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Four dimeric mononuclear sandwich-type tungstophosphate
clusters of Na12H[FeIII(HPW7O28)2]·44H2O (1) and
Na14[M(HPW7O28)2]·44H2O {M = CoII (2), CdII (3), MnII (4)}
were successfully synthesized by reaction of Na2WO4·2H2O,
H3PO4, and CH3COOH with FeCl3·6H2O, Co(CH3COO)2·
4H2O, CdSO4·8H2O, and Mn(CH3COO)2·4H2O, respectively.

Introduction
Polyoxometalates (POMs) are metal oxide cluster com-

pounds that are mainly composed of high-valent early tran-
sition metals (usually Mo, W, V, Nb, and Ta).[1] Their intri-
guing structural diversity[2] and remarkable chemical prop-
erties[3] allow them to have many potential applications in
diverse fields including catalysis, materials science, medi-
cine, and nanotechnology.[4] Lacunary (or vacant) POMs,
obtained by removing one or more octahedral metal atoms
from the plenary POMs, have received special attention in
POM chemistry.[1b,2d,4d]

It is well known that vacant POM precursors, for exam-
ple, [α-PW11O39]7–, [α-XW11O39]8– (X = Si, Ge), [α-
P2W17O61]10–, [γ-PW10O36]7–, [γ-XW10O36]8– (X = Si, Ge),
[α-PW9O34]9–, [α-XW9O34]10– (X = Si, Ge), [α-P2W15O56]12–,
[α-H2P2W12O48]12–, and [α-H7P8W48O184]33–, can be easily
synthesized by one- or two-step processes in high yield.[5]

These lacunary units can act as excellent inorganic multi-
dentate ligands and can be functionalized by either grafting
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Single-crystal X-ray diffraction analysis revealed that 1–4 are
essentially isomorphous and crystallize in the triclinic space
group P1̄. Complexes 1–4 consist of two [HPW7O28]8– units
incorporating a single FeIII, CoII, CdII, and MnII ion, respec-
tively. Furthermore, the electrocatalytic behaviors of 1–4 in
the reduction of nitrite were investigated.

or incorporating lanthanides, organometallic entities, or
transition metals in many different ways to afford a large
number of substituted and functionalized POMs.[6] In par-
ticular, considerable attention has been directed towards the
exploration of transition-metal (TM)-substituted hetero-
polytungstates (HPTs) by reaction of TMs with lacunary
POMs, especially those derived from the “parent” Keggin-
type HPTs, as follows, monovacant (XW11O39

n–: X = P, Si,
Ge, Zn, Fe),[7] divacant (XW10O36

n–: X = P, Si, Ge),[8] triv-
acant (XW9O34

n–: X = Si, Ge, Se, Te, P, As, Sb, Bi, Ni, Co,
Zn, Fe, etc.),[9] tetravacant (XW8O31

n–: X = Si, Ge).[10]

Interestingly, relative to the abundant amount of research
on TM-HPTs, the number of structurally characterized
TM-containing pentavacant Keggin polyoxomolybdates[11]

and polyoxotungstates[12] is still rather limited. Hitherto, to
the best of our knowledge, only four types of heptatungstate
{XW7} (X = P,[12a,12b] As,[12a] V,[12c] Te[12d]) polyanions are
known. In 2005, Kortz and co-workers prepared the pion-
eering examples of ruthenium(II)-supported heteropoly-
anions [HXW7O28Ru(dmso)3]6– (X = P, As), which are
composed of a Ru(dmso)3 group attached to an unprece-
dented heptatungstate fragment.[12a] Subsequently, Wu et al.
communicated the heptatungstovanadate analogue
[HVW7O28Ru(dmso)3]6– in 2010.[12c] The same year, the
Boskovic group reported unfunctionalized POMs based on
the Te-containing lacunary Keggin ions [Te2W16O58-
(OH)2]14– and [Te2W18O62(OH)2]10–.[12d] These two poly-
oxoanions contain a previously unreported lacunary Keg-
gin building block [A-α-TeW7O28]10–. These findings indi-
cate that it is difficult to obtain {XW7}-based compounds,
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but it is nevertheless interesting. Therefore, it is an ongoing
challenge to design and synthesize novel high-lacunary
Keggin-type POMs. In general, one effective approach is to
use high-lacunary fragments as precursors to react with TM
centers to make TM-substituted or -incorporated HPTs by
conventional aqueous solution methods. However, it should
be noted that formation of POMs occurs through self-as-
sembly, which depends more on the reaction conditions
(e.g., pH value, concentration and ratio of reagents, ionic
strengths) than on the type of polyanion precursors used.[13]

