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Two novel polyoxotungstate-based rare earth compounds, [(C5H5N-CO2)2Ln(H2O)3]2-
[H2W12O40] · nH2O (C5H5N-CO2 = pyridine-4-carboxylate; Ln = La3+ (1), n = 5; Ce3+ (2), n =
7), have been synthesized in aqueous solution and characterized by single-crystal X-ray diffraction,
elemental analyses, IR spectra and TG analyses. The isostructural compounds 1 and 2 exhibit one-
dimensional (1D) zig-zag chains, in which the dinuclear lanthanide complexes act as bridging linkers
and the [H2W12O40]6− groups serve as bidentate ligands. The results of cyclic voltammetry (CV)
show that compounds 1 and 2 undergo two two-electron redox processes, similar to that of the parent
(NH4)6[H2W12O40] ·3H2O, and also reveal that the pH of the supporting electrolytic solution has a
notable effect on the electrochemical behavior of compound 2.
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Introduction

Polyoxometalates (POMs), as early transition metal
oxide clusters, have attracted extensive interest in fields
such as catalysis, medicine, and materials science [1 –
6]. By using POMs as inorganic building blocks, a
large number of POMs modified by metal complexes
have been found since the first such modified α-
Keggin POMs were reported by Xu et al. [7]. Zubi-
eta [8], Pope [9], Gutierrez-Zorrilla [10], Long [11]
and Wang and their co-workers [12 – 14] already have
synthesized several hybrid materials with attractive
structures and properties. However, with regard to
POM-based hybrids, the rational synthesis of rare earth
complex-modified POMs remains a challenge [15 –
17]. The reason is that oxygen atoms on the sur-
face of POMs are rather reactive and easily com-
bine with the highly oxophilic rare earth ions to form
precipitates instead of crystals. So, recently, the in-
troduction of protecting organic ligands, whose co-
ordination to rare earth ions can decrease the highly
oxophilic properties of the latter, could be used as
one effective method to inhibit precipitation [18, 19].
Compared with the commonly used POMs, such as
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Keggin- [20], Wells-Dawson- [21], Anderson- [22]
and paradodecametalate-B-type POMs [23], the α-
metatungstate anion [H2W12O40]6− has been less em-
ployed previously [24].

In order to obtain rare earth complexes of the
α-metatungstate anion [H2W12O40]6−, we chose
pyridine-4-carboxylic acid as the protecting organic
ligand, and the rare earth ions La3+ and Ce3+ as
the linkers to synthesize hybrids with extended struc-
tures by conventional methods. Herein, we report on
two novel 1D zig-zag chainlike compounds [(C5H5N-
CO2)2Ln(H2O)3]2[H2W12O40]·nH2O (C5H5N-CO2 =
pyridine-4-carboxylate; Ln = La3+ (1), n = 5; Ce3+ (2),
n = 7). To the best of our knowledge, compounds 1
and 2 are the first examples of 1D structures consist-
ing of [H2W12O40]6− clusters, lanthanide cations and
organic anions.

Results and Discussion
Description of the structures

The structures of 1 and 2 are all built up
from α-metatungstate polyanions [H2W12O40]6−,
Ln3+ cations and pyridine-4-carboxylate anions. The
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Distances (Å) Angles (deg)
Ln = La (1) Ln = Ce (2) Ln = La (1) Ln = Ce (2)

