni(1)-0(9) 2.097(3) P(1)-O(3)#1 1.527(2)
Ni(1)-N(1) 2.122(3) P(1)-0O(10) 1.596(2)
V(1)-0(2) 1.619(2) P(2)-O(5)#2 1.517(2)
V(1)-O(1) 1.985(2) P(2)-0(8) 1.524(2)
V(1)-0(5) 1.993(2) P(2)-O(4)#3 1.525(2)
V(1)-0(3) 2.001(2) P(2)-0(11) 1.576(3)
Compound 2

Co(1)-0O(8) 2.017(2) V(1)-0(4) 2.0079(19)
Co(1)-N(1) 2.067(3) V(1)-0(6) 2.298(2)
Co(1)-0O(7) 2.071(2) P(1)-O(1) 1.507(2)
Co(1)-0(9) 2.089(3) P(1)-O(3)#1 1.520(2)
Co(1)-O2)#1 2.0934(19) P(1)-O(7) 1.524(2)
Co(1)-N(2) 2.119 (2) P(1)-0O(10) 1.595(2)
V(1)-0(2) 1.6195(19) P(2)-O(5)#2 1.519(2)
V(1)-O(1) 1.982(2) P(2)-O(4)#3 1.520(2)
V(1)-0(5) 1.989(2) P(2)-0O(8) 1.522(2)
V(1)-0(3) 2.0036(19) P(2)-0(11) 1.578(2)

Symmetry transformations used to generate equivalent atoms: #1
—x+1, —y+1, —z+ 1 #2 —x+1,y—1/2, —z+1/2; #3 —x+1,
—y+1, —z

crystallographic data in details are given in the
supporting information.

Single crystal X-ray diffraction analyses reveal that
compounds 1 and 2 are isostructural [29] and crystallize
in the monoclinic system with P2,/c space group. Here
we describe the structure of compound 1 as a

Table 3

Selected bond angles (deg) for compounds 1 and 2

Compound 1

O(8)-Ni(1)-N(2) 163.81(10) O(2)-V(1)-O(4) 96.23(11)
O(8)-Ni(1)-O(7) 101.85(10)  O(1)-V(1)-O(4) 86.46(10)
N(2)-Ni(1)-O(7) 92.92(11)  O(5)-V(1)-O(4) 94.45(9)
O(8)-Ni(1)-O(2)#1 87.24(9)  O3)-V(1)-04) 165.45(10)
N(2)-Ni(1)-O(2)#1 86.51(10)  O(2)-V(1)-O(6) 174.20(11)
O(7)-Ni(1)-O(2)#1 88.64(9)  O(1)-V(1)-O(6) 85.07(11)
O(8)-Ni(1)-0(9) 91.51(13)  O(5)-V(1)-O(6) 77.32(11)
N(2)-Ni(1)-0(9) 96.68(14)  O(3)-V(1)-0O(6) 85.26(10)
O(7)-Ni(1)-0(9) 83.86(11)  O(4)-V(1)-O(6) 80.55(10)
O2)#1-Ni(1)-0(9)  171.98(11)  O(1)-P(1)-O(7) 111.40(14)
O(8)-Ni(1)-N(1) 86.92(10) O(1)-P(1)-O(3)#1 113.96(14)
N(2)-Ni(1)-N(1) 79.08(11)  O(7)-P(1)-O(3)#1 112.30(14)
O(7)-Ni(1)-N(1) 169.69(10)  O(1)-P(1)-O(10) 106.65(14)
O2)#1-Ni(1)-N(1) 97.27(10)  O(7)-P(1)-O(10) 107.91(14)
O(9)-Ni(1)-N(1) 90.57(12)  O(3)#1-P(1)-0O(10) 104.01(13)
O(2)-V(1)-0O(1) 99.61(11)  O(5)#2-P(2)-0O(8) 111.57(14)

0(2)-V(1)-0(5) 98.21(11) OB)H2-P()-O@)#3 111.97(13)

O(1)-V(1)-0(5) 161.95(11)  O(8)-P(2)-O(4)#3 108.97(13)
0O(2)-V(1)-0(3) 98.17(11)  O(5)#2-P(2)-0O(11) 109.75(13)
O(1)-V(1)-0O(3) 89.16(10)  O(8)-P(2)-O(11) 105.02(13)
O(5)-V(1)-0O(3) 85.499)  O#3-P(2)-0O(11) 109.31(14)
Compound 2

