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Assembly of trimeric polyoxovanadate aggregates
based on [MnV13O38]

7− building blocks and lanthanide
cations†

Ding Liu,a Ying Lu,*a Yang-Guang Li,a Hua-Qiao Tan,b Wei-Lin Chen,a

Zhi-Ming Zhanga and En-Bo Wang*a

Three trimeric polyoxovanadate based on 1 : 13 anions [MnV13O38]
7− with lanthanide cations Ln3+

(Ln = La, Ce and Nd) and pyridine-3-carboxylic acid: HK3{[Ln(H2O)4]6[MnV13O38]3(SO4)2}·

3(C6H6NO2)·nH2O (Ln = La 1, Nd 3; n = 33 for 1, 20 for 3), H2.5K1.5{[Ce(H2O)4]6[MnV13O38]3(SO4)2}·

3(C6H6NO2)·20.5H2O (2) (C6H5NO2 = pyridine-3-carboxylic acid) have been synthesized and characterized

by elemental analysis, IR spectroscopy, UV spectroscopy, TG analysis, XPRD, electrochemical analyses,

magnetism and single-crystal X-ray diffraction. Compounds 1–3 are isostructural and crystallized in the

hexagonal system, space group P63/m. Compounds 1–3 contain an unusual trimeric polyoxoanion

[{Ln2MnV13O38}3(SO4)2]
7−, representing the first polyoxovanadate-based trimeric aggregate with rare

earth ions. The electrochemical and electrocatalytic properties of the compounds have been investigated.

Magnetic studies indicate that antiferromagnetic interactions exist in the compounds.

Introduction

Polyoxometalates (POMs), as a typical class of metal oxide clus-
ters with nucleophilic oxygen-enriched surfaces, represent one
of the excellent inorganic polydentate ligands to coordinate
with transition metal or rare-earth metal ions, leading to com-
pounds with diverse nuclearities and structural features com-
bined with interesting catalytic, electrochemical and magnetic
properties.1 In the field of POM chemistry, the exploration of
new nanoscale POM species possessing novel structures and
properties is a permanent aim that researchers have been pur-
suing all along.2 However, the rational design and synthesis of
such compounds remain realistic and great challenges.
Recently, a common strategy is using lacunary polyoxoanions
as inorganic multidentate building blocks to “capture” tran-
sition metal or rare earth ions, leading to novel compounds
with diverse nuclearities and structural features as well
as interesting properties.3 In this aspect, lacunary POM

derivatives, such as the monovacant Dawson-type [P2W17O61]
10−,

trivacant Keggin-type [PW9O34]
9− and hexavacant [P2W12O48]

14−

clusters might be the candidates to incorporate more metal
centers into aggregate with considerable sizes.4 Up to now,
most high-nuclear and nanoscale POM clusters are con-
structed by using lacunary polyoxoanions as precursor.
The design and synthesis of integrity POM blocks with
metal linkers should provide a promising way to achieve
new types of nanoscale POM, which maintain the integrity
of structure and application performance. However, the struc-
turally integrated POM species tend to form low-dimensional
(0D, 1D, or 2D) and extended three-dimensional frameworks
with metal cations as linkers instead of aggregates
perhaps owing to the steric demands of the POMs and the
deficient charge density at their surface oxygen atoms.5 Thus,
the synthesis of high-nuclear or giant inorganic aggregates
based on integrated polyoxoanions is a realistic and great
challenge.

