
FULL PAPER

DOI: 10.1002/ejic.200900590

Syntheses and Crystal Structures of dmso-Coordinated
Tungstoantimonates(III) and -bismuthates(III)

Li-Hua Bi,*[a] Guang-Feng Hou,[a] Ya-Yan Bao,[a] Bao Li,[a] Li-Xin Wu,*[a]

Zhong-Min Gao[b] Timothy McCormac,[c] Sib S. Mal,[d] Michael H. Dickman,[d] and
Ulrich Kortz[d]

Keywords: Dimethyl sulfoxide / Polyoxometalates / Antimony / Bismuth / Tungsten

Four new organic–inorganic hybrid compounds based on
dmso-coordinated heteropolytungstates as [Ru(bpy)3]2+

(Rubpy) salts {[Ru(bpy)3]2Na2[Sb2W22(dmso)4O72]·4dmso·
4H2O (1a), [Ru(bpy)3]2Na2[Bi2W22(dmso)4O72]·4dmso·4H2O
(2a), [Ru(bpy)3]2[Sb2W20Fe2(dmso)8O68]·9dmso·12H2O (3a),
[Ru(bpy)3]2[Bi2W20Fe2(dmso)8O68]·9dmso·12H2O (4a)} have
been synthesized and characterized by IR spectroscopy, ele-
mental analysis, thermogravimetry, cyclic voltammetry, X-
ray powder diffraction and single-crystal X-ray diffraction.
The structural analyses indicate that the dmso molecules are
coordinated onto the polyanion frameworks through four W–
O–S(CH3)2 bonds for 1a and 2a, six Fe–O–S(CH3)2 and two

Introduction
Hybrid organic–inorganic materials continue to attract

attention due to the possibilities of combining the features
of the organic and inorganic components to generate un-
usual structures, properties, or applications.[1,2] Polyoxomet-
alates (POMs) are inorganic metal–oxygen cluster species
with an enormous structural and compositional variety.[3–6]

Hybrid materials containing POMs have shown exciting
electronic, optical, magnetic and catalytic properties, which
make POMs attractive inorganic candidates.[7–9] Therefore,
the design of new molecular hybrid materials containing
POMs as building blocks constitutes an interesting research
area.
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W–O–S(CH3)2 bonds for 3a and 4a. The compounds 1a–4a
represent novel members of dmso-coordinated tungstoanti-
monates and tungstobismuthates prepared by routine syn-
thetic reactions in the mixed solutions with dmso/H2O (1:1,
v/v). The cyclic voltammetry studies of 1a–4a in dmso/H2SO4

medium using the glassy carbon electrode as a working elec-
trode show the respective electrochemical behaviors of the
W and Ru centers within 1a and 2a, and the W, Fe and Ru
centers within 3a and 4a.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

The existence of SbIII- and BiIII-containing POMs has
been known for several years. The lone pair of electrons on
the hetero atom does not allow the closed Keggin unit to
form, which has resulted in some unexpected structures,
for example [NaSb9W21O86]18–, [Na2Sb8W36O132-
(H2O)4]22–.[10,11] The polyoxoanions [XW9O33]9– (X = SbIII,
BiIII) and [X2W22O74(OH)2]12– (X2W22) (X = SbIII, BiIII)
are probably the mostly studied systems in the SbIII- and
BiIII-containing POMs.[12–15] Up to now, the compounds
[M2(H2O)6(WO2)2(β-XW9O33)2](14–2n)– (X2W20M2) (X =
SbIII, BiIII; Mn+ = V4+, Fe3+, Co2+, Mn2+, Ni2+, Cu2+,
Zn2+) have been reported.[11,16] More recently, our group
presented a one-dimensional chain-like CdII-substituted
tungstoantimonate [Sb2W21Cd(OH)2O73]14– and studied the
electrochemical behavior of [Sb2W20Fe2O70(H2O)6]8– and
its multilayer films fabricated onto the glassy carbon elec-
trode (GCE) surface by layer-by-layer self-assembly.[17,18] In
addition, the (organo)Ru-supported derivatives also have
been presented; for example, Proust’s group reported the
(organo)Ru-supported tungstoantimonate [Sb2W20O70-
{Ru(p-cymene)}2]10–,[19] Kortz’s group synthesized the (or-
gano)Ru-supported tungstoantimonates and tungstobis-
muthates [X2W20O70(RuL)2]10– (X = SbIII, BiIII; L = ben-
zene, p-cymene) and [Bi2W20O70(RuC10H14)2]10–.[20] It can
be noticed that extended studies of X2W22 or X2W20M2 are
still limited.

