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Simple synthetic procedures for accessing novel metal-substituted
tungstosulfates [SMW,;030]*~ with Keggin-type structures were
developed based on the reaction of metal ions (M = Mn?*, Co?*,
Ni?*, and Cu?*) with lacunary tungstosulfate, [SW;,0351°~, which
was obtained by treating [SW1,040]%~ with a weak base in acetone.
All metal-substituted tungstosulfates were characterized by
elemental analysis, X-ray crystallography, ESI-MS, IR, Raman,

UV-Vis and cyclic voltammetry analyses.

Polyoxometalates (POMs), especially Keggin-type [XM;,0,0]""
(X = Si, P, S, etc.; M = Mo and W) species, have been widely
used in various fields, such as catalysts, materials chemistry,
analytical chemistry and biochemistry, for both fundamental
and practical applications." Interestingly, Keggin-type satu-
rated POMs, [XM;,0,,]"", are quite similar in size even when
various heteroions with different charges are incorporated.
Their redox potentials under neutral conditions, where no pro-
tonation occurs, change as a direct result of the charge of the
anion or bond length of p,0-X: [XW;,040]"” (X = H,, Zn, Co, B,
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Al, Ga, Si, Ge, P, As, and S); [X'M0;,040]"” (X' = Ga, Si, Ge, P,
As, and S).” In addition, the acid strength of protonated
Keggin POMs is related to the heteroatoms and addenda
atoms. The acid strengths of protonated Keggin-type POMs are
in the following order: H3PW;,04 > H4SiW;50,4 >
H3PMo04,0.0 > H,SiM0,,0,0.° Recently, the protonated tungsto-
sulfate, H,S,W,5306,, has been prepared using a new modified
version of the classical etherate method, and the resulting
compound exhibited better catalytic activity than HzPW;,0,,
and H,SiW;,0,, for several organic reactions.” The sulfur-con-
taining POMs exhibited better catalytic activities than the
corresponding POMs containing other heteroatoms.

The chemical properties of POMs can change drastically
upon substitution of the tungsten and molybdenum moieties
in the framework with other metals." The structures of the
metal-incorporated (or -substituted) POMs can change,
ranging from the parent Keggin- and Wells-Dawson-type struc-
tures to larger POMs, eg, sandwich-type POMs,
[M4(XWq034),]"" and [My(X,W;5054),]"” (M = transition
metals). These compounds exhibit fascinating chemical pro-
perties. Cobalt- and ruthenium-bearing POMs are excellent cat-
alysts for water oxidation. Vanadium-substituted Keggin-type
POMs have been used as oxidation catalysts for a variety of
organic reactions.>” In addition, the redox couples of tri-
vanadium-substituted tungstophosphate, [PV;Wo040]°”, make
it a suitable electron carrier for redox flow batteries.® The
redox potentials of vanadium-substituted Keggin-type and
Wells-Dawson-type POMs observed under neutral conditions
are related to the charge of the anion, and their potentials are
similar to those of the parent (unsubstituted) Keggin-type and
Wells-Dawson-type POMs, respectively: [XVM;;0,40]" (X =S >
As, P > Ge, Si; M = Mo and W); [X,VW;,04,]"” (X =S > As, P)
and sulfur-centered Keggin-type POMs can be reduced at the
most positive potential.” Most likely, metal-substituted tung-
stosulfates, [SM'W;;,030]"~ (M’ = transition metal), could
undergo reversible redox processes at more positive potentials
than the corresponding metal-substituted tungstophosphates
and tungstosilicates,® indicating that they exhibit better cata-
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lytic properties. In addition, when different types of POMs
with different heteroatoms are prepared, characterized and
compared with each other, many of their chemical properties
can be elucidated from both experimental and theoretical per-
spectives. Moreover, many ambiguous chemical properties of
POMs can be clarified, and their scope of applications can be
broadened. However, there have been no reports on the syn-
thesis of lacunary tungstosulfates, such as [SW;;03,]°” and
[SW4034]°7, or metal-substituted tungstosulfates, except for
vanadium-substituted tungstosulfates.’ Generally, metal-incor-
porated POMs can be prepared by treating the corresponding
metal ions with so-called lacunary POMs, which have defects
in their POM framework."! Recently, systematic synthetic pro-
cedures for preparing tetra-alkyl ammonium salts of Wells-
Dawson-type metal-substituted tungstosulfates, [S;MW;,04,]°”
(M = Mn, Co, Ni, and Cu), have been developed based on the
reaction of ring-shaped [(S;W14054);]>>~ with defects in the
framework, and this starting material was prepared by treating
[S;W1406,]*~ with the corresponding metal ions in a weak
base.'® All of the prepared novel POMs were characterized by
X-ray crystallography, elemental analysis, ESI-MS, IR, Raman,
UV-Vis and cyclic voltammetry.