As reported in previous literature, most nanoscale POM
aggregates are composed of polyoxoanion precursors contain-
ing W or Mo; the process of assembling polyoxovanadates into
large oligomers or aggregates is still in its infancy,6 perhaps
due to the difference between the structural features of polyoxo-
tungstates, polyoxomolybdates and polyoxovanadates. There-
fore, the synthesis of new polyvanadate-based aggregates with
novel structures and excellent properties is our pursuit. Among
the various heteropolyvanadates, the unusual tridecavanado-
manganate(IV) anions [MnV13O38]

7− (abbreviated as {MnV13})
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seized our attention. As a polyoxovanadate, [MnV13O38]
7−

anion possesses higher charge density compared with polyoxo-
molybdate and polyoxotungstate, which makes its surface
oxygen atoms have higher activity and hence they can easily
bond with electrophilic linkers.7 Furthermore, [MnV13O38]

7− is
a kind of functional POM, and its inhibition of tumors and
bacteria activities, and catalytic oxidation performance have
been extensively studied.8 The {MnV13}-based aggregates
possess higher oxidation ability and further enhance the
electrocatalytic sensitivity for nitrite ions, which have been a
fatal threat to the environment and human health due to their
toxicity and suspected carcinogenicity.

For achieving new nanoscale species based on integrated
POM, we chose the reaction system of [MnV13O38]

7− anion and
rare earth ions (Ln3+). Rare earth ions possess diverse coordi-
nation and bonding modes.9 These features make it become
more flexible in the connection with POMs and facilitate the
formation of novel POM compounds with unexpected struc-
tural models and interesting properties. On the other hand,
in order to obtain the aggregates based on [MnV13O38]

7−

anions and rare earth ions, pyridine-3-carboxylic acid molecule
was selected as a protective agent. It is well known that
the high reactivity of oxophilic rare earth ions with POMs
always leads to precipitation instead of crystallization, which
makes the elucidation of the structure difficult.10 One of the
effective methods for getting crystalline products is to
adopt appropriate organic ligands during the preparation as
protective agents.11 However, the protecting method usually
forms extended frameworks with POM as nodes and rare earth
ions as linkers.12 Therefore, new POM-based especially poly-
oxovanadate aggregates containing rare earth clusters are
scarce.13 In addition, pyridine-3-carboxylic acid may also
perform the structure-directing agent role in the formation of
{MnV13}-based trimeric POMs, not only because it can act as
the counterion in acidic solutions so as to facilitate aggrega-
tion of the polyoxoanions but also it has an appropriate
volume and versatile coordination behavior, which allows
extensive hydrogen bonding interactions with [MnV13O38]

7−

polyoxoanions.
On the basis of the aforementioned considerations,

Ln cations and pyridine-3-carboxylic acid molecules were
introduced into the [MnV13O38]

7− system in order to explore a
new route to prepare novel POM compounds with unexpected
structural models and interesting properties. Herein,
three unprecedented {MnV13}-based trimeric polyoxovanadate
aggregates, HK3{[La(H2O)4]6[MnV13O38]3(SO4)2}·3(C6H6NO2)·
33H2O (1), H2.5K1.5{[Ce(H2O)4]6[MnV13O38]3(SO4)2}·3(C6H6NO2)·
20.5H2O (2) and HK3{[Nd(H2O)4]6[MnV13O38]3(SO4)2}·
3(C6H6NO2)·20H2O (3), were synthesized by a conventional
aqueous solution method. Compounds 1–3 contain an
unusual triple-{MnV13} polyoxoanion [{Ln2MnV13O38}3(SO4)2]

7−,
representing the first polyoxovanadate-based trimeric
aggregate with rare earth ions in the POM chemistry.
Furthermore, these polyoxoanions are well-arranged into
a 3-D supramolecular assembly through hydrogen-bond
interactions.