Herein we present four new TM-incorporated heptatungs-
tophosphates (HTPs) Na12H[FeIII(HPW7O28)2]·44H2O (1)
and Na14[M(HPW7O28)2]·44H2O {M = CoII (2), CdII (3),
MnII (4)} by reaction of Na2WO4, H3PO4, and CH3COOH
with FeCl3·6H2O, Co(CH3COO)2·4H2O, CdSO4·8H2O, and
Mn(CH3COO)2·4H2O, respectively. We also investigated
the electrochemical properties of 1–4, and the results dem-
onstrate that compound 1 exhibit moderately good electro-
catalytic activity towards the reduction of nitrite.

Results and Discussion

Synthesis

As mentioned in the introduction, TM-containing high-
lacunary POMs remain largely unexplored. Therefore, the
synthesis of {XW7}-based TM-incorporated architectures
has become an attractive but challenging goal. In this paper,
HPW7O28-based mononuclear sandwich-type HTPs 1–4
were successfully synthesized by conventional beaker meth-
ods (Scheme 1).

Scheme 1. Illustration of the synthesis routes of 1–4.

In general, the synthesis of 1–4 consists of two steps. A
solution of Na2WO4·2H2O, H3PO4, and acetic acid was
first boiled, and then heated at reflux for 30 (for 1) or 20
(for 2–4) min after the addition of the corresponding TM.
These two steps appear to be crucial for the preparation of
1–4. (1) If the reaction is performed in the absence of acetic
acid, 1–4 are not formed. (2) The pH should be carefully
adjusted to 6.5–8.0 for 1 and 4 and to 6.5–9.0 for 2 and 3.
When the pH is lower than 6.5, the title compounds cannot
be isolated; conversely, when the pH is higher than the up-
per limit value, only an abundance of unknown amorphous
powders was obtained. Additionally, the optimum pH value
for 1–4 is 8.0, 8.3, 8.6 and 8.0, respectively. (3) The tempera-
ture of step 1 plays an important role in facilitating the re-
action, as the yield improves greatly with boiling. (4) We
also made great efforts to prepare other TM analogues. Un-
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fortunately, the crystals of the CrIII and NiII compounds
effloresced as soon as they were transferred out of the
mother solution so that we could not obtain satisfying crys-
tal data. However, the IR spectra of these two compounds
are very similar to those of 1–4 (Figures S1 and S2, Sup-
porting Information), which suggests that they might be
[Cr(HPW7O28)2]13– and [Ni(HPW7O28)2]14–, respectively.
Moreover, we have not isolated the CuII and ZnII analogues
to date. (5) As is known, the stoichiometry of the synthetic
reaction generally has a decisive influence on the structure
of the product in POM chemistry. The results show that the
optimal ratio of TM/WO4

2– is 1:14, 1:29, 1:14, and 1:15 for
1, 2, 3, and 4, respectively. Obviously, the ratio of TM/
WO4

2– is equivalent to its stoichiometric ratio, except for
the case of 2. Only when the ratio is increased to 1:29 could
we obtain crystals of 2 suitable for X-ray crystallography,
but these crystals were accompanied by other purple crys-
tals of [Co7(H2O)2(OH)2P2W25O94]16–.[14]

In addition, we also tried to synthesize 1–4 by increasing
the volume of water from 10 to 30 mL but without success,
and this implies that the initial concentration of sodium
tungstate may be one of the phase-determining factors in
these syntheses, which agrees well with the findings of Yan
et al.[6d]

Structural Description

Single-crystal X-ray diffraction analysis revealed that
[FeIII(HPW7O28)2]13– (1a), [CoII(HPW7O28)2]14– (2a),
[CdII(HPW7 O28)2]14– (3a), and [MnII(HPW7O28)2]14– (4a)
are isostructural and crystallize in the triclinic space group
P1̄. Therefore, only the structure of 1a is discussed here.

