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The reaction of tungstate ions with thel0-tungstosilicate in mixed wateethanol (v/v) yields the corresponding
isomer of the 12-tungstosilicate isolated as its tetrabutylammonium salt. It was characterized by médus of

NMR, infrared, Raman, and UV spectroscopies and was identified with the isomer resulting from the Keggin
structure ¢-isomer) by rotation of two tritungstic groups ly3. Cyclic voltammetry shows that the reducibility
increases in the sequenae-S—y as the number of rotated tritungstic groups. Whereagth2-tungstosilicate

anion is unstable in pure aqueous solution whatever the pH value, it is stable in mixed atue@usc or pure

organic solvents, even at boiling temperatures. In contrast, the two- and four-electron-reduced blue species are
stable in aqueous media but not the one-electron-reduced blue. Study8Mh&IMR spectrum of the two-
electron-reduced species showed that the two spin-paired electrons are delocalized on all the W atoms on the
NMR time scale but have a larger residency time on one group of four atoms.

Introduction

Among the five [XM 204" isomers postulated by Baker
and Figgist two have been reported for ¥ MoY' and W',
The former,a-isomer, has the well-known Keggin structtire
built from corner-sharing trimetallic fragments according to a
Tqsymmetry. The lattef3-isomer, is structurally related to the
previous one by the formal rotation of one trimetallic group by
60° about itsCs axis, resulting in &3, symmetry. A specific
synthesis for thegg-isomer of the dodecatungstosilicate anion
has been reportédand its structure determined by X-ray
analysist® This isomer is very stable in aqueous solution, even
at boiling temperatures, in contrast to the analogous molybdic
Compour\ds, for which a transformatigin— a Was_observeﬁ. Figure 1. Polyhedric structure of the-isomer of the dodecatungsto-
They-isomer Cz, symmetry), where two metallic groups are  gjjicate anion.
rotated (Figure 1), had not been obtained until now. The so-
calledy-dodecatungstophosphate reported by Fikas proved
to be a structurally disorderedisomer® Only the correspond-
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was observed when the two vanadium atoms were in oxidation
h . ' - state IV; the presence of a hisfxo) junction between the two

ing divacant anion [XWOse/"~ has been prepared with x vanadium atoms in this complex leads to an unstable structure
P"9 and SI10 and X-ray-investigated. The divanadium j, aqueous solution. A different behavior was observed when
complexesy-[XV ;W10040"~ have been obtained from these [M0,04(H-0)¢]2* was added to [SiWOsd,8, leading to a
species and were p_rovgd to be stable i_n nonagueous so_Iventgtame binuclear complex of Mo(V) in aqueous solutlériwve

but to slowly isomerize in aqueous solution, leading to various \yere interested in studying the influence of the oxidation state
p-isomers depending on the pH valdéd? The same behavior ot some tungsten atoms, VI or V, on the stability of the
y-isomer. Moreover, it is well-known that the electrons in
polyoxotungstic species are delocalized over numerous tungsten
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structure, we wished to learn whether the structural changes

resulting from the rotation of two trioxotungstic groups lead to

a strong localization of the electrons on certain tungsten atoms.
In this paper, we report the synthesis of thelodecatungs-

tosilicate anion and its stability in solution. Its electrochemical

behavior and properties of the reduced derivatives are compared

to those of then- and -isomers.

Experimental Section

Preparation. The solution of the/-[SiW1,04]*~ anion was obtained . " I T " " T
in mixed v/v water-ethanol solvent by addition of sodium tungstate o
to a solution of the potassiumrdecatungstosilicate salt in a ratio of ~ Figure 2. #W NMR spectrum of they-[SiW12040]*~ anion, as the
2:1 and in the presence of HCI (0.5 riot?). Preparation of the tetrabutylammonium salt in dimethylformamide solution.
tetrabutylammonium salt was previously reported in Inorganic Syntheses
series'’

Electrochemical Reduction Electrochemical reductions were
carried out on a mercury cathode by electrolysis at a controlled potential 49000
in acetonitrile for the tetrabutylammonium salt or in the mixed water
ethanol solution of-[SiW1,040]*~ with an acetic acid buffer for alkali
salts. Cesium salts of the 2e- or 4e-reduced derivatives were obtained
by addition of solid CsClI to their solutions.