Results and discussion
Synthesis

The three nanoscale trimeric polyoxovanadates encapsulating
various Ln cations were prepared by means of a carefully opti-
mized set of experimental procedures and crystallization con-
ditions. It can be concluded that the use of secondary organic
ligands might stabilize the Ln ions and reduce the reactivity of
Ln ions with polyoxoanions. Large quantities of parallel experi-
ments indicate that pH, temperature, concentration, crystalli-
zation speed and ratio of reagents are critical synthetic
parameters for the preparation of 1–3. First, compounds 1–3
could only be obtained in the pH range 2.5–3.0. If the pH
value of the reaction was lower than 2.5, only large amounts of
unidentified powders were obtained. If the pH value exceeded
3.5, no crystalline products were formed as the hydrolysis of
the lanthanide cation easily occurs at higher pH values.
Second, the reaction temperature should remain lower than
45 °C. We have tried to increase the reaction temperature in
the [MnV13O38]

7−/Ln systems, however, only a precipitate was
obtained. Third, the filtrate must be slowly evaporate, and the
crystals of title compounds were generally isolated after two
weeks. If the crystallization rate was too quick it would led to
crystal aggregates instead of single crystals. Moreover, the
introduction of the pyridine-3-carboxylic acid molecule plays
an important role in the formation of 1–3. Attempts to replace
pyridine-3-carboxylic acid with other organic molecules (pyri-
dine-4-carboxylic acid, proline or alanine) with different sizes
during the synthesis process have so far failed, suggesting that
pyridine-3-carboxylic acid may act as a structure-directing
agent. Trying to adopt different rare earth cations such as La3+,
Ce3+ and Nd3+, we obtained the title compounds 1–3. In
addition, we have attempted to use other Ln3+ cations (Sm, Gd,
Dy and Er) as rare earth sources; unfortunately, only a precipi-
tate was isolated. It is presumed that the result is attributed to
the lanthanide contraction effect. Similar phenomena are also
observed in POM–lanthanide complexes.14 Likewise, the con-
traction of the metal radius is also reflected in the decrease of
the bonding Ln–O distances (Table 1). So the ionic radius of
the Ln cations may play a crucial role in generating the
trimers.

Structure description

Single-crystal X-ray diffraction analysis shows that compounds
1–3 are isostructural and crystallizes in the same hexagonal
space group P63/m. Therefore, only the structure of compound
1 is described in detail. The basic structural unit of 1 contains

Table 1 Comparison of Ln–O bond lengths in 1–3

Compound Range of Ln–O lengths (Å) Average Ln–O lengths (Å)

1 (LaIII) 2.482(6)–2.640(5) 2.570
2 (CeIII) 2.477(9)–2.629(8) 2.540
3 (NdIII) 2.444(9)–2.615(8) 2.521
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one triple-type POM-based shell [La2MnV13O38]3
3− containing

six trivalent lanthanide ions, two sulfate ions, three potassium
ions, three protonated pyridine-3-carboxylic molecules and 33
lattice water molecules. As shown in Fig. 1a, the polyoxoanion
of 1 contains three [La2MnV13O38]

− subunits, and each of
them possesses an unusual 1 : 13 polyoxovanadate [MnV13O38]

7−.
This polyoxoanion consists of thirteen edge-shared VO6 octa-
hedra surrounding a central Mn atom in an octahedral cavity
(Fig. S1†). As revealed by X-ray crystallographic analysis, the
V–O bond lengths range from 1.587 to 2.411 Å. The central
Mn–O bond lengths are 1.852–1.914 Å, and the O–Mn–O
angles are in the range of 87.91(6)–176.32(4)°, which are in
close agreement with those described in the literature.15 Fur-
thermore, each [MnV13O38]

7− anion is capped by two equi-
valent La3+ cations through its four terminal oxygen atoms.
Simultaneously, a pair of pyridine-3-carboxylic acid molecules
interact with the polyoxometalate through hydrogen bonds on
the other side of the {MnV13} anion to facilitate the aggrega-
tion of polyanions (Fig. S2†). There are six La atoms which can
be divided into two groups, and each set of three La ions join
the central S atom to form a {La3SO4} unit. In the {La3SO4}
subunit, each La3+ cation is connected with the sulfate ion in
the center, and further linked to another La3+ cation of an
adjacent {MnV13}, forming the {La–O–S–O–La} bridges. The
arrangement of the three La3+ ions around one central S atom
can be regarded as an approximate trigonal-planar mode
(Fig. 1b). As seen in Fig. 1c, three potassium centers are sand-
wiched by two parallel sets of {La3SO4} units, forming a tri-
angular prism-like structure. It is noteworthy that such high-
nuclear trimeric aggregates represent the first instance of
using sulfate ions as the central bridging unit in POM-based
aggregate chemistry. Usually PO4