Polyanion 1a is composed of two pentalacunary Keggin
{HPW7O28} moieties linked by a single FeIII ion through
four Fe–μ2-O and two P–O bonds, which leads to a pre-
viously unobserved sandwich-type structure (Figure 1, a,b)
with central symmetry. The basic structural characteristic
of {HPW7O28} is similar to the previously reported clus-
ters.[12a,12b] As shown in Figures 1 (a) and 2 (a), this frag-
ment contains one edge-shared W3O13 triad (W1, W2, W3)
to which a half-ring of four edge-shaped WO6 octahedra
(W4, W5, W6, W7) is connected through the corners, and
this assembly is stabilized by the central PO4 tetrahedron;
the P1–O distances range from 1.517(7) to 1.570(6) Å. Con-
sequently, three tungsten centers of the W3O13 triad have
one terminal oxygen atom, whereas the remaining four
WO6 octahedra have two, cis-related terminal oxygen
groups. Polyanion 1a does not violate the Lipscomb prin-
ciple restriction,[3a] which has been explained in terms of
the strong trans influence of the terminal metal–oxygen
bonds that facilitate dissociation of the cluster, and thus,
polyoxoanion structures containing three or more terminal
oxo groups are not observed.

In {HPW7O28}, all tungsten centers are coordinated in a
distorted octahedral geometry, and there are four kinds of
W–O bonds: the shortest terminal bonds [(W–Ot):
1.694(14)–1.778(14) Å], the double-bridging oxygen bonds
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Figure 1. (a) Ball-and-stick representation of the structural subunit
of [PW7O28]. (b) Ball-and-stick representation of the structural unit
of polyoxoanion of 1. (c) Polyhedron structure of the polyoxoanion
of 1. The (d) polyoxoanion and (e) molecular packing arrangement
of 1 viewed along the a axis; gray and orange polyhedra represent
WO6 octahedra and PO4 tetrahedra, respectively. Hydrogen atoms
and lattice water molecules are omitted for clarity.

[(W–μ2-Ob): 1.758(13)–2.249(6) Å], the triple-bridging oxy-
gen bonds [(W–μ3-Ob): 1.905(6)–2.283(7) Å], and the long-
est bonds of the central bridging oxygen atoms [(W–Oc):
2.322(6)–2.461(12) Å]. The central FeIII ion adopts a six-
coordinate octahedral geometry with four μ2-Ob from four
WO6 octahedra of two W3O13 triads [Fe–O12,13: 1.984(6)–
1.995(6) Å] and another two μ2-Ob from two central PO4

tetrahedron groups [Fe–O23:2.039(7) Å]. Selected bond
lengths of 1–4 are listed in Table 1.

Table 1. Selected bond lengths [Å] for 1–4.