On the other hand, (bipyridine)ruthenium complexes
have attracted much attention for their luminescence and
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electrochemistry properties.[21,22] Trying to combine the fa-
vorable properties of a (bipyridine)ruthenium complex with
those of Krebs-type sandwich POMs, we investigated the
interaction of X2W22 and X2W20M2 with Rubpy in dmso/
H2O medium. More recently, our group described two ex-
amples of [RuII(bpy)3]4[Sb2W20(OH)2(dmso)2O66]·16dmso·
2H2O and [RuII(bpy)3]2[Sb2W20RuIII

2(H2O)2(dmso)6O68]·
3dmso based on X2W22 and X2W20M2.[23] Thus, the synthe-
sis and structural characterization of novel Rubpy-contain-
ing POMs based on X2W22 and X2W20M2 remains of con-
siderable importance for their further applications.

In 1970, Baker and Figgis formalized the class of Keg-
gin-type heteropolyanions as [(Yy–)Mm+O5Xx+O4(W or
Mo)11O30](12–m–x+y)–, and they suggested that a large variety
of ligands can function as Y.[24] Then Pope and co-workers
systematically studied the Keggin system, and they were
able to demonstrate ligand substitutions in aqueous or or-
ganic medium.[25] In 2000, Bi et al. systematically studied
ligand replacement for Weakley-type POMs. These
authors have shown that the external water molecules coor-
dinated to the transition metal ions can be replaced by
small inorganic or organic ligands.[26] The thus-formed
products were only characterized by elemental analysis, IR
and UV/Vis, but no crystal structures were obtained. Re-
cently, large numbers of organic ligand-coordinated transi-
tion-metal-substituted POMs were synthesized by routine
synthetic reactions or under hydrothermal conditions and
structurally characterized.[27]

Recently, some structures of dmso-coordinated Ru/Os
POMs have been reported by the groups of Kortz,[28,29]

Neumann,[30] Proust[31], and Bi.[32] In 1997, Pope reported
the (dmso)Rh-supported undecatungstophosphate [(PO4)-
W11O35{Rh2(OAc)2(dmso)2}]5–.[33] In all of the above struc-
tures the dmso groups are coordinated to the Rh/Ru/Os
centers through the sulfur atoms. Interestingly, our group
recently showed that the dmso molecules are coordinated
to the RuIII/W centers through the oxygen atoms, indicating
the novel bonding model of dmso molecules to the POM.[23]

Following our research work, we studied the reactions of
Rubpy with X2W22 (X = SbIII and BiIII) and X2W20Fe2 (X
= SbIII and BiIII).

Herein, we report the syntheses, characterization, and
crystal structures of four novel dmso-coordinated POMs,
[X2W22(dmso)4O72]4– (X = Sb, 1; Bi, 2) and [X2W20Fe2-
(dmso)8O68]4– (X = Sb, 3; Bi, 4). Obviously, (1) the poly-
anions 1 and 2 are second examples of dmso-coordinated
polytungstates, that is, four dmso molecules are coordinated
to the polytungstate frameworks; (2) the polyanions 3 and
4 exhibit the first examples of Fe(dmso)3-supported POMs
and second examples of dmso-coordinated transition-
metal-substituted polytungstates.