In the present study, we tried to find a synthetic procedure
for lacunary tungstosulfate, [SW;,030]°", which is a key com-
pound for preparing metal-substituted tungstosulfates. In
addition, systematic synthetic procedures for accessing metal-
substituted tungstosulfates, [SMW,;;030]*" (M = Mn**, Co*",
Ni** and Cu*"), were also explored and optimized. Isolated
metal-substituted tungstosulfates and lacunary tungstosulfate
were characterized by elemental analysis, X-ray crystallography,
ESI-MS, IR, Raman, UV-Vis and cyclic voltammetry.

X-ray crystallography indicated that all novel POMs pre-
pared in the present study had Keggin-type structures (Fig. 1;
Table S1t). The mean bond lengths of SMW,;, SW;, and SW;,
are compared in Table 1. The S-O bonds of SW;; and SWy,
(1.41-1.42 A) are shorter than that of SMWy; (1.49-1.51 A). The
mean bond length between tungsten and the terminal oxygens
of SW;, (1.66 A) is also shorter than those of SW,; and SMW,,
(1.70-1.76 A), while the other bonds are similar in length.
SMW,; is slightly larger than SWj,.

Fig. 1 Ball and stick representation of the structure of [SMW;;034]*~ (M
= Ni, Co, Cu, and Mn).
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Table 1 Selected mean bond lengths (A) in [SW1,034]®~, [SMW4,030]1%~
and [SW3,0,40]%"

POMs S-0, WM)-0q4 W(M)-0., W(M)-0, W(M)-O,
SWy, 142 1.70 1.91 1.91 2.57
SMnW,;, 149  1.76 1.93 1.93 2.57
SNiW,; 151 1.71 1.92 1.92 2.55
SCoWy;  1.50  1.70 1.91 1.91 2.54
SMnW,; 151 173 1.92 1.92 2.54
SWy, @ 143  1.66 1.90 1.89 2.57

O,: oxygen bound to a heteroatom; O: octahedral corner-sharing
oxygen; O.: octahedral edge-sharing oxygen; Oq4: terminal oxygen. “ See
ref. 9.

The ESI-MS spectra of the POMs were acquired in CH;CN to
confirm the composition of the POMs (Fig. S1-S5f). The
signals observed for SMW,, are listed in Table S21 with the
corresponding calculated ionic weights per anionic charge.
The signals correspond to the protonated [SW;;035]*” species
rather than [SW;050]°7; this is probably because
[H3SW1,030]>” would not be stable in CH;CN under the appli-
cation of high voltage required for ion-spray ESI-MS to form
[HSW,,055]’7, in which one oxygen has been removed from
[HsSW1,030)*" in the form of H,0. The simulated ESI-MS
signals for the protonated forms of all metal-substituted tung-
stosulfates were in complete agreement with the experimental
data. In the case of SCuWy;, the simulated ESI-MS signals at
m/z = 914.0547, assigned to [SCu(m)W;;034]’", showed a better
fit with the observed data than [HSCu(n)Wy;,050]*". This was
due to the unexpected oxidation upon exposure to high voltage
in ESI apparatus."' However, SCuW;; must be [SCu(u)
W,1030]"” based on the results of elemental analysis, and the
ESI signals at m/z = 685.5414 can be assigned to [SCu(u)
W11039]4_-