A–X 1 2 3 4

W–Ot 1.703(7)–1.751(7) 1.717(6)–1.762(6) 1.715(13)–1.778(14) 1.694(12)–1.728(14)
W–μ2-Ob 1.813(7)–2.249(6) 1.762(6)–2.249(6) 1.757(13)–2.213(12) 1.758(13)–2.186(12)
W–μ3-Ob 1.905(6)–2.283(7) 1.926(5)–2.279(6) 1.936(12)–2.253(12) 1.916(11)–2.275(13)
W–Oc 2.343(6)–2.359(6) 2.322(6)–2.413(6) 2.337(11)–2.461(12) 2.339(11)–2.422(11)
P–O 1.517(7)–1.570(6) 1.504(6)–1.595(6) 1.494(14)–1.578(12) 1.529(12)–1.581(11)
X–O 1.984(6)–2.039(7) 2.076(6)–2.140(6) 2.229(13)–2.282(13) 2.145(14)–2.198(12)
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Notably, 1a is structurally related to the {HPW7O28}
and {HVW7O28} units firstly reported in the
[HPW7O28Ru(dmso)3]6– (A)[12a] and [HVW7O28Ru-
(dmso)3]6– (B)[12c] polyanions, respectively. The most strik-
ing difference among them is that A and B are open as-
semblies, in which the Ru(dmso)3 unit is coordinated to
{HXW7O28} (X = P for A, X = V for B) unit through two
Ru–O–W bonds and one Ru–O–X bond, respectively. In
contrast, 1a displays a new sandwich-type POM. Moreover,
the {HPW7O28} (Figure 2, a) moiety can be viewed as an-
other configuration of the pentalacunary Keggin fragment,
which is different from the {TeW7O28} (C, Figure 2, b) and
[AsMo7O27] (D, Figure 2, c) fragments evident in the
[Te2W16O58(OH)2]14–, [Te2W18O62(OH)2],[10–12d] and
[MM�(AsIII-Mo7O27)2]12/14– (MM� = CuCu, CrCr, FeCr,
FeFe)[11b] polyoxoanions, respectively. Fragment C is
thought to originate from the trivacant Keggin-type
{TeW9} unit by omitting one edge-shared {W2O10} unit in
the equator, which leaves two edge-shared {W2O10} units
corner shared. Fragment D is usually considered as a mon-
ocapped hexavacant α-B-Keggin unit with a central AsO3

group and can be derived from the trivacant Keggin [B-α-
AsMo9O33]9– ion by moving one Mo3O13 triad and in-
serting one MoO6 octahedron into the cavity between the
two Mo3O13 units.

Figure 2. Polyhedron structure of the (a) {HPW7O28},
(b) {TeW7O28}, and (c) [AsMo7O27] units. Gold, orange, and pur-
ple represent PO4, TeO4, and AsO3, respectively.

It is also of interest to compare 1–4 to the manganese-
containing pentalacunary HTP K12Na1[(HPW7O28)2 MnIII]·
17.5H2O (5) of Wang and co-workers.[12b] Although they
have similar sandwich-type polyanions, the following differ-
ences are observed. First, 5 consists of pentalacunary
{HPW7O28} units and a MnIII ion, whereas 1–4 are made
up of {HPW7O28} units and FeIII, CoII, CdII, and MnII

ions, respectively. Also, 5 was synthesized from the trivacant
Na8[HPW9O34]·24H2O precursor and the manganese
[Mn12(CH3COO)16(H2O)4O12]·2CH3COOH·4H2O cluster
rather than simple components, which may be the reason
why Wang et al. only obtained manganese-containing HTP.
By contrast, we have successfully used an alternative syn-
thetic procedure for the FeIII, CoII, CdII, and MnII ana-
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logues, which involves the reaction of Na2WO4·2H2O,
H3PO4, and CH3COOH with FeCl3·6H2O, Co(CH3COO)2·
4H2O, CdSO4·8H2O, and Mn(CH3COO)2·4H2O, respec-
tively, under boiling conditions; this procedure allows the
isolation of the sodium salts. If 5 represents the first exam-
ple of such a HTP, so it is true that 1–4 and 5 comprise a
new family of sandwich-type POMs constructed from
pentalacunary {HPW7O28} units.

The packing arrangement of 1 shows that all the poly-
anions are parallel to each other (Figure 1, d) and that they
are further linked by charge-balanced Na+ cations to form
a 2D structure along the ab plane (Figure 1, e). However,
in 2, 3, and 4, parallel polyoxoanions connected by Na+

cations result in 3D supermolecular structures (Figure S3,
Supporting Information).

Bond valence sum (BVS) calculations[15] indicate that the
oxidation state of all W ions in 1–4 are +6 and that the Fe,
Co, Cd, and Mn ions in 1–4 exhibit an oxidation state of
+3, +2, +2, and +2, respectively. Furthermore, the BVS cal-
culations of all the oxygen atoms in the POM fragments
were carried out (Table S1, Supporting Information). The
values of μ2-O21 in 1 and 3 and those of μ2-O17 in 2 and 4
are in the range of 1.0–1.1, which indicates that these oxy-
gen atoms are monoprotonated. In addition, considering
the charge balance of 1–4, some protons need to be added.

