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Two unprecedented open-framework polar compounds
(CeINO,H3;),[Ln(H;0)5(CrMogHgO4,4)]-0.5H,O [Ln = Ce (1), La
(2); CgNO,H; = pyridine-3-carboxylic acid], constructed from
Anderson-type polyoxo anions and rare-earth cations, have
been synthesized for the first time and characterized by ele-
mental analysis, IR and Raman spectroscopy, TG analysis,
and single-crystal X-ray diffraction. Both compounds crys-
tallize in the polar space group Pmn2; and are made up of
[CrMogHgO,4]%" polyoxo anions linked by rare-earth cations
to form a fascinating 3D open framework with “guest” pyri-

dine-3-carboxylic acid molecules and free water molecules
residing in the channels. To the best of our knowledge, this
represents the first example of an open-framework polar
compound constructed from rare-earth polyoxometalates.
The magnetic properties of compound 1 have been studied
by measuring its magnetic susceptibility in the temperature
range 2.0-300.0 K, indicating the existence of antiferromag-
netic interactions.

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

Introduction

Interest in porous polar inorganicmaterials has increased
in recent times, because the potential applications of these
materials range from telecommunication, optical storage,
and information processing to selective separation and ca-
talysis.['l Although many covalent three-dimensional inor-
ganic frameworks have been reported, few of them possess
polarity.[’l Thus, the designed construction of porous polar
inorganic frameworks is one of the most challenging issues
in current synthetic chemistry. While the literature abounds
in reports of the synthesis and characterization of alumino-
silicates and aluminophosphates with polar and porous
architectures,!>* recently porous polar compounds were ex-
tended to systems containing transition-metal oxides be-
cause of their particular properties inaccessible in main
group systems.[!

Polyoxometalates (POMs),I”-8] as anionic early transition
metal oxide clusters, have been employed as inorganic
building blocks for the construction of larger clusters, or
one-, two-, and even three-dimensional (3D) extended solid
frameworks, owing to their fascinating properties and po-
tential applications in different areas such as catalysis, mate-
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rial science, and biological chemistry. In recent years, sev-
eral large nanostructured polyoxometalate clusters have
been reported by Miiller et al.,[l Pope et al.,l'® and Yamase
et al;''1 a number of 1D and 2D POM-based polymers
have also been successfully synthesized by Zubieta et al.l'?!
and Pope et al.l'3! In contrast, the method of assembling
POMs into three-dimensional frameworks, especially open
frameworks, is still in its infancy, and has been limited to
using the 3d-block elements or their coordination com-
plexes as linkers.'%!3] Although rare-earth elements are
highly oxophilic and polyoxometalates have oxygen-rich
compositions,['8! 3D covalent open frameworks containing
both of them remain largely unexplored. In addition, spe-
cial spectroscopic and magnetic properties of lanthanide
ions and their compounds have inspired our research inter-
est [11,13,17.18]

Hence, our synthetic strategy starts by finding an appro-
priate POM building block, and then utilizes rare-earth cat-
ions as the linker and organic molecules as the template in
an attempt to assemble them into a 3D polar network.
More recently, we and others, have prepared a few extended
structures based on Anderson-type polyoxo anions, ranging
from 1D chains to 2D networks.['??% The activity of the
terminal oxygen atoms on the surface of this kind of POM
makes it possible to form 3D covalent structures under an
appropriate reaction condition. Furthermore, the employ-
ment of low-symmetry organic molecules or complexes as
structure-directing agents is promising for the synthesis of
new open-framework polar compounds. In this experi-

DOI: 10.1002/ejic.200400696 Eur. J. Inorg. Chem. 2005, 854-859



Open-Framework Polar Compounds: Rare-Earth Polyoxometalates

FULL PAPER

ment, we chose the acentric pyridine-3-carboxylic acid
molecule as the structure-directing agent instead of the
widely utilized organic amines, owing to the requirement
for acid reaction conditions. With the pyridine-3-carboxylic
acid molecule, we have successfully obtained two unprece-
dented POM-based compounds possessing polarity and
open framework characteristics. Herein, the rational synthe-
sis of the two complexes (C¢NO,Hs),[Ln(H,0)s-
(CrMogH¢0,4)]:0.5H,0 [Ln = Ce (1), La (2)] by this route
and magnetic properties of compound 1 are described. It is
notable that the 3D polar framework consists of two inter-
secting channels, within which pyridine-3-carboxylic acid
molecules and free water molecules are situated.