Ln(1)–OW1 2.572(9) 2.501(10) O(7)–Ln(1)–O(41) 80.5(3) 80.8(3)
Ln(1)–OW2 2.523(10) 2.547(10) O(7)–Ln(1)–O(42)∗∗� 117.3(3) 118.1(3)
Ln(1)–OW3 2.487(10) 2.501(10) O(7)–Ln(1)–O(43) 124.2(3) 123.7(3)
Ln(1)–O(7) 2.495(8) 2.479(9) O(7)–Ln(1)–O(44)∗∗� 67.9(3) 68.1(3)
Ln(1)–O(41) 2.535(9) 2.501(10) O(9)–Ln(2)–O(45) 125.6(3) 125.7(4)
Ln(1)–O(43) 2.514(10) 2.502(10) O(9)–Ln(2)–O(47) 116.4(3) 116.0(3)
Ln(1)–O(41)∗∗ 2.711(9) 2.511(11) O(9)–Ln(2)–O(48) 80.8(3) 80.5(3)
Ln(1)–O(42)∗∗� 2.627(9) 2.612(10) O(41)–Ln(1)–O(41)∗∗ 78.9(3) 78.4(4)
Ln(1)–O(44)∗∗� 2.517(11) 2.501(10) O(41)–Ln(1)–O(42)∗∗� 120.3(3) 120.1(3)
Ln(2)–OW4 2.554(9) 2.545(10) O(43)–Ln(1)–O(41) 69.4(3) 69.5(3)
Ln(2)–OW5 2.518(10) 2.504(11) O(43)–Ln(1)–O(42)∗∗� 118.4(3) 118.2(3)
Ln(2)–OW6 2.501(9) 2.469(11) O(43)–Ln(1)–O(44) 135.1(3) 136.0(4)
Ln(2)–O(9) 2.507(9) 2.490(11) O(44)∗∗�–Ln(1)–O(41) 71.2(3) 71.7(4)
Ln(2)–O(45) 2.508(9) 2.494(10) O(44)∗∗�–Ln(1)–O(42)∗∗� 66.4(3) 66.5(3)
Ln(2)–O(47) 2.603(9) 2.591(10) O(45)–Ln(2)–O(46) 70.0(3) 69.8(3)
Ln(2)–O(48) 2.730(9) 2.732(10) O(45)–Ln(2)–O(47)�� 118.0(3) 118.3(4)
Ln(2)–O(46)∗�� 2.514(9) 2.491(10) O(45)–Ln(2)–O(48) 135.8(3) 136.0(4)
Ln(2)–O(48)∗ 2.530(10) 2.522(9) O(46)∗��–Ln(2)–O(47) 67.6(3) 66.9(4)

Table 1. Selected bond lengths
(Å) and angles (◦) for 1 and 2a.

Symmetry codes for 1: ∗ −x + 1,
−y − 2, −z + 2; ∗∗ −x + 1, −y,
−z+1; for 2: � −x−1, −y+2, −z;
�� −x−1, −y, −z+1.

Fig. 1. ORTEP drawing of 1 with thermal ellipsoids set at
50 % probability; C gray, N light blue, O red, La dark blue
and W green. Hydrogen atoms and water solvate molecules
are omitted for clarity (color online).

[H2W12O40]6− cluster has a classic α-Keggin structure
described previously, which can be viewed as the usual
arrangement of four W3O13 groups, each of which con-
sists of three edge-sharing WO6 octahedra. Accord-
ing to their different coordination environments in the
polyanion, the oxygen atoms can be divided into four
groups: terminal oxygen atoms, Ot; terminal oxygen
atoms linked to Ln3+, Ot′; bridging oxygen atoms, Ob;
and central oxygen atoms Oc.

Single-crystal structural analyses reveal that com-
pounds 1 and 2 are isomorphous, and therefore,
the structure of 1 is described here representatively.
As shown in Fig. 1, compound 1 consists of one

Fig. 2. The structure of the dimeric La1 coordination unit
{(C6H5NO2)2La1(H2O)3}2 in 1. Hydrogen atoms omitted
for clarity.

[H2W12O40]6− unit, two lanthanum ions La3+, four
pyridine-4-carboxylate ligands (L), and eleven water
molecules in the asymmetric unit. The bond valence
sum calculations indicate that the La sites are in the
+3 oxidation state and all W sites are in the +6 oxi-
dation state [25]. The La3+ ion is in a distorted mono-
capped square antiprismatic geometry and is coordi-
nated by one terminal oxygen atom of the [H2W12
O40]6− unit with a bond length of 2.483 Å, by five
oxygen atoms of four pyridine-4-carboxylate ligands
with an average bond length of 2.568 Å, and three aqua
ligands with an average bond length of 2.525 Å. The
pyridine-4-carboxylate ligands adopt two different co-
ordination modes: bidentate bridging chelating (A) and
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Fig. 3. View of the one-dimensional
chain in 1 with hydrogen atoms omitted
for clarity.