IR Spectra

The IR spectra of 1–4 (Figures S1 and S2, Supporting
Information) are similar in the 600–1000 cm–1 region, which

Figure 3. Influence of pH on the stability of 1–4 in aqueous solution (2 �10–4 m).
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is indicative of the W=O and W–O–M vibrations of the
POMs. Four characteristic vibration bands assigned to
ν(W–Ot), ν(W–μ2-Ob), ν(W–μ3-Ob), and ν(W–Oc) appear at
941, 916, 889, and 854 cm–1 for 1; 932, 897, 866, and
802 cm–1 for 2; 931, 895, 865, and 802 cm–1 for 3; and 932,
912, 877, and 801 cm–1 for 4, respectively. The stretching
resonance in the 1007–1104 cm–1 region is ascribed to
ν(P–O). However, the vibrational mode of the central PO4

unit in 1–4 is split, and this indicates a structural distortion
of the PO4 tetrahedron.[9o] In addition, the bands at 1635–
1648 and 3424–3450 cm–1 are attributed to lattice water and
ligand water molecules. As above mentioned, the results ob-
tained by IR spectroscopy are well identical with those ob-
tained by X-ray diffraction structural analysis.

UV Spectra

The UV/Vis spectra of 1–4 were recorded in aqueous
solution (Figure S4, Supporting Information) and in the so-
lid state (Figure S5, Supporting Information). Only one ab-
sorption band at approximately 253 nm is observed in the
190–400 nm region, and it is assigned to pπ–dπ charge-
transfer transitions of the Ob,c�W bonds.[16] The bands ob-
served in the spectra of Figure S4 in the near-UV region
are possibly due to charge-transfer transitions of the O�M
bonds; however, we do not know why it is absent in the case
of 3.

To investigate the influence of pH on the stability of the
compounds in aqueous solution, in situ UV/Vis spectro-
scopic measurements of 1–4 were conducted in aqueous
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solution (2�10–4 m). The initial pH values of 1–4 were
6.86, 6.10, 6.62, and 6.44, respectively. The pH values in the
alkaline direction were adjusted by using a dilute NaOH
solution. As shown in Figure 3, when the pH value was
increased, the absorption band at 253 nm became weaker
until it vanished, whereas the absorbance of the solution
became stronger, which is a sign for the decomposition of

Figure 4. Left: The cyclic voltammograms of 0.1 mm solutions of 1–4 in 0.5 m sodium acetate buffer (pH 6.0) at different scan rates (from
inner to outer: 25, 50, 100, 150 mVs–1); the inset shows plots of the peak currents (I–I�) against the square root of the scan rates (25, 50,
75, 100, 125, 150, 175, 200, 225, 250, 275, 300 mVs–1). Right: The cyclic voltammograms of 0.1 mm solution of 1–4 in 0.5 m sodium
acetate buffer (pH 6.0) solution containing 0.0–5.0 mm NaNO2; scan rate: 100 mVs–1. The working electrode was a glassy carbon electrode
and the reference electrode was the SCE.
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the [M(HPW7O28)2]n– skeleton of the polyoxoanions. From
the aforementioned results, we think that aqueous solutions
of 1–4 remain stable until the pH value is increased to 10.3,
10.2, 10.1, and 9.7 respectively. In addition, the results of
the in situ UV/Vis study of 1 and 3 indicate that they re-
main stable for at least 6.5 h in aqueous solution at room
temperature (Figure S6, Supporting Information).



www.eurjic.org FULL PAPER

Electrochemistry

The redox properties of 1–4 were studied at pH 6.0 in
0.5 m sodium acetate buffer. As shown in Figure 4, two
pairs of redox peaks (I–I�, II–II�) are observed, which are
attributed to the two consecutive redox processes of W. Rel-
ative to the reduction of WVI in 1, the WVI reductions in 2
and 4 take place at slightly more negative potentials, which
is consistent with the more negative charge of the entire
polyanion (Figure S7, Supporting Information). In con-
trast, with an increase in the scan rate, the peak potentials
change gradually: the cathodic peak potentials shift
towards the negative direction and the corresponding an-
odic peak potentials shift towards the positive direction. As
such, the increasing sizes of the anodic and cathodic peak
currents are almost the same, and the peak currents (I–I�)
are proportional to the square root of the scan rates (see
insets in Figure 4), which indicates that the redox processes
are diffusion-confined over a specific range of scan rates.[17]