Compared to the single peak at 1167 cm™" for SWy,, the
typical IR bands at 1200-1120 cm™" from the S-O bonds were
split into two or three peaks for SW;; and SMW,; due to the
lower symmetry around sulfur from apparent T4 to Cjz, sym-
metries due to defects in the tungsten moiety and the incor-
poration of other metals into the framework (Fig. S67;
Table 2). Raman spectra were also acquired (Fig. S77), and the
typical Raman bands due to the symmetric stretching mode of
the bond between tungsten and the terminal oxygen are listed
in Table 2. The Raman band for the parent SW;, species
appeared at 1018 cm™", while it typically appeared at approxi-
mately 980-990 ecm™". By removing the tungsten unit or incor-
porating metal ions smaller than tungsten, the mean bond
lengths (1.70-1.76 A) of W-0q4 in SW;; and SMW,; were longer
than those (1.66 A) in SWy,, which resulted in a shift in the
Raman band to lower wavenumbers from SW,, to SW,; and
SMW,,. For the same reason, the ligand-to-metal charge trans-
fer (LMCT) (0>~ — W°) bands of SW;; and SMW,; were
observed at lower wavelengths than that of SW, (Fig. $87)."*

The cyclic voltammograms of SW;;, SMW,; and SW;, were
measured in CH3CN containing 0.1 M n-Bu,NPF¢ (Fig. 2). All
observed waves were diffusion-controlled except for the oxi-
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Table 2 Vibrational frequencies (cm™) of [SW1;1035l®", [SMW4,030]%~
and [SW;,040]% in the solid state
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Table 3 Midpoint potentials (mV vs. Fc/Fc*) of [SWy,036]°7,
[SMW,034]*~ and [SW1,040]2~ in CH3CN containing 0.1 M n-Bu,NPFg

IR Potentials (mV)
Raman

POMs Y(S-0,)  UW-04) UW-Op) YW-O)  y(W-O4) POMs M W(0/1) W(1/2) W(2/3)
SW,, 1167 1000 897 818 1018% SW,, — —-335 —900 —-1640
SWy, 1197 977 894 825 990 SW,, — —1280

1138 875 SMnW,4 240 —1665

1120 SCoW ;4 1000 —-1630 —-2075
SMnW,, 1171 971 888 821 980 SNiW,, — —1620 —2050

1139 SCuW,, —920%, —660” —2040%
SCoWq4 1196 970 886 829 982

1167 M represents the redox process of the incorporated metals in the

1144 POMs, and the number in parentheses indicates the number of
SNiW,,; 1152 970 888 819 982 tungsten atoms reduced from +vi to +v. “Reduction potential.
SCuwy, 1191 971 884 820 984 ” Oxidation potential.

1153

O,: oxygen bound to a heteroatom; Oy: octahedral corner-sharing
oxygen; O,: octahedral edge-sharing oxygen; Oq4: terminal oxygen. ¢ See
ref. 9.

ek
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Fig. 2 Cyclic voltammograms of 0.5 mM (a) [SWy0s6l%, (b)
[SMnW1;030]*, () [SCoW3;039]*", (d) [SNiW1;030]*” and (e)
[SCuW,030]* in CHsCN containing 0.1 M n-BuysNPFg and (f)
[SW15040]>~ in acetone containing 0.1 M n-BusNPFs. Scan rate:
100 mV st

dation wave that appeared at —660 mV for SCuW,,, which can
be regarded as the desorption wave of copper due to a similar
wave found in the voltammogram of [PCuW,;;03,]>".% The mid-
point potentials for all of the observed redox waves are listed
in Table 3. A quasi-reversible wave was observed at —1280 mV
for SWy;. The one-electron reduced species would be unstable