Results and Discussion

The single-crystal X-ray diffraction analyses reveal that
both compounds 1 and 2 (Tables 1 and 2) are isostructural
and crystallize in the polar space group Pmn2,, therefore
we only discussed the structure of 1 herein. The structure
of 1 is a unique 3D open framework constructed from
[Cr(OH)¢MogO;4]> building blocks and Ce** cations, with
pyridine-3-carboxylic acid molecules and lattice water
molecules residing in the channels. The [Cr(OH)sMogO;g]*
cluster is a B-type Anderson structure made up of seven
edge-sharing octahedra, six of which are {MoQOg} octahe-
dra, arranged hexagonally around the central {Cr(OH)s}
octahedron. Four kinds of oxygen atoms exist in the cluster
according to the manner of oxygen coordination: the ter-
minal oxygen atom Ot, the terminal oxygen atom Ot’ linked
to Ce?*, the double-bridging oxygen atom Ob, and the cen-
tral oxygen atom Oc. Thus, the Mo-O distances can be
grouped into four sets: Mo-Ot 1.683(11)-1.732(11) A, Mo—
Ot’ 1.727(10)-1.732(9) A, Mo-Ob 1.909(6)-1.958(9) A, and
Mo-Oc 2.254(7)-2.312(8) A. The central Cr-Oc distances
vary from 1.951(11) to 1.980(11) A. The bond angles of O—
Cr-O range from 83.5(3) to 98.1(3)°.

The asymmetric unit (Figure 1) in the structure of 1 con-
sists of two crystallographically independent one-half An-
derson anions, in which both chromium ions [Cr(1) and
Cr(2)] occupy special positions, linked by the cerium cation.
Crystallographically unique cerium(im), residing in a dis-
torted bicapped square-antiprismatic coordination environ-
ment, is defined by four terminal oxygen atoms from four
[Cr(OH)sMogO;g]* units [average Ce—O 2.491(9) A] and six
water molecules [average Ce—OH, 2.626(13) A]. The average
Ce-O bond length is 2.572(11) A.

In the structure each Anderson anion acts as a quadri-
dentate ligand coordinating to four cerium cations through
the terminal oxygen atoms of four {MoQOg} octahedra. As
shown in Figure 2, firstly these [Cr(OH)sMo4O,5]>~ clusters
are linked by some Ce3* cations to form 1D linear chains,
then each chain is connected to two other parallel chains
through other Ce* cations to yield a window-like 2D layer
in the ac plane. The 2D layer structure built up of polyoxo
anions and rare-earth ions is rare. These 2D sheets are fur-
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Table 1. Selected bond lengths [A] and angles [°] for 1; symmetry
transformations used to generate equivalent atoms: #1: —x + 1,
-z + 2 #2x+2,-y,z+1

Ce(1)-OW4 2.468(19) Mo(2)-O(11) 1.705(9)
Ce(1)-O(10)#1 24719)  Mo(2)-O(12) 1.732(11)
Ce(1)-O(14) 2.476(9)  Mo(2)-0(6) 1.912(8)
Ce(1)-0(23) 2.502(9)  Mo(2)-O(7) 1.958(9)
Ce(1)-O(28)#2 2.5159) Mo(2)-0(2) 2.291(9)
Ce(1)-OW1 2.520(12) Mo(2)-O(3) 2.301(8)
Ce(1)-OW3 2.523(12) Mo(3)-O(13) 1.694(10)
Ce(1)-OW2 2.527(13) Mo(3)-O(14) 1.729(10)
Ce(1)-OW5 2.83(2)  Mo(3)-0(8) 1.909(6)
Ce(1)-OW6 2.888(19) Mo(3)-O(7) 1.919(8)
Mo(1)-0(9) 1.700(10) Mo(3)-O(4) 2.254(7)
Mo(1)-O(10) 1.73209)  Mo(3)-0(3) 2.286(9)
Mo(1)-O(6) 1.916(8) Cr(1)-O(4) 1.951(11)
Mo(1)-O(5) 1.943(6)  Cr(1)-O(2) 1.960(9)
Mo(1)-O(1) 2.262(7)  Cr(1)-O(1) 1.959(11)
Mo(1)-0(2) 2.301(8) Cr(1)-O(3) 1.966(8)
O(14)-Ce(1)-0(23) 77.03)  OWI-Ce(1)OW3  75.4(5)