3− and CO3
2− were adopted as

the central linker in the previous literature.16 All of the La
centers are coordinated with one O atom derived from the
sulfate ligand, four terminal O atoms from the [MnV13O38]

7−

anion and four coordinated water molecules, exhibiting

a nine-coordination environment and adopt the distorted
tricapped trigonal prismatic geometry (Fig. 2a). The bond
lengths of La–O are in the range of 2.482–2.640 Å. As show in
Fig. 1a the external diameter of this triple-{MnV13} polyoxo-
anion is ca. 20.22 Å and the thickness is about 11.62 Å
(Fig. S4†). The bond-valence sum (BVS) calculations (V 4.79,
Mn 4.51, La 3.10) suggest that the V atoms are in the +5 oxi-
dation state, the Mn atom is in the +4 oxidation state and La
atoms are in the +3 oxidation state.

In the packing arrangement, compound 1 has a 3-D supra-
molecular structure constructed from trimeric polyoxoanions,
water and pyridine-3-carboxylic acid molecules. Six protonated
pyridine-3-carboxylic acid molecules act as counterions, and
encapsulate the triple-{MnV13} clusters by hydrogen bonds
(O⋯O = 2.880–3.232 Å, C⋯O = 2.990–3.482 Å, N⋯O =
3.447–3.484 Å). Synchronously, each trimeric polyoxoanion is
surrounded by six adjacent polyoxoanions (Fig. 2c). On the
basis of this arrangement, the polyoxoanions and the organic
ligands are well-arranged into a 2-D supramolecular assembly
on the ab plane. Furthermore, there are two kinds of such
supramolecular assemblies in 1 according to the different
orientations of triple-{MnV13} polyoxoanions in the layer (see
Fig. 3a and b). The two kinds of layers are arranged in a stag-
gered fashion and stacked together in an ABAB… mode along
the c axis (Fig. 3c and d). Hence, this connection mode gener-
ates a type of hexagonal channel with an accessible size of
9.63 × 14.53 Å along the c axis (Fig. 4). Lattice water molecules
reside in these channels and interact with polyoxoanions
and pyridine-3-carboxylic acid molecules via hydrogen-bond
interactions.

Electrochemical analyses and electrocatalytic activities

The electrochemical behaviors of compounds 1–3 and their
electrocatalytic properties for nitrate were studied. The cyclic
voltammetric behavior for 1 in pH 4 (0.4 M CH3COONa–
CH3COOH) butter solution exhibits three pairs of redox peaks
in the potential range of +1.4 V to −0.8 V, and the mean peak

Fig. 2 (a) The coordination environments of the LaIII cation; (b) ball-and-stick
representation of the [{KLa2MnV13O38}3(SO4)2]

4− in 1; (c) polyhedral and space-
filling representation of the 2-D supramolecular assembly of compound 1 based
on POMs and pyridine-3-carboxylic acid molecules.

Fig. 1 Polyhedral and ball-and-stick representation of (a) the basic trimeric
building blocks in 1; (b and c) the connection modes in the rare earth cluster in
1. Color codes: Mn (yellow), V (pink), La (blue), K (green), S (orange), C (gray), N
(dark blue).
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potentials, E1/2 = (Epa + Epc)/2 are 0.861 V, 0.337 V and 0.164 V
(vs. Ag/AgCl), respectively (Fig. 5a). The first oxidation peak I
(+0.940 V) and its reduction counterpart I′ (+0.783 V) are attrib-
uted to the redox process of the Mn centers.4c,17 The second
and third oxidation peaks II and III (0.512 V and 0.321 V,
respectively) and their reduction counterparts II′ and III′ (0.162
V and 0.008 V) are all ascribed to the vanadium-centered
reductions, (VV → VIV) and (VIV → VIII), respectively.18

