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[H,bpyl,[{Cu(btepy),} MosP,0,5]'4H,0: A Three-Dimensional Framework
Built from Transition-Metal Coordination Polymer Sheets Pillared by
Polyoxomolybdophosphate Clusters
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[Hobpyla[{Cu(bpy)2}MosP,0453]-4 H,O (1; bpy = 4,4'-bipyri-
dine) contains the first three-dimensional framework based
on two-dimensional transition metal coordination polymer
sheets pillared by polyoxomolybdophosphate clusters. It
crystallises in the C2/c monoclinic space group with a =
17.630(4) A, b = 13.670(3) A, ¢ = 25.111(5) A, and g =
106.61(3)°. Thermogravimetric analysis shows that guest

molecules (H,O and free bpy ligands) can be easily removed
from 1 by simple heat treatment without losing the three-
dimensional framework. Moreover, the paramagnetic prop-
erties of the {Cu(bpy),} arrays, make this material an interest-
ing magnetic solid based on polyoxometallate clusters.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Porous materials have attracted much attention due to
their potential applications in gas storage, ion exchange or
heterogeneous catalysis.'! A promising approach toward
the synthesis of these porous materials is the design of me-
tal-organic frameworks built from transition metal ions
and bridging organic ligands.”) In this field, the synthesis
of robust three-dimensional (3D) frameworks with high po-
rosity and thermal stability has become an important is-
sue.l’! Pillared-layer structures have been proven to be an
effective route to design 3D frameworks with large chan-
nels. In the known pillared-layer structure, bidentate linear
organic ligands such as 4,4'-bipyridine, pyrazine and 1,2-
bis(4-pyridyl)ethylene play the role of pillars.] An alterna-
tive choice of pillars may be the polyoxometallate (POM)
clusters. Indeed, the occupation of their surface by oxygen
atoms offers the possibility of coordination to other transi-
tion metalsl and hence their use as pillars to link transition
metal coordination polymer sheets. In addition, POMs pos-
sess interesting properties, for example in catalysis, magnet-
ism and nonlinear optics,[® and also have a higher thermal
stability than organic ligands, which may strengthen the
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thermal stability of the pillared-layer structures formed.
Hence, the combination of POMs and transition metal co-
ordination polymer appears to be an appealing route to de-
sign multifunctional porous hybrid materials. Unfortu-
nately, this strategy remains unexplored due to the difficult-
ies in combining appropriate POM clusters and 2D transi-
tion metal coordination polymer networks while controlling
their interactions to form a three-dimensional architecture.

Among the possible POMs, polyoxomolybdophosphate
clusters of general formula, [H,MosP,0,3]¢ > (x = 0, 1,
2)I have recently proved their ability to form organic—inor-
ganic hybrid materials through their coordination to transi-
tion-metal complexes.’# Although the number of or-
ganic—inorganic hybrid materials based on these clusters is
limited in the literature, [H, MosP,0,3]¢~ clusters can be
regarded as valuable building units due to their ability to
link transition-metal complexes in diverse coordination
modest>#l and their chemical versatility — they can easily
be modified at the molecular level by substitution of phos-
phate groups by organophosphate functions.! In our quest
for the right polyoxometallate cluster to assemble two di-
mensional arrays into 3D porous materials, [H,Mos-
P,0,3]¢~ clusters appeared to be good candidates. This
idea was reinforced by the chemistry of these clusters, which
can be easily performed under hydrothermal conditions by
mixing Na,MoO, (or MoOs) and H5PO, in water; they are
also stable over a wide pH range (3-6).