O(14)-Ce(1)-OW3 136.8(4)  OW2-Ce(1)-OW6  58.9(3)

O(14)-Ce(1)-OW5 65.8(5)  OW4-Ce(1)OW2  139.2(5)
O(14)-Ce(1)-OQ28)#2  75.73)  OW5-Ce(1)-OW6  175.9(7)
O(14)-Ce(1)-OW1 68.9(4)  O@)Cr(1)0Q2)  94.4(3)

O(14)-Ce(1)-OW2 76.7(4) O -Cr(1)-0(3)  98.1(3)

O(14)-Ce(1)-OW6 118.3(5)  O(9)-Mo(1)-0(10)  106.6(5)
0(23)-Ce(1)-OW3 145.7(4)  O(6)-Mo(1)-O(1)  82.9(3)

0(23)-Ce(1)-OW2 69.3(3)  O(5)-Mo(1)-0(2)  84.0(4)

0(23)-Ce(1)-OW6 117.4(4)  O(11)-Mo(2)-0O(12) 106.2(5)
O(10)#1-Ce(1)-OW6  65.8(5)  O(6)-Mo(2)-O(7)  148.1(3)
O(10)#1-Ce(1)-0(23)  71.33)  O(2)-Mo(2)-0(3)  70.1(3)

OW1-Ce(1)-OW6 60.3(5)  O(13)-Mo(3)-O(14) 104.9(5)
OW1-Ce(1)-OW2 75.0(4)  O(8)-Mo(3)-O(7)  149.6(4)
OW1-Ce(1)-OWS5 122.5(5)  O(4)-Mo(3)-0(3)  70.1(3)

ther pillared by the [Cr(OH)¢Mo4O,g]>~ subunits to form a
3D open framework. It is notable that this kind of connec-
tion mode results in the formation of two intersecting chan-
nels, which are occupied by the dissociated pyridine-3-car-
boxylic acid molecules (see Figure 3) and lattice water mole-
cules. The dimensions of the two channels are about
10.0x8.5A along the a axis (shown in Figure4) and
10.7%6.2 A along the b axis, respectively (see Figure 5). It
is also striking that the structure of compound 1 exhibits
extensive hydrogen-bonding interactions among water
molecules, pyridine-3-carboxylic acid molecules, and po-
lyoxo anions. The typical hydrogen bonds are O37--02
2.784, 036016 2.641, 037---OW3 2.922, 09--C5 3.119,
and 06--C23 2.682 A (shown in Table S1). It is believed
that the extensive hydrogen-bonding interactions between
guest molecules and the framework play an important role
in stabilizing the 3D structure. Worth mentioning here is
that the observed polarity of 1, indicated by its polar space
group Pmn2;, can be partially understood in terms of the
molecular recognition between the host framework and
guest molecule template through hydrogen bonds.[*!-?2]

The bond valence sum calculations indicate that the Cr
site is in the +3 oxidation state, Ce and La sites are in the
+3 oxidation state, and all Mo sites are in the +6 oxidation
state.[3]
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Table 2. Selected bond lengths [A] and angles [°] for 2; symmetry
transformations used to generate equivalent atoms: #1: —x + 1/2,
-y +3,z-1/2;#2: x,y+ 1,z