2768 | Dalton Trans., 2020, 49, 2766-2770

because the following waves were irreversible. In the cases of
SMnW,;; and SCoW,,, quasi-reversible redox waves were
observed at 240 and 1000 mV, respectively. Coulomb number
analysis by bulk electrolysis at 300 mV for SMnW,; and
1050 mV for SCoW,; indicated a one-electron transfer process,
which revealed the oxidation of Mn(u/m) and Co(u/m), respect-
ively. Similar oxidation waves were obtained for [XM(H,O)
W,1030]%” (X = Si, P; M = Mn, Co; XMWy,) in an aqueous solu-
tion or in CH;CN."? Although an oxidation wave due to
Mn(ui/iv) was also observed for SiMnW,,, the corresponding
oxidation wave was not in the range of the potential window
for SMnW,;. On the other hand, the oxidation of Co(u/m) in
SCoW,; occurs at a significantly more positive potential than
that of Co(u/m) in PCoW;;. Compared with the redox potential
of [{Ru 0,4(OH),(H,0),}(y-SiW10036),]"°", which is a typical
water oxidation POM catalyst, the SCoW,; species could have
great potential as a highly active catalyst for water oxidation;
however, a simple direct comparison is not possible because
different conditions were used.'* In the case of SCuW,, deso-
rptive oxidation probably from Cu(0) to Cu(u) was observed at
—660 mV, which is similar to what has been seen in other
copper-substituted POMs after reduction of Cu(u/0) and/or Cu
(1/0) in the potential range from —900 to —2100 mV."> However,
the details of the redox mechanism of the copper component
in copper-substituted POMs have not been fully elucidated. In
the case of SNiW,;;, no specific reduction and/or oxidation
waves such as those seen in SMW;; (M = Mn, Co, and Cu) were
observed, and only two reduction waves due to the reduction
of W(vi/v) at two sites in the POM were observed in the poten-
tial window range, which is similar to what has been seen for
other nickel-substituted POMs."® The overall voltammetric be-
havior of SMW,; is similar to that of the corresponding
XMW, (X = Si and P), is strongly dependent on the substituted
metal (M) and is completely different from that of the parent
SWi, species. Generally, the reduction potentials of POMs
under neutral conditions, where no proton coupling reaction
occurs, greatly depend on the heteroatoms or the total charge
on the POMs. The order of reduction potentials is X = S > As, P
> Ge, Si in Keggin-type [XM;,040]"" and [XVM;,0,40]"” (M = W
and Mo) and in Wells-Dawson-type [X,M;50¢,]"~ and

This journal is © The Royal Society of Chemistry 2020
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[X,VW,,06,]"", and this order is almost equal to that of the
acidity of the protonated forms of the POMs, e.g,
H,,XM1,0,0.>*"” Novel SMW,, species could provide access to
other compounds that may be more effective catalysts than
XMW, (X = P, Si) in specific reactions. The details of the vol-
tammetric behavior of SCuW,;, SMnW;, and SCoW,,; are now
being investigated, and the results will be reported in due
course.

In the present study, systematic synthetic procedures for
accessing [SMW,,050]*” (M = Mn*", Co**, Ni** and Cu®") were
developed based on the reaction of the corresponding metal
ions (M**) with lacunary [SW;;034]°”, which was prepared by
treating [SW,,040]>~ with a weak base in acetone. The isolated
tetrabutyl-ammonium salts of SMW,;; and SW;; were con-
firmed to have Keggin-type structures by elemental analysis,
X-ray crystallography and ESI-MS. In addition, all synthesized
compounds were characterized by IR, Raman and UV-Vis spec-
troscopy and cyclic voltammetry. They exhibited spectroscopic
properties similar to those of the corresponding metal-substi-
tuted tungstophosphates. In the case of SMW,; (M = Mn and
Co), the quasi-reversible one-electron transfer redox waves
corresponding to the oxidation of Mn(w/m) and Co(u/m),
respectively, were observed at positive potentials. SCuW,, gave
stripping oxidation waves like those of other copper-containing
POMs. The synthetic procedures for accessing the metal-substi-
tuted tungstosulfates as well as all SMW,; discussed in this
study could open new areas of POM research, such as the
development of novel POM-based materials.
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