For compounds 1 and 4, it was possible to detect the third
defined oxidation peak centered at +0.007 and +0.504 V,
respectively, which can be ascribed to the reduction of the
FeIII centers to FeII[9m] and the oxidation of the MnII cen-
ters to MnIII,[18] respectively. However, there is no peak for
CoII and CdII in the cyclic voltammetry (CV) curves of 2
and 3 upon a scan in the negative direction, which is in
accordance with the fact that polyanions 2 and 3 cannot be
further oxidized or reduced, and hence, only the tungsten
redox waves are observed. Furthermore, the CV patterns
suggest that 1–4 are stable in 0.5 m sodium acetate buffer
media (pH 6.0) over at least 7 h (Figure S8, Supporting In-
formation).

The elimination of nitrite ions in environmental and food
samples has been drawing considerable attention in recent
years as a result of their distinct toxicity and suspected car-
cinogenicity.[19] Interestingly, POMs are appropriate candi-
dates for catalysts because they have the ability to deliver
electrons to other species and thus serve as powerful elec-
tron reservoirs for mutielectron reductions.[20] In this con-
text, the exploration of new POM catalysts modified on the
electrode is a continuing research topic.

For this reason, the electrocatalytic reduction of nitrite
by 1–4 was also investigated in the same buffer solution as

Figure 5. TG-DSC curves of (a) 1 and (b) 3.
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that employed in the CV studies, and the results demon-
strate that only compound 1 exhibits moderately good elec-
trocatalytic activity towards the reduction of nitrite (Fig-
ure 4, right, top). With stepwise addition of modest
amounts of nitrite, the I� and II� reduction peak currents
of W increased, whereas the corresponding oxidation peak
currents significantly decreased, and this implies that nitrite
was reduced by the reduced POM species. Obviously, there
is an irreversible oxidation that appears in the cyclic vol-
tammograms as the nitrite is added, and this is expected
for NO2

–. This assumption is corroborated by the cyclic
voltammograms of 0.5 m sodium acetate buffer (pH 6.0)
solution containing 0.0–5.0 mm NaNO2 in the absence of 1
(Figure S9, Supporting Information).

Thermogravimetric Analysis

To examine the thermal stabilities of 1–4, thermogravi-
metric (TG) analyses were carried out under a N2 atmo-
sphere. The TG curves all show a continuous one-step
weight loss (Figure S10, Supporting Information) from 55
to about 380 °C, which can be ascribed to the loss of lattice
and protonated water molecules. The observed weight loss
of 16.40% is consistent with the calculated value of 17.60 %,
which corresponds to the endothermic peak at 57 °C in the
differential scanning calorimetry (DSC) curve of 1 (Fig-
ure 5), whereas the very strong exothermal peak at 474 °C
may be attributed to the collapse or the structural change
of the POM framework. The TG curves of 2, 3, and 4 are
very similar to that of 1, and the total weight loss is 16.65 %
(calcd. 17.23%) for 2, 16.17% (calcd. 17.03 %) for 3, and
16.38% (calcd. 17.24%) for 4. In addition, there is no fur-
ther weight loss until 600 °C.

Conclusions

In summary, four new HPTs Na12H[Fe(HPW7O28)2]·
44H2O (1), Na14[M(HPW7O28)2]·44H2O {M = CoII (2),
CdII (3), MnII (4)} were prepared by conventional beaker
methods. Compounds 1–4 along with K12Na1[(HPW7O28)2-
MnIII]·17.5H2O reported before represent a new family of
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sandwich-type POMs, in which a single FeIII, CoII, CdII,
MnII, and MnIII ion is sandwiched between two rare
{HPW7O28} subunits. The compounds reported here enrich
the structural diversity of TM-substituted HPTs, and they
may be used in feasible and effective synthetic routes in the
search and exploration of other high-lacunary POM-based
sandwich-type frameworks having potential applications in
organocatalysis. Furthermore, compound 1 seems to be ef-
fective at catalyzing the reduction of nitrite. Efforts to pre-
pare POMs constructed from higher lacunary Keggin and
Dawson building blocks or larger metal cluster aggregates
with high-dimensional structures are in progress.