Results and Discussion

Synthesis

The syntheses of 1a–4a were accomplished by reactions
of Rubpy with X2W22/X2W20Fe2 in mixed solutions with
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dmso/H2O (1:1, v/v). Therefore, the formation of 1a–4a in-
volves the substitution of hydroxy groups/oxygen atoms at-
tached to W centers and water molecules coordinated to Fe
centers by dmso molecules. In order to identify the crucial
components/conditions for the formation of 1a–4a we
modified the reaction conditions systematically. For exam-
ple, we tested if 1–4 can also be isolated from the mixed
solutions with dmso/H2O (1:1, v/v) in the absence of Rubpy,
but the results indicated that no products were obtained.
We also tested a two-step procedure: (1) reaction of X2W22/
X2W20Fe2 with Rubpy and isolation of Rubpy-X2W22/
Rubpy-X2W20Fe2; (2) redissolution of Rubpy-X2W22/
Rubpy-X2W20Fe2 in dmso with heating. This time we ob-
tained 1a–4a as based on IR spectroscopy. These observa-
tions allow the conclusion that the presence of Rubpy is
crucial for the isolation of 1a–4a. Interestingly, we can also
prepare the osmium analogues of 1a–4a by substituting
[Os(bpy)3]2+ for [Ru(bpy)3]2+ as based on IR spectroscopy
and cyclic voltammetry (CV).

Crystal Structures

Structural Features of [X2W22(dmso)4O72]6– (X = Sb, 1;
Bi, 2)

The two polyoxoanions, [Sb2W22(dmso)4O72]6– (1) and
[Bi2W22(dmso)4O72]6– (2), are isostructural. They consist of
two [B-β-XW9O33]9– (X = SbIII, BiIII) moieties linked by
two WO(dmso) and two WO2(dmso) groups resulting in a
sandwich-type structure with idealized C2 symmetry (see
Figure 1). This structural type was firstly reported by Krebs
et al. for the sodium salt of [X2W22O74(OH)2]12– (X2W22)
(X = SbIII, BiIII),[11,12] in which two [B-β-XW9O33]9– frag-
ments are connected by two WO2 and two WO2(OH)
groups. Comparison of the structures of 1 and 2 with that
of X2W22 indicates that dmso groups replace the oxygen
atoms of WO2 and hydroxy group of WO2(OH) leading to
dmso-coordinated polytungstates.

Figure 1. Ball-and-stick (left) and polyhedral (right) representa-
tions of 1 and 2. Color code: tungsten (black ball), antimony/bis-
muth (dark gray ball), oxygen (light gray ball), sulfur (dark gray
ball unfilled), and carbon (light gray ball unfilled). The WO6 octa-
hedra are gray. No hydrogen atoms shown for clarity.

Recently, our group reported on the first dmso-coordi-
nated heteropolytungstate [Sb2W20(OH)2(dmso)2O66]8–,[23a]

which is composed of two [B-β-XW9O33]9– units linked by
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two WO(dmso) groups. In our case of 1 and 2, the same
WO(dmso) groups were also observed. In addition, the
novel WO2(dmso) groups were found in 1 and 2, as shown
in Figure 2. The atom W11 is bound to six oxygen atoms:
three µ2-oxo groups (O9, O31, O34) from two [B-β-
XW9O33]9– units, two terminal oxygen atoms (O35 and
O36), and one oxygen atom (O37) from the terminal dmso
ligand for 1 and 2. The W11–O bond lengths are in the
expected range of around 1.717–2.215 Å [W11–O(T)
1.717(15)–1.738(15), W11–O(W) 1.829(11)–2.215(14),
W11–O(S), 2.079(15) Å] for 1 and 1.714–2.209 Å [W11–
O(T) 1.714(15)–1.732(11), W11–O(W) 1.908(11)–2.209(9),
W11–O(S) 2.090(12) Å] for 2. Comparison of the terminal
W11–OT bond lengths in 1 and 2 with those in
[X2W22O74(OH)2]12– (X = SbIII, BiIII)[11,12] suggests that
two W11–OT bond lengths in 1 and 2 do not indicate any
hydroxy groups. This observation allows the conclusion that
the two protonated W–OH groups in [X2W22O74(OH)2]12–

(X = SbIII, BiIII) are replaced by two dmso groups resulting
in the other two W–dmso bonds. Considering the above
discussions indicates that a total of four dmso groups are
coordinated to the X2W22 framework, which reveals an-
other novel bonding model.

Figure 2. Ball-and-stick (left) and polyhedral (right) representa-
tions of the asymmetric unit of 1 and 2 with partial atom labeling.
The color code is the same as in Figure 1.