O(8)-Co(1)-N(1) 163.6509)  O(2)-V(1)-0(4) 96.23(9)
O(8)-Co(1)-0(7) 101.83(8)  O(1)-V(1)-O(4) 86.38(8)
N(1)-Co(1)-O(7) 93.1009)  O(5)-V(1)-O(4) 94.44(8)
O(8)-Co(1)-0(9) 91.40(10) O@B3)-V(1)-0(4) 165.46(8)
N(1)-Co(1)-0(9) 96.80(11)  O(2)-V(1)-O(6) 174.08(10)
O(7)-Co(1)-0(9) 84.02(9)  O(1)-V(1)-O(6) 84.96(9)
O(8)-Co(1)-O(2)#1 87.298)  O(5)-V(1)-O(6) 77.44(9)
N(1)-Co(1)-O(2)#1 86.45(9)  O(3)-V(1)-0O(6) 85.40(8)
O(7)-Co(1)-O(2)#1 88.59(8)  O(4)-V(1)-O(6) 80.40(8)
009)-Co(1)-0)#1 172.07(9)  O(1)-P(1)-O(3)#1 114.16(11)
O(8)-Co(1)-N(2) 86.91(9)  O(1)-P(1)-O(7) 111.36(13)
N(1)-Co(1)-N(2) 78.92(9)  O3)#1-P(1)-O(7) 112.21(11)
O(7)-Co(1)-N(2) 169.799)  O(1)-P(1)-O(10) 106.72(12)
0(9)-Co(1)-N(2) 90.55(10)  O(3)#1-P(1)-O(10) 103.97(11)
OQ)#1-Co(1)-N(2)  97.19(8)  O(7)-P(1)-0O(10) 107.82(11)
O(2)-V(1)-O(1) 99.75(10)  O(5)#2-P(2)-O(4)#3  111.89(11)
O(2)-V(1)-0O(5) 98.07(9)  O(5)#2-P(2)-0O(8) 111.76(11)
O(1)-V(1)-0(5) 161.97(9)  O(H#3-P(2)-0O(8) 109.25(12)
0O(2)-V(1)-0O(3) 98.18(9)  O(5)#2-P(2)-0O(11) 109.39(12)
O(1)-V(1)-0O(3) 89.26(8)  O(H#3-P(2)-O(11) 109.20(11)
O(5)-V(1)-0(3) 85.498)  O(8)-P(2)-O(11) 105.11(11)

Symmetry transformations used to generate equivalent atoms: #1
—x+1, =y+1, —z+1; #2 —x+1, y—1/2, —z+1/2; #3 —x+1,
—y+1, —z.

representative. Compound 1 consists of a novel 2-D
layer capped by [Ni(phen)]** complexes with phen
groups projecting above and below into the interlamel-
lar regions. The asymmetric unit of structure is shown in
Fig. 1. The Ni atom is six-coordinated by two nitrogen
atoms from a phen ligand, two oxygen atoms from two
{HPOy,} units, one oxygen atom of aqua ligand, and one
oxygen briging to {VOg} octahedron. The octahedral
coordination about V atom is defined by four oxygen
atoms from four {HPO,} units in the basal plane, one
oxygen atom from aqua ligand, and one oxygen atom
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Fig. 1. ORTEP view of the coordination environments of the nickel,
vanadium, and phosphorus atoms in 1, showing the atom labeling
scheme and 50% thermal ellipsoids.

Fig. 2. The V-P-O layer of 1 viewed along the a-axis.

corner-shared with {NiO4N,} octahedron. The oxo-
bridge connecting V and Ni is asymmetric with a V-O
bond distance of 1.619(2)A and Ni—O distance of
2.092(2) A. The two phosphorous atoms are each
coordinated by a terminal {OH} (O-H distances is
0.8200 10\) group and three oxygen atoms of which two
are shared with two {VOg} octahedra and one is shared
with the {NiO4N»} octahedron. The P—O distance range
from 1.507(3) to 1.596(2)A and the O-P-O angles lie
between 104.0(2)° and 114.0 (2)°. The bond valence sum
calculations [30], giving oxidation states of correspond-

Fig. 3. View of the Ni/V/P/O layer in the bc-plane of 1, showing 3, 4,
S, 8-member rings.