Characterization. The polyanion was characterized by electronic,
infrared, and Raman spectroscopies,’B% NMR, and by voltam- 20000
metry. NMR spectra were recorded on a Bruker WM 250 spectrometer
operating at 10.4 MHz, from dimethylformamide solutions of the
tetrabutylammonium salt for the oxidized species or from aqueous
solutions of the two-electron-reduced blue derivative. Chemical shifts
are referenced to external NgO, in alkaline D,O.
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Figure 3. Ultraviolet electronic spectra of the three isomers of

Synthesis. The divacant [HSiWyOs¢ "~ polyanion wasa [SiW12040)*" (solutions of the tetrabutylammonium salts in acetonitrile).
priori, a suitable species from which to synthesize polyanions
of the typey-[SiW1gM204q"". Such polyanions have been lines at—103.5,—104.0, and—120.5 ppm with intensity ratio
effectively obtained with metals in oxidation state V (vanaditm  1:2:1) but agrees with g-isomer where the tungsten multiplici-
and molybdenui?) and slowly isomerize (vanadium) or are ties are 2:4:2:4 in increasing order of tungsten atom numbering
stable (molybdenum) in aqueous solution depending on the pH (Figure 1).
value. The reaction of tungstate(VI) with thedecatungsto- Weak couplings, less than 10 Hz, are expected for the edge
silicate anion was studied in concentrated aqueous solution aliynctions and strong couplings, about 20 Hz, for the corner
pH 2-3 and was monitored by Raman spectroscopy. The ,_oxo junctions. Among the two lines of multiplicity 1, the
variation of the intensity of the band near 1000 €éntharac-  higher field one D, without strong coupling, is assigned to the
teristic of complete tungstosilicic Keggin-like structures, clearly bis(u-0x0)-bridged W and W, tungsten atoms hereafter denoted
indicated the formation of an addition compound involving two  \x/; and line B should arise from the ¥&nd W tungsten atoms
tungsten atoms per polyanion. The Raman spectrum of the ), belonging to unrotated trimetallic groups. The low-field
solution slowly changed with time, showing that the initial |ine' A presents two pairs of degenerated strong-coupling
species was not stable in aqueous solution. After 2 days, ayngsten satellites and is related to the-W,—Ws—Ws atoms
Raman spectrum and a polarogram of the solution showed that,). Therefore, the remaining resonance C with a less intense
only thep-isomer of [SiW2040]*~ was present. It was observed  strong coupling is assigned to the equivalens-W/io—Ws;
that the initial compp_und formed by r_e_action of tungstate with  and W, atoms (W). Irrespective of the concentration, the high-
the y-decatungstosilicate was stabilized by addition of a fie|d line D is broader than the three other lines, indicating a
nonaqueous solvent such as ethanol or dioxane; hence, it wagmaller spir-spin relaxation timd probably due to the special

synthesized in a 1:1 wateethanol mixture and precipitated  stryctural geometry of the bis{oxo)-bridged W and W atoms.
by addition of tetrabutylammonium bromide. This saltis soluble ¢ ¢, the f-isomer, all the resonance lines of thedode-

:(n nurl'neroua orsamsc_vsolvents, and analysis agrees with thecatungstosilicate anion are shifted toward high field with respect
ormula [(CsHg)aN]4[SiW1204q]. to the unique line of thei-isomer. Moreover, the barycenters

"W NMR spectrum. The spectrum of the dimethyl- ¢ yhe respective spectra are along the following sequence
formamide solution (Figure 2) exhibits four lines denoted as (example for the DMF solution)a. (—92 ppm),3 (—105 ppm)
A, B, C, and D from low to high fields, with a 2:1:2:1 intensity v (—124 ppm). k '

ratio, respectively. The chemical shifts and coupling constants
are as follows: (A)>-104.7 ppm {w-w = 22.Hz, AB pattern,
and 6 Hz); (B)—116.8 ppm, {Jw-w = 22 Hz, AB pattern, and

7 Hz); (C)—127.4 ppm {Jw-w = 21 Hz and 7 Hz); (D)-160.1
ppm @w-w = 7 Hz). It does not correspond to a fortuitous
mixture of a- (one line at—92.1 ppm) and3-isomers (three

Electronic Spectra. The electronic spectra af-, 5-, and
y-12-tungstosilicates as tetrabutylammonium salts in acetonitrile
solutions exhibit absorption bands around 260 nm, assigned to
O — W charge transfers in the polyanionic structure (Figure
3). A correlation is expected between the global symmetry of
the polyanion and the spectrum. Actually, the narrow line (262