Bond valence sum calculations[34] indicate that there are
no protonation sites on 1 and 2, and therefore the charge
of the polyanions 1 and 2 must be –6. In the solid state the
negative charges of 1 and 2 are balanced by two [Ru-
(bpy)3]2+ cations and two sodium ions, respectively. For 1
and 2 two sodium ions could not be detected by single-
crystal XRD, probably due to disorder. However, the com-
plete chemical composition was verified by elemental analy-
sis.

Structural Features of [X2W20Fe2(dmso)8O68]4– (X = Sb,
3; Bi, 4)

Single-crystal X-ray analyses on 3a and 4a revealed that
3 and 4 are composed of the usual X2W20Fe2 Krebs-type
POM frameworks, but unexpectedly they contain several
dmso groups. More precisely, eight dmso groups are at-
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tached to 3 and 4 (see Figures 3 and 4). Six of the eight
dmso groups are coordinated to the two Fe centers through
Fe–O–S(CH3)2 bonds, and the other two dmso ligands are
bound to the two tungsten atoms linking the two (B-β-
XW9O33) units through W–O–S(CH3)2 bonds. Bonding of
dmso to tungsten atoms of the polyanion framework has
been observed in [Sb2W20(OH)2(dmso)2O66]8– and
[Sb2W20RuIII

2(H2O)2(dmso)6O68]4– reported recently by our
group.[23]

Figure 3. Ball-and-stick (left) and polyhedral (right) representa-
tions of 3 and 4. Color code: tungsten (black ball), antimony/bis-
muth (dark gray ball), oxygen (light gray ball), iron (large light gray
ball unfilled), sulfur (dark gray ball unfilled), and carbon (small
light gray ball unfilled). The WO6 octahedra are gray. No hydrogen
atoms shown for clarity.

Figure 4. Ball-and-stick (left) and polyhedral (right) representa-
tions of the asymmetric unit of 3 and 4 with partial atom labeling.
The color code is the same as in Figure 3.

In the previously reported (dmso)RuII/(dmso)OsII-sup-
ported POMs the dmso ligands were always bound to the
RuII/OsII centers via the sulfur atoms.[28–32] Recently, our
group reported on a (dmso)RuIII-supported tungstoanti-
monate, in which the dmso ligands are bound to the RuIII

centers through the oxygen atoms. Interestingly, the same
coordinating model was observed in 3 and 4, namely, all
dmso molecules are bound to the FeIII centers through the
oxygen atoms. This is in agreement with hard/soft acid–base
principles.[35]

Each Fe center in 3 and 4 is coordinated by six oxo li-
gands, three µ2-oxo groups of the tungsten–oxo frameworks
and three oxo groups of the terminal dmso ligands. The Fe–
O bond lengths are in the expected range of around 1.951–
2.039 Å [Fe–O(W) 1.951(8)–2.005(8) Å, Fe–O(S) 2.005(8)–
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2.039(8) Å] for 3 and 1.954–2.039 Å [Fe–O(W) 1.954(10)–
2.024(9), Fe–O(S) 1.987(11)–2.039(12) Å] for 4, respectively.
Interestingly, the coordinating model of the Fe centers in
3 and 4 is very different from that of the RuIII centers in
[Sb2W20RuIII

2(H2O)2(dmso)6O68]4–, in which each Ru cen-
ter is coordinated by three µ2-oxo groups from the tung-
sten–oxo frameworks, two oxo groups from the terminal
dmso ligands and a terminal water molecule.[23b]

Bond valence sum calculations[34] indicate that there are
no protonation sites on 3 and 4, and therefore the charge
of the polyanions 3 and 4 must be –4. In the solid state, the
negative charge of 3 and 4 is balanced by two [Ru(bpy)3]2+

cations, located by X-ray diffraction. Elemental analyses of
3a and 4a confirmed the chemical composition.

IR Spectra

IR spectra for 1a–4a compared with those of Na-X2W22

and KNa-X2W22Fe2 are shown in Figures S1–S8 (see Sup-
porting Information).