bidentate bridging (B). The modes A and B result in
a dimeric La3+ coordination unit {(C5H5N-CO2)2La
(H2O)3}2 as shown in Fig. 2. Furthermore, the polyan-
ion acts as a bidentate ligand and covalently binds
to two {(C5H5N-CO2)2La(H2O)3}2 units through two
terminal oxygen atoms (O7 and O9), giving a 1D
chainlike structure. The bond lengths are listed in Ta-
ble 1. The variation of the La–O bond lengths results
in the following sequence in the two compounds: La–
O (H2O) > La–Ot′ > La–O (L), which indicates that
the electron-donating ability of the oxygen atoms is in
the order of O (L) > Ot′ > O (H2O) and that the La–
O (L) bonds are stronger than the La–O (H2O) or La–
Ot′ bonds.

Interestingly, the polyanions [H2W12O40]6− in com-
pound 1 coordinate to the La3+ ions asymmetri-
cally, rather than symmetrically via opposite oxygen
atoms as reported for the compound [{Ce(NMP)6-
(PMo12O40)}]n [26], so that the 1D chain is in a zig-
zag form (Fig. 3). Moreover, a 2D layer is formed
via π–π stacking interactions with a distance of
C(14) . . . C(17) of 3.471 Å (Fig. 4), and extensive hy-
drogen bonding interactions between adjacent chains
in the 0 1̄ 2 plane.

FT-IR spectroscopy

The spectra of the two compounds are very simi-
lar and therefore, the spectrum of compound 1 is de-
scribed here representatively. The characteristic peaks
at 1652, 1646, 1630, 1590, 1570, 1558 and 1403 cm−1

are indicative of the vibrations of the pyridine-4-
carboxylate anions and water molecules. The peaks
at 930, 880 and 781 cm−1 are attributed to the W=O
and W–O–W unsymmetrical stretching vibrations, and
the peak at 418 cm−1 to the La–O vibrations [27]. In
comparison to the [H2W12O40]6− clusters [28], com-
pound 1 has similar peaks in the range 781 – 930 cm−1

except for slight shifts of some peaks due to the inter-
action between the polyanions and the La3+ cations in
the solid state, which indicates that the polyanion in the
title compound still retains the basic [H2W12O40]6−

Fig. 4. View of the two dimensional-layer of polyhe-
dra formed via π–π stacking interactions and extensive
hydrogen-bonding interactions between chains in the 0 1̄ 2
plane in compound 1; all water molecules are omitted for
clarity.

structure. These results are consistent with those of the
structural analysis.

Thermal analysis

The TG curve of compound 1 is divided into two
stages. The weight loss in the first stage is 5.68 %
(calcd. 5.66 %) in the temperature range 0 – 499 ◦C, in-
cluding two steps of water releases. The weight loss
in the second stage is 12.88 % (calcd. 12.90 %) in
the temperature range 571 – 668 ◦C, corresponding to
the decomposition of organic components. The total
weight loss (18.21 %) is in good agreement with the
calculated value (18.56 %). The sample weight was
unchanged at temperatures higher than 668 ◦C. The
TG curve of compound 2 exhibits similar weight loss
stages, the overall weight loss being 19.88 %, in agree-
ment with the calculated value of 20.12 %, considered
as the loss of all water and the decomposition of the
organic moieties.

Cyclic voltammetry

To study the redox properties of compounds 1
and 2, their CVs (0.1 mmol L−1) were performed in
a 0.5 mol L−1 Na2SO4 solution (pH = 3.11), and the
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Compound (NH4)6[H2W12O40] ·3H2O 1 2
Ecp, V −0.744 −0.556 −0.708 −0.539 −0.700 −0.526
Eap, V −0.672 −0.493 −0.666 −0.489 −0.645 −0.482
∆Ep, mV 72 63 42 50 55 44
E1/2, V −0.708 −0.524 −0.667 −0.514 −0.672 −0.504

Table 2. Cathodic (Ecp) and
anodic (Eap) peak potentials
and potential differences for
(NH4)6[H2W12O40] ·3H2O,
1 and 2.

Fig. 5. Cyclic voltammograms of compounds (NH4)6-
[H2W12O40] · 3H2O (W12), 1 and 2.