The electrochemical properties of compound 2 were also
detected in the pH 4 (0.4 M CH3COONa + CH3COOH) buffer

solution (Fig. S7a†). There are three reduction peaks that
appear in the potential range of +1.4 V to −0.8 V, with peak
potentials located respectively at 0.802 V, 0.345 V and 0.109 V

Fig. 3 (a) Layer A (pink), one 2-D supramolecular assembly of compound 1
based on trimeric {MnV13}-based polyoxoanions and pyridine-3-carboxylic acid
molecules; (b) layer B (red), the other 2-D supramolecular assembly of com-
pound 1; (c) the packing arrangement of compound 1 viewed along the c axis;
(d) the 3-D supramolecular structure of 1 arranged in the ABAB… mode along
the a axis.

Fig. 4 (a) Ball-and-stick representation and (b) space-filling representation of
the 3-D packing arrangement of 1 with channels with dimensions of 9.63 ×
14.53 Å along the c axis. The pyridine-3-carboxylic acid and water molecules are
omitted for clarity.

Fig. 5 (a) Cyclic voltammograms of 2 × 10−4 M 1 in the pH = 4.0 (0.4 M
CH3COONa + CH3COOH) buffer solution at different scan rates (from inner to
outer: 25, 50, 75, 100, 125, 150, 175, 200 mV s−1); (b) electrocatalysis of the
reduction of NO2

− in the presence of 2 × 10−4 M 1 at the scan rate of 150 mV
s−1. The concentrations of NO2

− are (i) 0.0, (ii) 1.0, (iii) 2.0, and (iv) 4.0 mM. The
working electrode was glassy carbon, and the reference electrode was Ag/AgCl.
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versus the Ag/AgCl electrode. The oxidation peak located at
0.963 V and its reduction counterpart located at 0.642 V corres-
pond to the redox processes of the MnIV, similar to that of 1.
The last two peaks at 0.345 V and 0.109 V are assigned to the
redox process of VV centers. The electrochemical properties of
compound 3 were also detected in the pH 4 medium, which is
similar to 1. As shown in Fig. S8a,† there are three redox
couples located in the positive domain and the mean peak
potentials E1/2 = (Epa + Epc)/2 are 0.824 V, 0.311 V and 0.151 V
(vs. Ag/AgCl), which are ascribed to the Mn and V centers.
Further, the CV of 1–3 at different scan rates showed that the
peak currents of the redox process were proportional to the
scan rate, indicating that the redox process on the glassy
carbon (GC) electrode is surface-controlled (Fig. S9†).

The determination and elimination of nitrite ions in
environmental and food samples has been paid considerable
attention in recent years due to their distinct toxicity and sus-
pected carcinogenicity.19 Generally, it is difficult to directly
electroreduce the nitrite ions to their corresponding reduced
form with the bare electrode because this process requires a
high overpotential at most of the bare electrode surfaces.
However, the introduction of various catalysts into the bare
electrodes could speed up the electroreduction process and
lower the overpotential. In this aspect, POMs are one kind
of suitable catalyst candidate, because POMs are capable
of delivering electrons to other species, serving as powerful
electron reservoirs for multielectron reductions.20

On the basis of the aforementioned background, the electro-
catalytic reduction properties of the {MnV13}-based trimeric
polyoxoanions 1–3 were further investigated towards the
reduction of nitrite in the same buffer solution as those
employed in the CV studies. As seen in Fig. 5b, on addition of
modest amounts of nitrite, the reduction peak currents of V
increased, while the corresponding oxidation peak currents
dramatically decreased, suggesting that nitrite was reduced by
the reduced POM species. Notably, the second reduced species
of 1 exhibits better electrocatalytic activity; that is, the catalytic
activity is enhanced with the increasing extent of POM
reduction. For 2 and 3, the CVs for electrocatalytic reduction of
nitrite were also observed under the similar conditions
(Fig. S7b and S8b†). The results indicated that 1–3 display
excellent electrocatalytic activity toward the reduction of
nitrite. In comparison, no reduction of nitrite took place on
the GC electrode in the absence of the compounds.