La(1)-O(23)#1 2.470(12) Mo(1)-O(10) 1.715(12)
La(1)-OW4 247(2)  Mo(1)-0(5) 1.919(8)
La(1)-O(28) 2.488(12) Mo(1)-O(6) 1.932(10)
La(1)-OW1 2.531(15) Mo(1)-O(1) 2.281(9)
La(1)-O(14) 2.530(11) Mo(1)-O(2) 2.335(11)
La(1)-O(10)#2 2.535(11) Mo(2)-O(12) 1.667(12)
La(1)-OW3 2.581(14) Mo(2)-O(11) 1.705(12)
La(1)-OW2 2.622(15) Mo(2)-O(7) 1.936(12)
La(1)-OW5 2.852)  Mo(2)-0(6) 1.945(12)
La(1)-OW6 2903)  Mo(2)-0(2) 2.256(11)
Mo(1)-0(9) 1.689(15) Mo(2)-O(3) 2.309(11)
Mo(3)-O(13) 1.701(13) Cr(1)-O(3) 1.961(10)
Mo(3)-0(3) 2.277(12) Cr(1)-0(1) 1.978(15)
Mo(3)-0(7) 1.906(10) Cr(1)-O(4) 1.979(15)
Mo(3)-O(8) 1.932(7)  Cr(1)-0(2) 1.978(10)
O(23)#1-La(1)-O(28)  143.8(4)  OW2-La(l) OW6 57.2(7)
0(23)#1-La(1)-O(10)#2  76.8(4)  OWI1-La(1)-OW3 74.5(5)
0(23)#1-La(1)-OW3 763(5)  O(9)-Mo(1)-O(10) 105.8(7)
O(23)#1-La(1)OW2  137.8(55)  O(5)-Mo(1)-O(6)  150.9(6)
O(23)#1-La(1)OW6  119.08)  O(1) Mo(1)-0(2)  71.4(4)
O(23)#1-La(1)OW4  119.6(7)  O(11)-Mo(2)-O(6) 99.4(6)
0(23)#1-La(1)-OW5 64.0(7)  O(7)-Mo(2)-O(2)  83.2(4)
O(14)-La(1)-OW3 142.5(5)  O(12)-Mo(2)-0(3) 93.4(5)
O(14)-La(1)-O(10)#2  125.7(4)  O(13)-Mo(3)-O(7) 98.9(6)
O(14)-La(1)-OWS5 62.15)  O(14)-Mo(3)-O(7) 102.5(5)
O(14)-La(1)-OW6 116.6(6)  O(14)-Mo(3)-O(4) 158.3(6)
OW3-La(1)-OW6 59.4(6)  O(3)-Cr(1)-O(1)  95.8(5)
0(28)-La(1)-OW5 1127(7)  O@)-Cr(1)0(2)  94.8(4)

Figure 1. ORTEP drawing of compound 1 with thermal ellipsoids
at 50% probability; organic molecules and partial water molecules
are omitted for clarity

In the IR spectrum of compound 1, the features at 3368,
2094, 1635, 1558, 1401, 1374, 1357, and 1304 cm™! can be
regarded as characteristic of the pyridine-3-carboxylic acid
molecule. The peaks at 946, 909, 879, 759, 649, 578, and
412cm™' are attributed to v(Mo—Ot), v(Mo-Ob), and
v(Mo-Oc) of the [Cr(OH)sMo¢O;3]* polyoxo anion. The
IR spectrum of compound 2 is similar to that of 1 (see
Figures S3a and S3b in the Supporting information). In the

856 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Polyhedral view of the 3D open framework of 1 viewing
along the « axis, containing pyridine-3-carboxylic acid molecules
in the channels

Figure 4. Space-filling diagram of the 3D open framework of 1
along the «a axis, showing the 1D channels

Figure 5. Space-filling diagram of the 3D porous structure of 1
along the b axis, representing the 1D channels
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Raman spectrum of compound 1, the bands at 993, 942,
821, 713, 449, 337, and 286cm™! are ascribed to the
[Cr(OH)¢MogO;5]> polyoxo anion. In the Raman spectrum
of compound 2, the features at 993, 929, 908, 850, 823, 550,
333, and 250 cm ! are also attributed to the [Cr(OH)e-
MogO,]* polyoxo anion (shown in Figure S4).