The following points can be drawn from the IR spectra:
(1) Most of the characteristic vibrational frequencies for
1a–4a increase compared with those of Na-X2W22 and
KNa-X2W22Fe2, which is attributed to the decrease of the
negative charges of the polyanions 1–4. (2) The part of
stretching vibrational frequencies of W–Oc–W and W–Ob–
W in Na-X2W22 and KNa-X2W22Fe2 are split into two
peaks in 1a–4a due to the coordination of dmso ligands to
the polyanion frameworks. (3) The expected S–O stretching
vibrations of dmso molecules at ca. 1020 and ca. 1120 cm–1

are observed. (4) The IR spectra for 1a–4a are similar to
each other. (5) The IR spectra of 1a–4a are very similar to
their precursors Na-X2W22/KNa-X2W22Fe2

[11,12] and
Ru(bpy)3Cl2[36] superimposed on each other, which implies
that the Krebs-type POM frameworks are maintained in
compounds 1a–4a.

Electrochemistry

CV studies on 1a–4a were performed in dmso/H2SO4 me-
dium. The voltammogram of 1a displays three redox waves
at +1.00, –0.41, and –0.51 V, as shown in Figure 5. The first
wave is a one-electron process, assigned to the Ru3+/2+ cou-
ple; the second and third waves are multi-electron processes
attributed to the redox reaction of the tungsten–oxo frame-
work for tungstoantimonate. As expected, this voltammog-
ram is very similar to that of Na-Sb2W22, as shown in Fig-
ure S9 at the same pH (see Supporting Information). The
voltammogram of 2a also displays three redox waves at
+1.00, –0.44, and –0.56 V, as shown in Figure 6. The first
redox wave is essentially identical with that of 1a, and the
second and third waves are multi-electron processes as-
signed to the redox reaction of the tungsten–oxo framework
for tungstobismuthate, which is observed in the voltammog-
ram of Na-Bi2W22, as shown in Figure S10 at the same pH
(see Supporting Information).
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Figure 5. Cyclic voltammogram of 1.0 m 1a in dmso + 0.01 
Bu4NPF6 at pH = 2.0 at a bare GCE with scan rate 50 mVs–1.

Figure 6. Cyclic voltammogram of 1.0 m 2a in dmso + 0.01 
Bu4NPF6 at pH = 2.0 at a bare GCE with scan rate 50 mVs–1.

The voltammogram of 3a displays five redox waves at
+1.11, 0.31, 0.13, –0.37, and –0.47 V, as shown in Figure 7.
The first wave is a one-electron process, assigned to the
Ru3+/2+ couple; the second and third waves are also one-
electron processes, assigned to the Fe3+/2+ couples, whereas
the latter two waves are multi-electron processes attributed
to the redox reaction of the tungsten–oxo framework for

Figure 7. Cyclic voltammogram of 0.45 m 3a in dmso + 0.01 
Bu4NPF6 at pH = 1.7 at a bare GCE with scan rate 50 mVs–1.
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tungstoantimonate. As expected, this voltammogram is
slightly different from that of KNa-Sb2W20Fe2 in a buffer
solution at the same pH (see Supporting Information, Fig-
ure S11), because the coordination of dmso molecules to
the Fe centers results in a splitting of the Fe waves.[18,37]

However, the voltammogram of 4a displays four redox
waves at +1.11, 0.33, 0.14, and –0.35 V, as shown in Fig-
ure 8. The first three redox waves are essentially identical
with those of 3a, and the fourth wave is a multi-electron
process assigned to the redox reaction of the tungsten–oxo
framework for tungstobismuthate (see Supporting Infor-
mation, Figure S12).

Figure 8. Cyclic voltammogram of 0.45 m 4a in dmso + 0.01 
Bu4NPF6 at pH = 1.7 at a bare GCE with scan rate 50 mVs–1.