Experimental Section
Materials and Methods: All reagents were used as purchased with-
out further purification. IR spectra were recorded with a Nicolet
FTIR 360 spectrometer by using KBr pellets in the range of 4000–
400 cm–1. UV absorption spectra were obtained with a U-4100
spectrometer (distilled water as solvent) at 190–400 nm at room
temperature. TG analyses were carried out under N2 flow with a
Mettler-Toledo TGA/SDTA 851e instrument at a heating rate of
10 °Cmin–1 up to 600 °C. All electrochemical measurements were
performed at room temperature in a standard three-electrode cell
connected to a LK98 microcomputer-based electrochemical system
(LANLIKE, Tianjin, China). A freshly cleaned glassy carbon disk
electrode (3 mm diameter) was used as the working electrode, a
platinum wire served as the counterelectrode, and an Ag/AgCl elec-
trode was used as the reference electrode.

Synthesis of 1: A sample of Na2WO4·2H2O (5.000 g, 15.158 mmol)
was dissolved in distilled water (10 mL). Then, 85% H3PO4

(0.17 mL, 2.93 mmol) and CH3COOH (0.60 mL, 10.64 mmol) were
added successively. The mixture was heated to boiling with vigor-
ous stirring, followed by the addition of a solution of FeCl3·6H2O
(0.296 g, 1.095 mmol) in distilled water (3 mL). This solution was
heated at reflux for 30 min and then cooled to room temperature
and filtered. The final pH value was 8.0. After approximately 4 h,

Table 2. Crystallographic data and structural refinements for 1–4.

1 2 3 4

Formula Na12H91P2W14FeO100 Na14H90P2W14CoO100 Na14H90P2W14CdO100 Na14H90P2W14MnO100

Mr / g mol–1 4659.09 4707.15 4760.63 4703.16
T / K 296(2) 296(2) 296(2) 296(2)
Space group P1̄ P1̄ P1̄ P1̄
Crystal system triclinic triclinic triclinic triclinic
a / Å 10.5424(5) 11.910(2) 11.8560(12) 11.844(8)
b / Å 10.9863(5) 12.150(2) 12.1098(13) 12.084(8)
c / Å 20.9810(11) 17.916(3) 18.085(2) 17.971(12)
α / ° 84.9890(10) 79.879(3) 80.339(2) 79.906(13)
β / ° 77.7830(10) 85.227(3) 85.509(3) 85.459(13)
γ / ° 67.4310(10) 60.813(3) 60.826(2) 60.924(10)
V / Å3 2193.09(18) 2228.0(7) 2235.0(4) 2213(3)
Z 1 1 1 1
Dc / gcm–3 3.526 3.507 3.536 3.528
μ / mm–1 18.668 18.409 18.404 18.489
Limiting indices –12 � h � 12 –13 � h � 14 –14 � h � 12 –14 � h � 10

–13 � k � 9 –9 � k � 14 –14 � k � 14 –14 � k � 14
–22 � l � 24 –20 � l � 21 –19 � l � 21 –21 � l � 21

GOF on F2 1.042 1.026 1.037 1.009
R1

[a], wR2
[b] [I�2σ(I)] 0.0379, 0.1024 0.0333, 0.0836 0.0436, 0.1072 0.0571, 0.1059

R1
[a], wR2

[b] (all data) 0.0434, 0.1051 0.0380, 0.0854 0.0498, 0.1097 0.0980, 0.1162

[a] R1 = Σ||Fo| � |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo
2 � Fc

2)2/Σw(Fo
2)2]1/2.
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a large amount of greenish yellow block crystals were obtained,
yield 50.2% (based on Na2WO4·2H2O). H91FeNa12O100P2W14

(4659.23): calcd. H 1.97, Na 5.92, P 1.33, Fe 1.20, W 55.24; found
H 1.93, Na 6.84, P 1.32, Fe 1.17, W 54.72. IR (KBr): ν̃ = 3424 (s),
1647 (m), 1068 (s), 1010 (w), 941 (s), 916 (s), 889 (s), 804 (s), 674
(s), 525 (s) cm–1.