CV of (NH4)6[H2W12O40] ·3H2O was also measured
under identical conditions for comparison. From Fig. 5
it can be seen that the electrochemical properties of 1
and 2 are similar to that of the parent compound
(NH4)6[H2W12O40] ·3H2O, which undergoes a two-
step two-electron redox process in the potential range 0
to −0.8 V. However, for 1 and 2, the values of the
mean peak potentials E1/2 = (Eap + Ecp)/2 are shifted
in the positive direction as compared with their par-
ent compound. The coordination interactions between
the La3+/Ce3+ complexes and the POMs anions in 1
and 2 may be responsible for these slight differences.
Their peak potentials, E1/2, and the peak-to-peak sep-
arations (∆Ep = Eap −Ecp) are listed in Table 2. From
Fig. 5 and the data in Table 2 it can be seen that the
peak potentials for the two pairs of W redox peaks
are hardly displaced, irrespective of whether the com-
plex fragment is [{(C5H5N-CO2)2La(H2O)3}2]3+ or
[{(C5H5N-CO2)2Ce(H2O)3}2]3+, which suggests that
the [H2W12O40]6− anions are the active centers for the
hybrids’ redox behavior.

Taking 2 as an example, the CV behavior at differ-
ent scan rates was studied under the above-mentioned
condition. As can be seen from Fig. 6, the anodic and
cathodic peak currents increase gradually, and the peak
potentials change gradually: the cathodic peak poten-
tials shift in the negative direction and the correspond-

Fig. 6. The cyclic voltammograms of compound 2 at dif-
ferent scan rates (from inner to outer: 50, 80, 110, 140,
and 170 mV s−1).

Fig. 7. The cyclic voltammograms of compound 2 in
H2SO4+Na2SO4 aqueous solutions with different pH values
(from outer to inner: 1.61, 2.16, 2.61 and 3.41).

ing anodic peak potentials move in the positive direc-
tion, with the scan rate varying from 50 to 170 mV s−1.
The peak-to-peak separation between the correspond-
ing cathodic and anodic peaks increases with increas-
ing scan rate, but the mean peak potentials do not
change on the whole.

In addition, the pH of the supporting electrolyte so-
lution has a marked effect on the electrochemical be-
havior of 2 in H2SO4+Na2SO4 aqueous solutions. It
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can be clearly seen in Fig. 7 that along with increasing
pH, the anodic peak potentials and the corresponding
cathodic potentials all gradually shift in the negative
potential direction, and both the anodic and cathodic
peak currents gradually decrease. Along with increas-
ing pH, the lower concentration of protons in the so-
lutions should be the reason for the current decrease,
and the more negative reduction potentials can be elu-
cidated by the Nernst equation [29].

Conclusions

In summary, we have synthesized two novel
compounds, [(C5H5N-CO2)2Ln(H2O)3]2[H2W12O40]
·nH2O (C5H5N-CO2 = pyridine-4-carboxylate; Ln =
La3+ (1), n = 5; Ce3+ (2), n = 7), which represent the
first 1D extended structures based on α-metatungstate
anions and lanthanide ions together with organic an-
ions. The isolation of compounds 1 and 2 shows a
perspective of extending the POM family through se-
lecting suitable lanthanide metals and organic ligands.
Our results indicate that the α-metatungstate [H2W12
O40]6− cluster is a good candidate for designing new
compounds with varying architectures and valuable
properties. This work also paves the way for the assem-
bly of α-metatungstate-based inorganic-organichybrid
materials containing other lanthanide ions.

Experimental Section
Chemicals and measurements

All chemicals were used as purchased without further pu-
rification. (NH4)6[H2W12O40] ·3H2O was synthesized ac-
cording to the literature [30] and characterized by IR spec-
troscopy and TG analyses. Elemental analyses (C, H and N)
were performed with a Perkin-Elmer 2400 CHN elemental
analyzer and W, La and Ce were analyzed with a Leaman ICP
atomic emission spectrometer. IR spectra were recorded in
the range of 400 – 4000 cm−1 with an Alpha Centauri FT/IR
spectrophotometer with KBr pellets. Cyclic voltammetry
measurements were carried out with a CHI 660 electrochem-
ical workstation using a conventional three-electrode single
compartment cell at r. t. The working electrode was glassy
carbon, the reference electrode was Ag/AgCl, the counter
electrode was Pt gauze, and the scan rate was 100 mV/s. TG
analyses were performed with a Perkin-Elmer TGA7 instru-
ment in flowing N2 with a heating rate of 10◦ min−1.