Thermal Analysis

Thermogravimetric analyses (TGA) have been performed
for 1a and 2a between 20 and 900 °C and for 3a and 4a
between 30 and 900 °C. All compounds show a continuous
weight-loss process (see Supporting Information, Fig-
ures S13–S16), which corresponds to the removal of water
molecules, dmso molecules including all noncoordinated
and coordinated ones and 2,2�-bipyridyl ligands to the ru-
thenium atoms. The thermogravimetric (TG) curves of 1a–
4a show total weight losses of ca. 23.2, 22.5, 28.8, and
28.1 % from the measurement temperature to 800 °C (calcd.
ca. 22.3, 21.8, 31.7, and 31.1 %), respectively. Thus, it can
be seen that the total weight losses are fairly consistent with
the calculated values.

Powder X-ray Diffraction Patterns

In order to verify the phase purity of the compounds 1a–
4a, we performed powder X-ray diffraction (PXRD) of 1a–
4a at room temperature. The PXRD patterns of 1a–4a are
shown in Figures S17–S20 (see Supporting Information). It
can be seen that the diffraction peaks for compounds 1a–
4a of both simulated and experimental patterns match well
in key positions, indicating the good phase purity of 1a–4a.
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Conclusions

We have synthesized four novel tris(bipyridine)rutheni-
um(II) salts of dmso-coordinated tungstoantimonate/tungs-
tobismuthate and Fe-substituted tungstoantimonate/tungs-
tobismuthate. These compounds are of interest for several
reasons: (1) For 1a and 2a, four dmso molecules are coordi-
nated to the polytungstate frameworks through W–O–
S(CH3)2 bonds. They are the second examples of dmso-co-
ordinated polytungstate; (2) for 3a and 4a, they not only
contain dmso molecules coordinated to WVI centers but
also to Fe centers through Fe–O–S(CH3)2 bonds. They are
also the second examples of dmso-coordinated transition-
metal-substituted polytungstates; (3) 3a and 4a represent
the first examples of Fe(dmso)3-supported POMs; (4) 3a
and 4a add new members to (organo)metal-containing
POMs and substituted-type tungstoantimonates/tungsto-
bismuthates in particular; (5) the electrochemical behaviors
of compounds 1a and 2a show the expected redox couples
of the Ru and W centers; (6) the electrochemical behaviors
of compounds 3a and 4a show the expected redox couples
of the Ru, Fe, and W centers; (7) the structures of 1a–4a
allow for a multitude of studies including organic catalysis,
multifunctional electrocatalysis and solid-state ECL detec-
tion. Some of this work is currently in progress, and the
results will be reported in due time.

Experimental Section
Materials and Methods: Na12[Sb2W22O74(OH)2] (Na-Sb2W22),
Na12[Bi2W22O74(OH)2] (Na-Bi2W22), K6NaH[Sb2W20Fe2O70-
(H2O)6] (KNa-Sb2W20Fe2), and K6NaH[Bi2W20Fe2O70(H2O)6]
(KNa-Bi2W20Fe2) were synthesized according to the literature and
characterized by IR spectra.[11,12] All other reagents were used as
purchased without further purification. Deionized water was used
throughout. Elemental analyses (Sb, Bi, W, Ru, Fe, Na) were per-
formed with an Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES, ICAP 6000, Thermo, USA). Elemental
analyses (C, H, N, and S) were performed with a Flash EA1112
from ThermoQuest Italia S.P.A. IR spectra of 1a–4a were recorded
in the range 400–4000 cm–1 with a Bruker IFS-66V Fourier trans-
form infrared spectrometer by using KBr pellets. Thermogravime-
tric analyses of 1a and 2a were carried out with a TA Instruments
SDT Q600 thermobalance. The thermal gravimetric analyses of 3a
and 4a were carried out with a TGA Q500 V20.8 Build 34 thermal
analysis system. X-ray powder diffraction was performed with a
Siemens D5005 diffractometer with graphite-filtered Cu-Ka radia-
tion. Electrochemical measurements were carried out with a CHI
660C electrochemical workstation at room temperature under ni-
trogen. A three-electrode electrochemical cell was used with a GCE
as the working electrode, a platinum wire as the counter and an
Ag/AgCl reference electrode. Formal potentials (Ef) were estimated
as average values of anodic (Epa) and cathodic (Epc) peak poten-
tials, i.e., Ef = (Epa + Epc)/2.