Synthesis of 2: A sample of Na2WO4·2H2O (5.000 g, 15.158 mmol)
was dissolved in distilled water (10 mL). Then, 85% H3PO4

(0.17 mL, 2.93 mmol) and CH3COOH (0.50 mL, 8.87 mmol) were
added successively. The mixture was heated to boiling with vigor-
ous stirring, followed by the addition of a solution of
Co(CH3COO)2·4H2O (0.130 g, 0.522 mmol) in distilled water
(3 mL). This solution was heated at reflux for 20 min and then
cooled to room temperature and filtered. The final pH value was
8.3. After 8 d, pink block crystals were collected, yield 12.1 %
[based on Co(CH3COO)2·4H2O]. H90CoNa14O100P2W14 (4707.29):
calcd. H 1.93, Na 6.84, P 1.32, Co 1.25, W 54.68; found H 1.88,
Na 7.12, P 1.35, Co 1.34, W 55.17. IR (KBr): ν̃ = 3425 (s), 1635
(m), 1088 (s), 1007 (w), 932 (s), 897 (s), 866 (s), 802 (s), 693 (s),
527 (s) cm–1.

Synthesis of 3: The preparation of 3 was similar to that of 2 except
that CdSO4·8H2O (0.275 g, 0.357 mmol) was used instead of
Co(CH3COO)2·4H2O. The final pH value was 8.6. A large amount
of colorless block crystals were isolated on the next day, yield
38.8% (based on Na2WO4·2H2O). H90CdNa14O100P2W14

(4760.76): calcd. H 1.90, Na 6.76, P 1.30, Cd 2.36, W 54.06; found
H 1.87, Na 6.92, P 1.34, Cd 2.19, W 55.18. IR (KBr): ν̃ = 3437 (s),
1634 (m), 1104 (s), 1064 (s), 1007(w), 931 (s), 895 (s), 865 (s), 802
(s), 698 (s), 517 (s) cm–1.

Synthesis of 4: The preparation of 4 was similar to that of 2 except
that Mn(CH3COO)2·4H2O (0.362 g, 1.477 mmol) was used instead
of Co(CH3COO)2·4H2O. The final pH value was 8.0. After 5 d,
yellow flake-like crystals were collected, yield 16.1% (based on
Na2WO4·2H2O). H90MnNa14O100P2W14 (4703.29): calcd. H 1.93,
Na 6.84, P 1.32, Mn 1.17, W 54.72; found H 1.98, Na 7.04, P 1.38,
Mn 1.28, W 53.82. IR (KBr): ν̃ = 3447 (s), 1636 (m), 1091 (s), 1068
(s), 1007(w), 932 (s), 912 (s), 877 (s), 801 (s), 688 (s), 525 (s) cm–1.
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Crystallographic Data Collection and Refinement: Intensity data for
compounds 1–4 were collected with a Bruker Apex-II CCD dif-
fractometer with Mo-Kα-monochromated radiation (λ =
0.71073 Å) at 296(2) K. The structures were solved by direct meth-
ods and refined by full-matrix least-squares methods on F2 with
the SHELXTL-97 program package.[21] Intensity data were cor-
rected for Lorentz and polarization effects as well as for multiscan
absorption. No hydrogen atoms associated with the molecules were
located from the difference Fourier map. All of the non-hydrogen
atoms were refined anisotropically except for some water molecules.
A summary of the crystallographic data and structural refinements
for 1–4 are summarized in Table 2.

Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository number
CSD-424023 (for 1), -424024 (for 2), -424025 (for 3), and -424026
(for 4).

Supporting Information (see footnote on the first page of this arti-
cle): Additional molecular packing arrangement of 2; cyclic vol-
tammograms, TG curves, and IR spectra of 1–4; UV/Vis spectra of
1–4 in aqueous solution; solid state UV/Vis spectra of 1–4; in situ
UV/Vis spectra of 1 and 3; the aging cyclic voltammograms. of 1–
4; BVS values of all the oxygen atoms except the lattice water mole-
cules in 1–4.
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