Magnetic properties

The variable temperature magnetic susceptibility of compound
2 was investigated in the temperature range of 2.0–300 K at a
0.1 T magnetic field on the single crystalline samples (Fig. 6).
The value of χm increases gradually from 0.03 cm3 mol−1 at
300 K to 0.20 cm3 mol−1 at 41 K, then exponentially to the
maximum of 2.91 cm3 mol−1 at 2 K. The χmT vs. T plot
decreases continuously with the decreasing temperature, and
reaches 5.71 cm3 K mol−1 at 2 K, revealing the characteristic of
antiferromagnetic interactions. At room temperature, the
experimental χmT value (9.89 cm3 K mol−1) of 2 is

approximately equal to the theoretical value (10.44 cm3 K
mol−1) for six CeIII ions (4.82 cm3 K mol−1, 2F5/2, J = 5/2, gJ =
6/7) and three isolated spin-only MnIV (5.62 cm3 K mol−1, S =
3/2, g = 2.0). As shown in Fig. 6, the magnetic susceptibility of
2 follows the Curie–Weiss law, χm = C/(T − θ), with a Curie con-
stant C = 10.10 cm3 K mol−1 and a Weiss constant θ = −6.95 K
in the temperature range of 2–300 K. These Curie constants
are in reasonably good agreement with the expected value. The
negative Weiss temperatures suggest the presence of antiferro-
magnetic interactions in compound 2. The X-ray powder diffr-
action pattern of the as-synthesized compound is almost
identical to the calculated pattern from single-crystal diffrac-
tion data, which confirms the purity of the samples (Fig. S10†).

FT-IR and UV-Vis spectroscopy

The IR spectrum of 1 (Fig. S11†) shows a broad band at
3421 cm−1 and a strong peak at 1631 cm−1 attributed to the
lattice and coordinated water molecules. The bonds at 1409
and 1109 cm−1 are assigned to the pyridine-3-carboxylic acid
organic ligands. The characteristic peaks at 979, 927, 831, 755,
651 and 595 cm−1 are attributed to v (VvO) and v (V–O–V) in
the polyoxoanions, respectively.7 The IR spectra of 2 and 3 are
similar to compound 1 (Fig. S12–S13†). The UV-vis spectra of
1–3 were recorded in aqueous solution with a concentration of
2 × 10−4 M and displayed two absorbance bonds (249 and
201 nm) in the UV region, which are attributed to the O → V
charge transfer bands (Fig. S14†).21

TG analysis

In order to estimate the lattice-water content and thermal
stability of compounds 1–3, TG analysis was carried out from
30 to 600 °C (Fig. S15–S17†). The TG curve of compound 1
exhibits four continuous weight loss stages in the temperature
ranges 38–445 °C. The first weight loss is 9.9% in the tempera-
ture range 38–114 °C, corresponding to the release of lattice
water molecules in the framework (calcd 9.1%). Then, the

Fig. 6 The temperature dependence of χm (○), χmT (□) values and (inset) temp-
erature dependence of reciprocal magnetic susceptibility χm