We report here the novel compound [H,bpy],[{Cu-
(bpy)»} MosP,0,3]-4H,O (1; bpy = 4,4'-bipyridine) which
exhibits a 3D framework of 1D channels built from {Cu-
(bpy),}, 2"t coordination polymer sheets pillared by
[MosP>0,;] clusters.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1239
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Results and Discussion

Synthesis

The successful isolation of compound 1 depends on the
exploitation of hydrothermal techniques. Hydrothermal
synthesis has recently been proved to be a particularly use-
ful technique in the preparation of inorganic—organic hy-
brid materials.'% In the hydrothermal environment, the re-
duced viscosity of the solvent results in enhanced rates of
solvent extraction of solids and crystal growth from solu-
tion. Furthermore, since different solubility problems can
be minimised, a variety of organic and inorganic precursors
can be introduced. However, hydrothermal synthesis is still
a relatively complex process because many factors can influ-
ence the outcome of reaction, such as the type of initial
reactants, starting concentrations, pH values, reaction time
and temperature.'!]

Compound 1 was separated from the hydrothermal reac-
tion of Na,MoO42H,0, H;PO,4, Cu(MeCO,),-H,0, 4,4'-
bpy and water in the molar ratio of 4:4:1:1:550 at 160 °C
for six days. Parallel experiments showed that the pH value
of the reaction system is crucial for the crystallisation of
compound 1: blue crystals of compound 1 could only be
obtained in the pH range 4-5. At pH 3-4 no crystalline
phase was formed and the products were a mixture of blue
and white powders. However, at lower pH (2.5-3) another
novel compound reported by our group could be synthe-
sised, which shows a two dimensional structure constructed
from interconnecting polyoxomolybdate chains
{HPCuMo,,039},* and transition metal coordination
polymer chains {Cu(bpy)},”*.’% In addition, the nature of

the divalent transition metal is crucial for the formation of
the pillared-layer structure of compound 1. We tried to re-
place Cu(MeCO,),'H,O with Co(MeCO,),-4H,O, Ni-
(MeCO,)>*4H,0 or Zn(MeCO»),-2H,0 in the synthesis of
compound 1, but no isostructural compounds were ob-
tained.

Crystal Structure

A single-crystal X-ray diffraction analysis was performed
on 1; the basic motif of the structure is shown in Figure 1.
The [MosP,0,3]% cluster can be described as a ring of five
distorted MoOg octahedra with two capped PO, tetrahedra
on each side. Each phosphate subunit shares three oxo
groups with the molybdate ring. One of these oxo-groups
(O8) adopts a p,-bridging mode, linking Mol to P1, and
the two others (O2 and O6) adopt a p;-bridging mode, link-
ing Mo2, Mo3 (or Mol) and the P1 site. The fourth oxygen
(03) of the PO, is dangling. The Cul site adopts a “4+2”
axially distorted geometry, characteristic of a d° Jahn—Teller
distortion.[8®12! Its equatorial and axial positions are occu-
pied by four nitrogen donors from the four distinct bpy li-
gands and two oxo groups (O5) from adjacent [Mos-
P,0;]° clusters, respectively. The Cu—-N and Cu-O bond
lengths are 2.062 A (Cul-N1), 2.041 A (Cul-N2) and
2.423 A (Cul-05).

The three-dimensional structure of 1 is composed of
square-grid {Cu(bpy),},>"* layers pillared by [MosP,0,5]°"
clusters. The {Cu(bpy),},>"* layers lie parallel to the ab
plane (Figure 2). Each layer consists of a square lattice of
Cu' and bpy located at the corners and the edges, respec-

Figure 1. ORTEP drawing of the basic crystallographic unit in 1. All the hydrogen atoms, H,bpy?* and H,O have been omitted for clarity.
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tively. As observed in related materials,'3 this type of ar-
rangement leads to a square cavity of about 11.2x11.2 A2
Moreover, it is noteworthy that the layers are perfectly
planar with the equatorial plane of the Cu coordination
sphere. Adjacent square-grid layers are connected by
[MosP,053]° clusters through the axial positions of the Cu
site to form the 3D open framework (Figure 3). This organ-
isation leads to the formation of channels in two directions:
along the ¢ axis the channels have an elliptical shape of
about 11.2x6.5 A2 (Figure 4) and along the b axis rectan-
gular channels can be observed with dimensions of about
10.0%3.7 A2. Free bipyridine and H,O molecules are lo-
cated in these channels. According to the consideration of
the charge balance and weak acidic conditions of the syn-
thesis, the free bipyridines are doubly protonated.