ing ions, indicate the occurrence of Ni**(Co?"), V**
and P>,

A view along the a-axis to the 2D (V-P-0) layer, is
shown in Fig. 2. The layer structure of 1 is built up from
a strictly alternating {VOg} octahedra and {HPO,}
tetrahedra sharing vertices forming the common 4-
membered ring {V,P,O4}, which have been observed
previously [27]. Then four such 4-membered rings are
linked through four P(2) sites forming a 12-membered
ring {V¢PsO12}, the consequence of the connectivity
results in an undulating layer. It is noteworthy that the
{NiO4N,} octahedra which are connected to two P and
one V atoms of the V-P-O 4,12-rings capped up and
down the layers, thereby forming a new Ni—-V-P-O layer
which is composed of 3,4,5,8-membered rings. Because
of the up- and down-capped {NiO4N,} octahedra to the
V-P-O layers, the former V-P-O 12-rings are each
changed into two 5-rings and one 8-ring, as shown in
Fig. 3. To our knowledge, such an inorganic oxovana-
dium phosphate backbone capped by the transition
metal complexes has not been observed before. It is also
striking that the phen groups projecting into the
interlamellar regions orientated in two directions at a
dihedral of 48.9°. Finally, it should be noted that the
phen groups projecting from the adjacent layers inter-
digitate and provide a strong n—= stacking interaction
(ca. 3.35 or 3.39 A interplanar separations) [31], which
make the neighboring layers stably packed together. The
bimetallic phosphate undulating layers, therefore, ex-
tend into 3-D supermolecular arrays, as shown in Fig. 4.
The weak intralayer hydrogen bonding interactions also
perform a certain function on stabilizing the wave-like
layer structure of 1.



3084 Y. Cui et al. | Journal of Solid State Chemistry 177 (2004) 3080-3085

Fig. 4. View along the c-axis, showing the 3D supermolecular
structure of 1.

3.2. Thermal analyses

The TG curves of the two compounds can be divided
into three weight losses steps. The first, which occur in
the range of 170-420°C for 1 (180-410°C for 2), is
attributed to the removal of H>O coordinated to V and
Ni (Co) atoms and H,O from {HPO,} groups [15,32].
The observed weight loss 9.56% for 1 (10.72% for 2) is
agreement with the calculated value 10.11%. The second
weight loss is 6.64% for 1 (5.86% for 2) in the
temperature range 420-523°C (410-570°C for 2). The
third weight loss is 25.83% from 523 to 760°C for 1
(26.45% from 570 to 900°C for 2). These two
continuous weight losses are ascribed to the release of
phen groups [33,34], which may be due to the decom-
position of phen groups by stages, but they are not
exhibiting well-defined intermediate products. The
whole weight loss 42.58% for 1 (43.03% for 2) is in
agreement with the calculated value 43.83%. The sample
does not lose weight at temperature higher than 760°C
(900°C for 2).

3.3. Magnetic properties

The temperature dependent susceptibility data of
compounds 1 and 2 have been measured in the range
3002 K. Figs. 5 and 6 show the plots of the y,;, and
T vs. T curves for 1 and 2, respectively. The y;, vs. T
plots show typical Curie—Weiss behavior. The suscept-
ibility data can be fitted to the Curie-Weiss law y,, =
Cy/(T—0), where C is the Curie constant, T the
temperature and 6 the Weiss constant. The best Non-
linear curve fitting to the susceptibility data yields the
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Cy =2.58cm*K/mol and 6= -9.73K of 1 and
Cy = 5.00cm®*K/mol and 0 = —19.87K of 2. Which
indicate that the dominant magnetic exchange interac-
tions are antiferromagnetic in origin. These are further
confirmed by the continuous decrease in the quantity
tm T with decreasing temperature. At 300K, the
calculated effective magnetic moments, determined from
the equation g = 2.83()y, T)l/z7 are 4.30 ug for 1 and
5.63 ug for 2, which were higher than those expected
spin-only moment for such combinations calculated to
be 3.32up for 1 and 4.24 ug for 2 (according to the
formula i = [n(n + 2) + m(m + 2)]"/* where n and m are
the numbers of unpaired electron each center), possibly
due to the significant orbital contribution of the
magnetic centers. The magnetic behavior of compounds
1 and 2 is consistent with the fact that there are two
different paramagnetic metal ions, Ni(Co) (II) and
V(IV), with dissimilar g values. Taking the structure of
1 into consideration, there are two super-exchange
pathways in the layers: one is through O-P-O and the
other is through one oxygen bridge. Intralayer metal—
metal (Ni-Ni, Ni-V, V-V) distance are in the range
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3.5043-7.9709A. The Ni-V and V-V distance are
shorter than that of the similar compound
[Cu(phen)(VO)(O,PCH,PO;)(H,0)] [26], so some in-
teractions may be expected although the true magnetic
dimensionality is not entirely clear.

4. Conclusion

In summary, we have successfully prepared two new
bimetallic phosphate organic—inorganic hybrid materi-
als, which have an undulating inorganic V-P-O layer
consists of 4,12-membered rings capped by [M (phen)]*"
(M= Ni, Co) complexes with phen projecting below and
above the interlameller regions. These layers extend into
3D supermolecular arrays through n—n stacking inter-
actions between interlayer phen groups. Extended
researches are underway to reveal the synthetic rules
and explore their attractive properties.

5. Supplementary material

Crystallographic data for the structure of the com-
pounds reported in this paper have been deposited in the
Cambridge Crystallographic Data center as supplemen-
tary publication number CCDC 215477 & 215478.
Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.com.ac.uk).
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