The thermal gravimetric (TG) curve of 1 is shown in Fig-
ure S5a. The TG curve gives a total weight loss of 27.24%
in the range of 45-750 °C, which agrees with the calculated
value of 26.55%. The weight loss of 10.60% at 45-300 °C
corresponds to the loss of all noncoordinated and coordi-
nated water molecules (caled. 10.18%). The weight loss of
16.64% at 340-575 °C arises from the decomposition of or-
ganic molecules (calcd. 16.37%). The TG curve of com-
pound 2 exhibits similar weight loss stages to those of com-
pound 1 (see Figure S5b). The whole weight loss (27.16%)
is in agreement with the calculated value (26.57%).

Magnetic Properties of Compound 1

The structure of [Cr(OH)sMogO,5]* clusters bridged by
Ce3* cations in compound 1 allows us to predict the exis-
tence of magnetic exchange coupling. The thermal varia-
tions of y,7 and 1/y of 1 are displayed in Figure 6. The
value of y,,7T continuously decreases as the temperature is
lowered from 300.0 to 2.0 K, indicating the presence of an
antiferromagnetic interaction. At 300 K, the y,,T value is
ca. 2.87 emu Kmol™! (4.79 ug), slightly higher than the total
value (2.25emuKmol !, 4.24 ug) of one uncoupled S =
3/2 spin of the Cr** atom and one uncoupled S = 1/2 spin
of the Ce3* atom. The magnetic susceptibility obeys the
Curie-Weiss law in the whole range of 2.0-300.0 K with
C=2.81emuKmol!, and 0 = -5.79 K, characteristic of an
overall antiferromagnetic interaction. It is too difficult to
fit the experimental magnetic data of this complex system
using a suitable theoretical model, and further studies on
magnetic properties of similar systems are ongoing in our
laboratory.

Conclusions

In conclusion, we have synthesized the only structurally
characterized rare-earth POM complexes featuring an open
framework and polarity reported until now, by choosing a
suitable POM building block, organic template, and suit-
able reaction conditions. The success in synthesizing both
compounds provides not only innovative examples of open-
framework polar compounds, but also a new strategy for
the design of polar inorganic materials with channels based
on POMs. In contrast to the famous aluminosilicates and
metal phosphates with porous polar frameworks, this new
type of POM-based polar compound represents another
important branch in the field of polarity and open-frame-
work perspectives in the study of these materials. The mag-
netic properties of 1 have been studied and its antiferromag-
netic behavior results from the transformation of O-Mo-O
units.
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Figure 6. The temperature dependence of reciprocal magnetic
susceptibility yn ! (diamonds; inset) and the product ym7T
(squares) for compound 1

Experimental Section

Materials and General Methods: All chemicals were commercially
purchased and  used without  further  purification.
Na;z[CrMogHg0,4]:8H,O was synthesized according to the litera-
ture,®* and characterized by IR spectra and TG analyses. Elemen-
tal analyses (C, H, and N) were performed with a Perkin—Elmer
2400 CHN elemental analyzer; Cr, Mo, Ce, and La were analyzed
with a PLASMA-SPEC(I) ICP atomic emission spectrometer. IR
spectra were recorded in the range 4004000 cm ! with an Alpha
Centaurt FT/IR spectrophotometer using KBr pellets. TG analyses
were performed with a Perkin—Elmer TGA7 instrument in flowing
N, with a heating rate of 10 °Cmin'. The Raman spectrum was
recorded at ambient temperature with a Spex 1403 Raman spec-
trometer with an argon ion laser at an excitation wavelength of
514.5 nm. Variable-temperature magnetic susceptibility data were
obtained with a SQUID magnetometer (Quantum Design, MPMS-
7) in the temperature range of 2.0-300.0 K with an applied field of
10 kG.