Figure 3. Polyhedral representation of the 3D network in 1. Guest
molecules included in the channels have been omitted for clarity.

Thermogravimetric analysis (TGA) was performed in air
at a heating rate of 10 °Cmin™! on a polycrystalline sample
of 1 (Figure 5). A first weight loss of 4.4% occurred be-
tween 40 and 150 °C, corresponding to the loss of four
water molecules (calcd. 4.3%). In the range 240-340 °C, a
second weight loss of 18.6% is observed corresponding to
the loss of two free bpy molecules (calcd. 18.8%). Between
390 and 610 °C a weight loss of 19.5% is due to loss of the

Eur. J. Inorg. Chem. 2005, 1239-1244 www.eurjic.org

Figure 4. View of the 3D network along the c aixs. Guest molecules
included in the channels have been omitted for clarity.

coordinated bpy ligands. Above 610 °C and up to 750 °C
no further weight loss is observed. Over the whole range of
temperature explored, the total weight loss (42.5%) agrees
well with the calculated value (41.8%). The final product
was found to be amorphous by powder X-ray diffraction.

1ooj-ﬂ\_

Weight [wt.-%]

T I°C]
Figure 5. Thermogravimetric analysis curve of 1.

Based on the TG analysis, 1 was heated in air at 350 °C
for six hours to remove the free bpy ligands and water mole-
cules and form 1'. The elemental analysis of 1’ (C 18.9, H
1.5, N 4.6) agrees well with the expected formula for the
opened [H4{Cu(bpy),}MosP,0,;] network (calcd. C 18.6,
H 1.6, N 4.3). The TG curve of 1’ also confirms that water
molecules and free bpy ligands have been removed (Sup-
porting Information, Figure S1). The X-ray powder diffrac-
tion spectra of 1 and 1’ (Figure S2) were compared and
found to be very similar, thereby confirming that the frame-
work of 1 is retained after the loss of the guest molecules.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1241
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This phenomenon, where a compound retains its frame-
work structure after guest organoamine molecules have
been removed, has been reported by several groups.!'¥l

Magnetic Properties

The magnetic susceptibility of 1 was studied from 300 K
to 1.83 K at 1000 Oe on a polycrystalline sample. The y 7T
vs. T plot, shown in Figure 6, decreases continuously from
0.42cm*Kmol ! at 300 K to reach 0.24 cm*Kmol ! at
1.83 K. Based on the structure analysis, the spins are car-
ried by the Cu'" centres, which are organized into well-sepa-
rated, 2D square arrays. Therefore, the magnetic suscep-
tibility was analysed using an .S = 1/2 Heisenberg 2D square
lattice model. A high temperature series-expansion for the
susceptibility of this model has been reported by Rush-
brooke and Wood.l'*8 To fit the experimental data, the
compact expression of Lines!'*?! was used, with the follow-
ing spin Hamiltonian:

H=-2J).5S,
<i, f>
2,2 6
Nets 3945 G,
2y pecl

where 0 = kgT/|2J|S(S + 1), C; = 4, C, = 2.667, C3 = 1.185,
C4 =0.149, Cs = -0.191, Cs = 0.001 and N, g, and ug have
their usual meanings. The best set of parameters are J/kg
= -0.53(1) K and g = 2.11(1). The fitting procedure was
performed down to 1.83 K as the validity condition kT =
0.9JS(S + 1) for this model was not reached.'’®! The J
value obtained confirms that the interaction through the
bridging bpy is weak, in agreement with the large Cu—Cu
distance (ca. 11.2 A).
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Figure 6. Temperature dependence of the y T product measured at
1000 Oe in the temperature range 1.83-300 K. The solid line is the
best fit obtained with the S = 1/2 Heisenberg two-dimensional anti-
ferromagnetic square lattice model.[”)