Synthesis

[(C5H5N-CO2)2La(H2O)3]2[H2W12O40] · 5H2O (1)

In a typical experiment, (NH4)6[H2W12O40] ·3H2O
(0.0752 g, 0.025 mmol) was dissolved in water (8 mL). The

Table 3. Crystal data and structure refinement for 1 and 2.

Complex 1 2
Empirical formula C24H44La2N4O59W12 C24H48Ce2N4O61W12
Mr 3816.65 3855.07
Color, habit colourless, block yellow, block
Cryst. size, mm3 0.13×0.13×0.13 0.13×0.13×0.13
Crystal system triclinic triclinic
Space group P1̄ P1̄
a, Å 11.4720(6) 11.4925(9)
b, Å 11.4802(6) 11.5009(9)
c, Å 26.1102(13) 26.085(2)
α , deg 77.8250(10) 77.6010(10)
β , deg 87.8230(10) 87.6020(10)
γ , deg 89.7150(10) 89.6300(10)
V , Å3 3358.9(3) 3364.4(5)
Z 2 2
Dcalcd, g cm−3 3.77 3.80
µ(MoKα ), cm−1 21.8 21.9
F(000), e 3380 3416
hkl range −13 ≤ h ≤ 14 −14 ≤ h ≤ 13

−14 ≤ k ≤ 12 −14 ≤ k ≤ 12
−32 ≤ l ≤ 31 −30 ≤ l ≤ 32

Refl. measured 17539 18788
Refl. unique 11974 12867
Rint 0.0415 0.0257
Ref. parameters 911 928
GoF (F2) 1.041 1.116
R(F) 0.046 0.054
wR(F2) (all refl.) 0.105 0.106
∆ρfin (max/min), 6.160/–1.844 4.672/–2.198

e Å−3

pH value of the solution was carefully adjusted with a dilute
NaOH solution (1 mol ·L−1) to 7.68, and the solution was
stirred for 10 min. A solution (8 mL) of La(NO3)3 · 6H2O
(0.0216 g, 0.050 mmol) was added and the mixture stirred
for 10 min. Then pyridine-4-carboxylic acid (0.0123 g,
0.1 mmol) dissolved in hot water was added, and the result-
ing solution was stirred for 20 min at 60 ◦C. The filtrate was
kept under ambient conditions. After 24 h colorless blocks of
compound 1 were obtained. (yield 30 %, based on La). Anal.
calcd. for 1: C 7.55, H 1.16, N 1.47, W 57.80, La 7.28; found:
C 7.58, H 1.18, N 1.46, W 57.60, La 7.21.

[(C5H5N-CO2)2Ce(H2O)3]2[H2W12O40] ·7H2O (2)

This compound was prepared similar to 1, with
Ce(NO3)3 · 6H2O instead of La(NO3)3 · 6H2O. Yellow
blocks; yield 35 % based on Ce. Anal. calcd. for 2: C 7.48,
H 1.25, N 1.45, W 57.23, Ce 7.26; found: C 7.46, H 1.28,
N 1.43, W 57.12, Ce 7.32.

X-Ray crystallograpphy

Diffraction data for 1 and 2 were collected with a Bruker
Smart Apex CCD diffractometer with MoKα radiation (λ =
0.71073 Å) at 194.5 K using the ω scan technique. Em-
pirical absorption corrections were applied. The structures
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of 1 and 2 were solved by Direct Methods and refined by
full-matrix least-squares on F2 using the SHELX-97 soft-
ware [31]. All non-hydrogen atoms were refined anisotrop-
ically and H atoms were placed in calculated positions. A
summary of the crystallographic data and the numbers per-
tinent to the structure determination are provided in Ta-
ble 3. Selected bond lengths and bond angles are listed in
Table 1.

CCDC 622637 and 623483 contain the supplementary
crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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