−1 for 2. The red line
is the best fit with the Curie–Weiss law.
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weight loss step of 6.4% occurred in the temperature range of
114–294 °C, mainly corresponding to the loss of the co-
ordinated water molecules (calcd 6.6%). The following weight
loss of 2.5% in the temperature range of 294–356 °C is attribu-
ted to the loss of sulfate ions (calcd 2.9%). The last weight loss
of 5.2% in the temperature range of 356–445 °C could be
related to the loss of pyridine-3-carboxylic acid molecules and
gradual elimination of carbon deposition resulting from the
complex decomposition under a N2 atmosphere (calcd 5.7%).
The whole weight loss is 24.3%, in agreement with the theore-
tical weight loss value (calcd 24%). In the DTA curve of 1, the
endothermic broad peak around 87.3 °C corresponds to the
release of lattice and coordinated water molecules; the exo-
thermic peak at 443 °C is attributed to the decomposition of
the polyoxoanion.

Experimental section
Materials and methods

All chemicals were commercially purchased and used without
further purification. K7[MnV13O38]·18H2O was synthesized
according to the literature and characterized by IR spectro-
scopy.7a Elemental analyses (H, N and C) were performed on a
Perkin-Elmer 2400 CHN elemental analyzer; Mn, V, K, S, La,
Ce and Nd were analyzed on a PLASMA-SPEC (I) ICP atomic
emission spectrometer. Thermal gravimetric (TG) analyses
were performed on a Perkin-Elmer TGA7 instrument in
flowing N2 with a heating rate of 10 °C min−1. IR spectra were
recorded in the range of 400–4000 cm−1 on an Alpha Centaurt
FT/IR Spectrophotometer with pressed KBr pellets. UV-vis
absorption spectra were obtained using a 725 PC UV-vis
spectrophotometer. Powder X-ray diffraction (XRD) data were
collected by using a Rigaku D/max-2550 diffractometer with
Cu Kα radiation. The electrochemical measurement was
carried out on a CHI 660 electrochemical workstation. All
measurements were performed at room temperature. Variable-
temperature magnetic susceptibility data were obtained on a
SQUID magnetometer (Quantum Design, MPMS-7) in the
temperature range of 2–300 K with an applied field of 0.1 T.

Synthesis of 1. K7[MnV13O38]·18H2O (0.5 g, 0.26 mmol) was
dissolved in 25 mL distilled water, then pyridine-3-carboxylic
acid (0.08 g, 0.65 mmol) was slowly added to the orange solu-
tion, and the mixture was stirred for 30 min at 45 °C. Then,
LaCl3 (0.30 g, 1.2 mmol) was added to the above solution. The
mixture was heated at 45 °C for 3 h after carefully adjusting
the pH to 3.0 with a dilute H2SO4 solution (2 M). The filtrate
was kept for three weeks at ambient conditions, and then
yellow hexagonal-prism crystals of 1 were isolated. Yield: 50%
based on K7[MnV13O38]·18H2O. Calcd for 1: C, 3.32; H, 2.05; N,
0.64; K, 1.80; La, 12.78; Mn, 2.53; S, 0.98 and V, 30.48%.
Found: C, 3.57; H, 1.84; N, 0.72; K, 2.13; La, 10.21; Mn, 3.08; S,
1.15 and V, 31.67%. IR (KBr pellet) for 1: v/cm−1 = 3421 (s),
1631 (m), 1409 (w), 1109 (m), 988 (s), 939 (s), 829 (m), 721 (m),
654 (s), 597 (s), 440 (m).

Synthesis of 2. The preparation of 2 was similar to that of 1
except that Ce(NO3)3·6H2O (0.52 g, 1.2 mmol) was used instead
of LaCl3. Brown crystals of 2 were harvested. Yield: 47% based
on K7[MnV13O38]·18H2O. Calcd for 2: C, 3.46; H, 1.77; N, 0.67;
K, 0.94; Ce, 13.46; Mn, 2.64; S, 1.03 and V, 31.82%. Found: C,
3.23; H, 1.92; N, 0.75; K, 2.05; Ce, 11.76; Mn, 2.94; S, 1.17 and
V, 31.52%. IR (KBr pellet) for 2: v/cm−1 = 3418 (s), 3176 (s),
1631 (s), 1385 (s), 1176 (w), 1109 (m), 986 (s), 938 (s), 828 (m),
738 (m), 654 (s), 598 (s), 440 (m).