The room-temperature EPR spectrum of 1 (Supporting
Information, Figure S3) shows a typical Cu?* signal in an
elongated octahedral coordination geometry, as expected
from the crystal structure. The eigenvalues of the g tensor
can be calculated as g = 2.1538(1) and g, = 2.0539(1); they
are in relatively good agreement with the average value (g
= 2.11) found by susceptibility measurements.

1242 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusion

In summary, we have reported here the first 3D structure
based on a transition-metal coordination polymer sheet
linked by polyoxomolybdophosphate clusters. The success-
ful synthesis of 1 provides an interesting illustration of the
use of polyoxometallate clusters to obtain new magnetic
materials. Since chemical modifications of the polyoxomet-
allate cluster and the transition-metal coordination polymer
sheet may be easily achieved, a complete new family of
magnetic solids should be accessible in the near future.

Experimental Section

Materials and General Methods: Reagents were purchased commer-
cially and used without further purification. Elemental analyses (C,
H and N) were performed on a Perkin—Elmer 2400 CHN Elemental
Analyzer. Mo, Cu and P were determined with a Leeman induc-
tively coupled plasma (ICP) spectrometer. The IR spectrum was
obtained on an Alpha Centaurt FT/IR spectrometer with pressed
KBr pellet in the 4000-400 cm™ regions. A Perkin—Elmer TGA7
thermogravimetric analyzer was used to obtain TGA curves under
N, with a temperature increasing rate of 10 °Cmin'. X-ray powder
diffraction (XRPD) patterns were recorded on a Siemens D5005
diffractometer with Cu-K, (X = 1.5418 A) radiation. The EPR spec-
trum was recorded on a Bruker ER 200D spectrometer at room
temperature. The magnetic susceptibility data were measured with
a Quantum Design SQUID magnetometer MPMS-XL.

Synthesis of 1: In a typical synthesis of compound 1, Cu(Me-
CO0,)»,°H,0 (1 mmol) and 4,4'-bpy (1 mmol) were added to a stirred
solution of Na,MoO42H,0 (4 mmol) and H3;PO4 (4 mmol) in
water (10 mL). The resultant mixture was sealed in a 23-mL, Tef-
lon-lined autoclave and heated at 160 °C for 6 d. The initial pH
value of the reaction solution was ca. 4.6 and the final pH value
was ca. 5.5. Blue, block-like crystals of 1 were obtained from the
solid product in a yield of 60% (0.65g) with respect to 4,4'-bpy.
C4oH44CuMo;sNzO,,P, (1674.0): caled. C 28.70, H 2.65, Cu 3.80,
Mo 28.66, N 6.69, P 3.70; found C 28.58, H 2.59, Cu 3.67, Mo
28.81, N 6.65, P 3.62. IR (KBr pellet): v = 3448 (s), 3100 (w), 1607

Table 1. Crystal data and structure refinement for 1.

Empirical formula C4oH44CuMosNgO,,P,
Formula mass 1673.97
Temperatureng] 293(2)
Wavelength [A] 0.71073
Crystal system monoclinic
Space group C2le

a[A] 17.630(4)
b[A] 13.670(3)

¢ [A] 25.111(5)

p [‘1 106.61(3)
VA3 5799(2)

zZ 4

Dcalcd. [g Cm73] 1.912

u [mm] 1.553

Fooo 3280
Data/restraints/parameters 6582/158/516
Goodness-of-fit on F? 1.039

R1BI [T > 26(1)] 0.0555
wR2[P) 0.1365

Largest diff. peak and hole [e-A~] 0.680 and —0.978
[a] R1 = E[|F| — [FJVEIF|. [b] wRy = Z[w(Fy* — F2VZ[w(F,?).
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(m), 1535 (w), 1512 (w), 1488 (w), 1411 (w), 1126 (m), 1066 (w),
1032 (m), 1012 (m), 914 (vs), 884 (s), 827 (w), 803 (w), 700 (vs),
671 (vs), 558 (m) cm™! (see Supporting Information, Figure S4).