Synthesis of [Ru(bpy)3]2Na2[Sb2W22(dmso)4O72]·4dmso·4H2O (1a):
Compound 1a was synthesized by addition of Ru(bpy)3Cl2 (0.5 g,
0.67 mmol) and Na-Sb2W22 (1.0 g, 0.16 mmol) to dmso/H2O
(20 mL) (1:1, v/v), and the pH was adjusted to 2 with 1.0  H2SO4.
The solution was heated to 80 °C for 1 h and then filtered after it
had cooled down. Single crystals suitable for X-ray analysis were
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obtained by slow concentration of the filtrate at room temperature.
Yield: 0.32 g (28%). C76H104N12Na2O84Ru2S8Sb2W22 (7322.31):
calcd. C 12.5, H 1.4, N 2.3, Na 0.6, Ru 2.7, S 3.5, Sb 3.3, W 55.2;
found C 13.1, H 1.9, N 2.6, Na 0.7, Ru 2.4, S 3.9, Sb 3.3, W 54.6.
IR: ν̃max = 1462 (w), 1445 (w), 1424 (w), 1311 (w), 1271 (w), 1242
(w), 1161 (w), 1118 (w), 1063 (sh), 1025 (w), 959 (s), 878 (sh), 855
(m), 815 (s), 766 (s), 743 (sh) cm–1.

Synthesis of [Ru(bpy)3]2Na2[Bi2W22(dmso)4O72]·4dmso·4H2O (2a):
Compound 2a was synthesized by addition of Ru(bpy)3Cl2 (0.5 g,
0.67 mmol) and Na-Bi2W22 (1.0 g, 0.15 mmol) to dmso/H2O
(20 mL) (1:1, v/v), and the pH was adjusted to 2 with 1.0  H2SO4.
The solution was heated to 80 °C for 1 h and then filtered after it
had cooled down. Single crystals suitable for X-ray analysis were
obtained by slow concentration of the filtrate at room temperature.
Yield: 0.37 g (33%). C76H104Bi2N12Na2O84Ru2S8W22 (7496.76):
calcd. C 12.2, H 1.4, Bi 5.6, N 2.3, Na 0.6, Ru 2.7, S 3.4, W 54.0;
found C 12.1, H 1.8, Bi 5.3, N 2.6, Na 0.7, Ru 2.5, S 3.7, W 53.8.
IR: ν̃max = 1462 (w), 1444 (w), 1421 (w), 1312 (w), 1268 (w), 1242
(w), 1161 (w), 1124 (w), 1066 (sh), 1023 (w), 957 (s), 875 (m), 847
(m), 809 (s), 766 (s), 731 (m) cm–1.

Synthesis of [Ru(bpy)3]2[Sb2W20Fe2(dmso)8O68]·9dmso·12H2O (3a):
Compound 3a was synthesized by addition of Ru(bpy)3Cl2 (0.5 g,
0.67 mmol) and KNa-Sb2W20Fe2 (1.0 g, 0.17 mmol) to dmso/H2O
(20 mL) (1:1, v/v). The solution was heated to 80 °C for 1 h and
then filtered after it had cooled down. Single crystals suitable for
X-ray analysis were obtained by slow concentration of the filtrate
at room temperature. Yield: 0.45 g (34%). C94H174Fe2N12O97-

Ru2S17Sb2W20 (7803.81): calcd. C 14.4, H 2.2, Fe 1.4, N 2.1, Ru
2.6, S 6.9, Sb 3.1, W 47.1; found C 14.1, H 1.8, Fe 1.6, N 2.0, Ru
2.7, S 6.4, Sb 3.3, W 48.0. IR: ν̃max = 1465 (w), 1445 (w), 1421 (w),
1312 (w), 1268 (w), 1242 (w), 1161 (w), 1124 (w), 1066 (sh), 1026
(w), 959 (s), 875 (m), 855 (m), 815 (s), 763 (s), 748 (sh), 731 (m)
cm–1.

Table 1. Crystal data and structure refinements for 1a–4a.