Synthesis of 3. The preparation of 3 was similar to that of 1
except that Nd(NO3)3 (0.40 g, 1.2 mmol) was used instead of
LaCl3. Brown crystals of 3 were harvested. Yield: 42% based on
K7[MnV13O38]·18H2O. Calcd for 3: C, 3.42; H, 1.71; N, 0.66; K,
1.86; Nd, 13.70; Mn, 2.61; S, 1.01 and V, 31.45%. Found: C,
3.28; H, 1.65; N, 0.72; K, 1.69; Nd, 14.15, Mn, 2.83; S, 0.97 and
V, 30.57%. IR (KBr pellet) for 3: v/cm−1 = 3742 (w), 3438 (w),
1608 (w), 1406 (m), 974 (m), 926 (m), 819 (m), 656 (s), 589 (s),
432 (s).

X-Ray crystallography

The crystallographic data were collected on a Rigaku R-axis
Rapid IP diffractometer using graphite monochromatic Mo Kα
radiation (λ = 0.71073 Å) and IP techniques. The crystal struc-
tures of 1–3 were solved by direct methods and refined by a
full-matrix least-squares method on F2 using the SHELXL-97
crystallographic software package.22 Anisotropic thermal para-
meters were used to refine all of the non-H atoms on the
polyoxoanion and rare earth cationic cluster. During the
refinement, the command ‘omit -3 50’ was used to omit the
weak reflections above 50 degrees. In the structures of 1–3,
the C1, C2 and C5 atoms of the isolated organic molecule
reside on the mirror plane and the C4 and N1 centers exhibit
site-occupancy disorder with 50% for each. All the organic
molecules were restrained with the command ‘DFIX’ so as to
get a chemically reasonable structural feature. Moreover, all
the organic molecule atoms were restrained with the com-
mands ‘simu’ and ‘isor’ so as to avoid the ADP problems. Fur-
thermore, the H atoms on the ligands could not be added due
to the C/N disorder problem. In the final refinement of 1, only
four positions of the isolated lattice water molecules could be
well confirmed from the residual peaks. Thus, the SQUEEZE
program was used to estimate the rest of the lattice water mole-
cules in the solvent accessible voids. It is worth mentioning
that there is a relatively high residual peak (4.17 e Å−3) close to
the O2 and O5 atoms of the POM with the distances of 1.90 Å
in 1, and a relatively high residual peak (3.88 e Å−3) close to
the O21 and O22 atoms of the POM with the distances of
1.90 Å in 3. The peaks cannot be assigned as a disordered
lattice water molecule or disordered K+ cations due to the
obviously unreasonable bond distances to the O atoms of
POMs. It is presumed that such residual peaks are attributed
to the series termination errors. Further details of crystal data
and structure refinement for compound 1–3 are summarized
in Table 2. The CCDC reference numbers are 937961 (1),
937962 (2) and 937963 (3).
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Conclusions

In conclusion, three new trimeric compounds based on
{MnV13} clusters encapsulating various rare earth ions and pyr-
idine-3-carboxylic acid molecules as structure-directing agents
have been successfully synthesized by a conventional aqueous
solution method, providing new members of nanoscale POMs.
Compounds 1–3 represent the first examples of trimeric POM
aggregation based on polyoxovanadate and rare earth cations,
exhibiting a 3-D supramolecular assembly with channels. The
trimeric aggregate display moderately good electrocatalytic
activity to reduce nitrite. Magnetic study indicates that anti-
ferromagnetic interactions exist in compound 2. The explora-
tion of such POMs systems might provide a model for the
preparation of new nanoscale POMs containing high-nuclear
metal clusters with desirable electronic, optical and magnetic
properties. This continuous research is currently going on in
our group.
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