X-ray Crystallography: A blue single crystal of 1 was carefully se-
lected under a polarizing microscope and glued to the tip of a thin
glass fibre with cyanoacrylate (super glue) adhesive. Single-crystal
structure determination by X-ray diffraction was performed on an
R-axis RAPID IP diffractometer equipped with a normal focus,
18 kW sealed tube X-ray source (Mo-K,, radiation, 4 = 0.71073 A)
operating at 50 kV and 200 mA. Data processing was accomplished
with the RAXWISH processing program.['®) An empirical absorp-

Table 2. Bond lengths [A] and angles [°] for 1.[%

Mo(1)-O(4) 1.713(4) Mo(1)-O(1) 1.723(5)
Mo(1)-0(9) 1.8990(18) Mo(1)-0(10) 1.938(4)
Mo(1)-O(8) 2.279(4) Mo(1)-O(6) 2.367(4)
Mo(2)-0(12) 1.697(4) Mo(2)-O(5) 1.740(4)
Mo(2)-O(11) 1.905(4) Mo(2)-0(10) 1.960(4)
Mo(2)-0(6) 2.214(4) Mo(2)-0(2) 2.353(4)
Mo(3)-O(7)#1 1.714(5) Mo(3)-O(7) 1.714(5)
Mo(3)-O(11)#1 1.916(4) Mo(3)-O(11) 1.916(4)
Mo(3)-0(2) 2.362(4) Mo(3)-0(2)#1 2.362(4)
Cu(1)-N(2) 2.041(5) Cu(1)-NQ)#2 2.041(5)
Cu(1)-N(1)#2 2.062(5) Cu(1)-N(1) 2.062(5)
Cu(1)-O(5)#2 2.423(4) Cu(1)-0(5) 2.423(4)
P(1)-O(3) 1.509(4) P(1)-O(6)#1 1.536(4)
P(1)-0(2) 1.547(4) P(1)-0(3) 1.574(4)
O(4)-Mo(1)-O(1) 102.7(2) 0O(4)-Mo(1)-0(9) 102.4(2)
O(1)-Mo(1)-0(9) 98.7(2) O(4)-Mo(1)-O(10) 99.8(2)
O(1)-Mo(1)-0(10)  101.5(2) 0(9)-Mo(1)-O(10) 145.8(2)
O(4)-Mo(1)-O(8) 84.12) O(1)-Mo(1)-O(8) 173.2(2)
0(9)-Mo(1)-O(8) 79.94(15) 0(10)-Mo(1)-O(8) 76.80(17)
O(4)-Mo(1)-0(6) 167.65(19) O(1)-Mo(1)-0(6) 86.2(2)
0(9)-Mo(1)-0(6) 84.50(18) 0(10)-Mo(1)-O(6) 69.65(15)
O(8)-Mo(1)-0(6) 87.05(14) 0(12)-Mo(2)-0(5) 104.8(2)
0(12)-Mo(2)-O(11)  101.2(2) O(5)-Mo(2)-O(11) 95.94(19)
0(12) Mo(2)-0(10)  96.4(2) 0(5)-Mo(2)-0(10) 98.96(19)
O(11)-Mo(2)-O(10)  153.13(18) 0(12)-Mo(2)-0(6) 159.87(19)
O(5)-Mo(2)-0(6) 93.75(17) O(11)-Mo(2)-0(6) 84.14(17)
0(10)-Mo(2)-0(6)  72.73(16) 0(12)-Mo(2)-0(2) 89.44(19)
O(5)-Mo(2)-0(2) 163.61(17) O(11)-Mo(2)-0(2) 72.99(17)
0(10)-Mo(2)-0(2)  87.18(16) 0(6)-Mo(2)-0(2) 73.46(14)
O(T#1-Mo(3)-O(7)  104.2(4) O(7)#1-Mo(3)-O(11)  102.3(2)
#1
O(7)-Mo(3)-O(11)#1  98.9(2) O(7)#1-Mo(3)-O(11)  98.9(2)