1a 2a 3a 4a

Empirical formula C76H104N12Na2O84- C76H104Bi2N12Na2O84- C94H174Fe2N12O97- C94H174Bi2Fe2N12O97-
Ru2S8Sb2W22 Ru2S8W22 Ru2S17Sb2W20 Ru2S17W20

Formula mass 7322.31 7496.76 7803.81 7978.27
Crystal size [mm] 0.16�0.15� 0.15 0.12�0.11�0.10 0.14�0.13� 0.13 0.16�0.14�0.14
Crystal system triclinic triclinic monoclinic monoclinic
Space group P1̄ P1̄ P21/n P21/n
a [Å] 13.7388(11) 13.7122(9) 17.7305(15) 17.7507(13)
b [Å] 15.5440(13) 15.5612(11) 20.8302 (17) 20.7832(12)
c [Å] 20.6537(18) 20.6225(14) 25.0301 (17) 24.9676(13)
α [°] 71.8550(13) 72.1660(10) 90 90
β [°] 88.5910(14) 88.5730(10) 103.777(4) 103.882(2)
γ [°] 73.8550(13) 74.1660(10) 90 90
V [Å3] 4016.8(6) 4021.7(5) 8978.4(12) 8941.9(10)
Z 1 1 2 2
T [K] 291(2) 291(2) 173(2) 173(2)
λ [Å] 0.71073 0.71073 0.71073 0.71073
F(000) 3264 3328 7184 7312
Parameters 982 990 1144 1079
dcalcd. [mgm–3] 3.009 3.077 2.887 2.963
µ [mm–1] 16.378 18.207 13.658 15.377
Reflections (collected) 20474 20481 163534 116746
Reflections (unique) 13714 13660 15724 14453
Reflections (observed) 9035 10173 11449 9346
GOF 0.938 0.978 1.136 1.009
R [I �2σ(I)][a] 0.0549 0.0595 0.0424 0.0500
Rw (all data)[b] 0.1348 0.1441 0.1081 0.1199

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.
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Synthesis of [Ru(bpy)3]2[Bi2W20Fe2(dmso)8O68]·9dmso·12H2O (4a):
Compound 4a was synthesized by addition of Ru(bpy)3Cl2 (0.5 g,
0.67 mmol) and KNa-Bi2W20Fe2 (1.0 g, 0.17 mmol) to H2O/dmso
(20 mL) (1:1, v/v). The solution was heated to 80 °C for 1 h and
then filtered after it had cooled down. Single crystals suitable for
X-ray analysis were obtained by slow concentration of the filtrate
at room temperature. Yield: 0.45 g (33%). C94H174Bi2-
Fe2N12O97Ru2S17W20 (7978.27): calcd. C 14.2, H 2.2, Bi 5.3, Fe
1.4, N 2.1, Ru 2.5, S 6.8, W 46.1; found C 13.8, H 1.8, Bi 5.6, Fe
1.5, N 1.8, Ru 2.8, S 6.4, W 46.5. IR: ν̃max = 1462 (w), 1445 (w),
1424 (w), 1312 (w), 1271 (w), 1242 (w), 1219 (w), 1161 (w), 1121
(w), 1066 (sh), 1023 (w), 953 (s), 870 (m), 847 (m), 809 (s), 768 (m),
737 (s) cm–1.

X-ray Crystallography: Single crystals of compounds 1a and 2a
were mounted on a Rigaku/MSC mercury diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) for in-
dexing and intensity data collection at 293 K. Single crystals of
compounds 3a and 4a were mounted on a Bruker X8 APEX II
CCD diffractometer with kappa geometry and Mo-Kα radiation (λ
= 0.71073 Å) for indexing and intensity data collection at 173 K.
In both cases direct methods were used to solve the structures and
to locate the heavy atoms (SHELXS97), and then the remaining
atoms were found from successive difference maps
(SHELXL97).[38] An absorption corrections was also performed.[39]

Crystallographic data are summarized in Table 1. CCDC-737643
(for 1a), -737644 (for 2a), -645252 (for 3a), and -645251 (for 4a)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Fourier transform IR spectra of 1a–4a and their precursors
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Na-X2W22 and KNa-X2W20Fe2. CVs of precursors Na-X2W22 and
KNa-X2W20Fe2. TGA curves of 1a–4a. PXRD patterns of 1a–4a.
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