Synthesis of 1: In a typical synthesis procedure for 1, first pyridine-
3-carboxylic acid (0.0616 g, 0.5 mmol) and then Ce(NO3);6H,O
(0.2171 g, 0.5 mmol) were dissolved in hot water (10 mL). Then an
aqueous solution (10 mL) of Nas[CrMogH¢O,4]-8H,O (0.6155 g,
0.5 mmol) was added to the above solution. The initial pH value
of this mixture was 3.00. The mixture was then refluxed at 80 °C
for 1 h. The filtrate was kept under ambient conditions for 2 weeks,
then yellow block crystals of compound 1 were isolated in about
45% yield (0.338 g, based on Ce). C;,H,,CeCrMogN,033 50: caled.
C9.58, Ce 9.32, Cr 3.46, Mo 38.30, N 1.86; found C 9.33, Ce 9.50,
Cr 3.23, Mo 36.61, N 1.95. FT IR: ¥ = 3368 (s), 2094 (w), 1635
(m), 1558 (m), 1461 (w), 1401 (m), 1374 (m), 1357 (m), 1304 (w),
1109 (w), 946 (s), 909 (vs), 879 (s), 838 (w), 759 (m), 690 (w), 649
(vs), 618 (w), 578 (w), 541 (w), 412 (m) cm™'.

Synthesis of 2: The preparation of 2 was similar to that of 1 except
that La(NO3);*6H,O was used instead of Ce(NO3);:6H,O (0.375 g,
yield 50%). C;,H,;CrLaMogN,Os3 50: caled. C 9.59, Cr 3.46, La
9.25, Mo 38.33, N 1.86; found C 9.71, Cr 3.20, La 9.62, Mo 36.55,
N 1.68. FT IR: v = 3367 (s), 1633 (m), 1563 (m), 1464 (w), 1393
(m), 1303 (w), 1182 (w), 1108 (w), 946 (s), 909 (vs), 887 (s), 838
(W), 760 (m), 649 (vs), 581 (w), 411 (m) cm™'.
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Table 3. Crystal data and structure refinement for 1 and 2

Complex 1 2
Empirical formula C,,H,7CeCrMogN,0Os3 50 C,,H,7LaCrMogN,Os3 50
Formula mass 1503.12 1501.91

T [K] 293(2) 293(2)

2 [A] 0.71073 0.71073
Space group Pmn2, Pmn2,
a[A] 15.0314(9) 15.080(3)
b [A] 11.6090(7) 11.630(2)
c[A] 23.0481(14) 23.096(5)
VA3 4021.9(4) 4050.6(14)
VA 4 4

Deaieq. [gem?] 2.482 2.463

u [mm1] 3.278 3.186
R&[I > 26(D)] 0.0511 0.0637
wRP [I > 20(1)] 0.1360 0.1535

[a] Ry = XIIFo| = [FVZIFl. [b] wRy = E[w(Fo® — FP U Zw(F?)".

X-ray Crystallography: Suitable single crystals with dimensions of
0.26xX0.13%0.05 mm for 1 and 0.32x0.28 X0.03 mm for 2 were se-
lected for single-crystal X-ray diffraction analysis. Data were col-
lected with a Bruker Smart Apex CCD diffractometer with Mo-K,,
(4 = 0.71073 A) at 293 K using the w-scan technique. Empirical
absorption correction was applied. Systematic absences and the sta-
tistics of intensity distribution resulted in the space group Pmmn2,.
The structures of 1 and 2 were solved by the direct method and
refined by the full-matrix least squares on F2 using the SHELXTL-
97 software.[*>! All of the non-hydrogen atoms were refined aniso-
tropically except for C22 and O37 in 1 and O4, O18, O19, and 036
in 2. In 1, positions of the hydrogen atoms attached to polyanions
and to coordinated water molecules except for OW4 were located
from difference maps, and those attached to carbon atoms were
fixed in ideal positions; the hydrogen atoms attached to OW4, free
OW?7, and to oxygen atoms of carboxyl groups were not located.
In 2, positions of the hydrogen atoms attached to carbon atoms
were fixed in ideal positions and other hydrogen atoms are not
located. A summary of the crystallographic data and structural de-
termination for 1 and 2 is provided in Table 3. Selected bond
lengths and angles of 1 and 2 are listed in Tables 1 and 2, respec-
tively. CCDC-245443 and -245641 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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