O(7)-Mo(3)-O(11)  102.32) O(11)#1-Mo(3)-O(11)  145.2(3)
O(T#1-Mo(3)-0(2)  166.4(2) O(7)-Mo(3)-0(2) 88.2(2)
O(11)#1-Mo(3)-0(2) 80.87(17) O(11)-Mo(3)-0(2) 72.58(16)
O(7)#1-Mo(3)-0(2)  88.2(2) O(7)-Mo(3)-OQ)#1  166.4(2)
#1
O(11)#1-Mo(3)-0(2) 72.58(16) O(11)-Mo(3)-O(2)#1  80.87(17)
#1
0(2)-Mo(3)-O(2)#1  80.05(19) N(@)-Cu(1)-N(2)#2 180.0(3)
NQ2)-Cu(1)-N(I)#2  92.50(19) NQ)#2-Cu(1)-N(1)#2  87.50(19)
N(2)-Cu(1)-N(1) 87.50(19) NQ@#2-Cu(1)-N(1)  92.50(19)
N(D)#2-Cu(1)-N(1)  180.0(3) N@)-Cu(l)-O(5)#2  92.63(17)
NQ)#2-Cu(1)-0(5)  87.37(17) N(D)#2-Cu(1)-0(5)#2  87.58(17)
#2
N(1)-Cu(1)-O(5)#2  92.42(17) N(2)-Cu(1)-0(5) 87.37(17)
NQ)#2-Cu(1)-0(5)  92.63(17) N(D)#2-Cu(1)-O(5) 92.42(17)
N(1)-Cu(1)-0(5) 87.58(17) O(5)#2-Cu(1)-0(5) 180.0(2)
0(8)-P(1)-O(6)#1 108.6(2) 0(8)-P(1)-0(2) 111.5(2)
O(6)#1-P(1)-0(2) 110.5(2) 0(8)-P(1)-0(3) 110.8(3)
O(6)#1-P(1)-0(3) 105.9(2) 0(2)-P(1)-0(3) 109.3(3)
P(1)-0(2)-Mo(2) 127.9(2) P(1)-0(2)-Mo(3) 126.7(2)
Mo(2)-0(2)-Mo(3)  91.01(14) Mo(2)-O(5)-Cu(1) 174.7(2)
P()#1-0(6) Mo(2)  129.7(2) P(1)#1-0(6)-Mo(1) 133.4(2)
Mo(2)-O(6)-Mo(1)  95.80(14) P(1)-O(8)-Mo(1) 120.6(2)
Mo(1)-O(9)-Mo(1)#1 148.1(4) Mo(1)-0(10)-Mo(2)  121.5(2)
Mo(2)-O(11) Mo(3)  123.3(2)

[a] Symmetry transformations used to generate equivalent atoms:
#l:—x, y, —z + 1/2; #2: —x, -y, —=z.
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tion correction was applied. The structure was solved by direct
methods and refined by full-matrix least-squares on F* using the
SHELXL 97 software.l!”] All the non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were located from difference
Fourier maps. Further details of the X-ray structural analysis are
given in Table 1. Selected bond lengths and angles are listed in
Table 2.

CCDC-239758 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information Available (see also footnote on the first
page of this article): The TG curve of 1’, the XRPD patterns for 1
and 1’, IR and ESR spectra for 1, space-filling diagram of the
three-dimensional framework of 1 and a view of the 3D network
of 1 along the b axis.
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