: ) : nm, e = 4.2 x 104 in the a-isomer spectrum splits into two
(16) fgg]';;ﬁ"g_ Hammer, C. F.; Baker, L. C. W. Am. Chem. S0d986 broad bands (264 nna,= 3 x 10% 236 nm,e = 2.7 x 10% in
(17) Tezg A.; Herveg G. Inorg. Synth 199Q 27, 85. the B spectrum and only broader shoulders appear inythe
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[ ®hifa polyanions can be obtained) leads, withinh, to a mixture of
60 B1- andB2-[SiW1103¢]®~ (identified by polarograpty in nearly
LR equal quantities; thei-isomer is subsequently formed slowly.
20 In the course of the apparition of tife[SiW1103¢]8~ anions, a
0 new wave of low intensity appears in the polarogram of the

60 peta

60 solution and can be tentatively attributed to the existence of

the intermediate species[HSiW;1035 &~ in small concen-
trations. In this compound, the additional tungsten atom has
three terminal oxygen ligands, and it can be expected that this

0]

— e
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0

80 “Ganma structural feature should have an unfavorable effect on its
70 stability.

LI Even though the/-11-tungstosilicate polyanion cannot be
50J obtained in a pure state, it has been identified as a subunit of a
L R ¥ more complicated structure. When tungstate was added to
600 550 500 450 400 350 300 y-[HSiIW1¢036) "~ in aqueous acidic solution in a molecular ratio

Wavenumbers (cm-1)

of about 1:1, a new tungstosilicic species was isolated. The
Figure 4. Low-frequency range (below 600 c®) of the infrared determination of its structure by single-crystal X-ray diffraction

spectra of the three isomers of [Sisq]*". showed that the polyanion is p8i;W,307¢/8~ and results from

spectrum, in agreement with decreasing symmetry of the the association of-SiW1gOzs andy-SiW11039 structural units

polyanion following the sequenag, j3, . by a ditungstic group? The occurrence of thg-11-tungsto-
Infrared and Raman spectra. It was previously show{ silicate polyanion as part of a larger structure is an argument in

that the spectra of tungstic heteropolyanions related to the favor of the proposed mechanism of reaction of tungstate species
Keggin structure ¢- and B-isomers) can be described by Wwith the y-10-tungstosilicate.
reference to vibrations of the trimetallic groups®{; and Reduced Derivatives. Because of the instability of
intergroups and the XO vibrations (X= central atom). It y-[SiW12040]*~ in aqueous medium, its electrochemical proper-
can be expected that decreasing the entire symmetry of theties were first investigated in nonaqueous medium. In aceto-
polyanion,Tq — C3, — Cy, in thea. — § — y sequence, leads nitrile solution, cyclic voltammetry of the tetrabutylammonium
to a splitting of the bands and, then, to a more complex salt ofy-[SiW12040*~ shows a reversible monoelectronic wave
spectrum. This is not really true in the 700000 cnt? region, at E;;, = —0.58 V/SCE. Under the same conditions, {he
but the changes are more important betwgerand 5- than and a-isomers exhibit also a monoelectronic wave at respec-
betweens- and a-isomers. This is probably related to more tively —0.62 and—0.73 V. So, the reducibility of the isomers
important modifications of the intergroup junctions resulting increases in the series—f—y, as the number of rotated
from the bisfi-oxo) bonds between two tungsten atoms of two trioxotungstic groups.
different W5013 groups in they structure than in thec and 8 It is well-known that the reduced species, which have a higher
ones. charge, are more stable in aqueous solution than the oxidized
The low-frequency region (below 420 cifor IR and below parents. As a consequence, the reduced derivatives of the
250 cnt! for Raman) is the best spectral region to characterize y-[SiW;,0494" ion can be prepared in aqueous solution.
a- andS-isomerst® the number of bands increases fremto Because of their characteristic blue color, the formation of the
y-isomer, and the band of lowest frequency shifts along the reduced species can be monitored by visible spectroscopy. Direct
same sequence: 288, 280, 277 értFigure 4). The same kind  and quantitative formation of the two-electron-reduced derivative
of perturbation is observed in the Raman spectra: the numbery-[SiWY!1o0WY2040]%~ was observed when hydrochloric solution
of lines below 250 cm! increases, and the lowest frequency of WY was added to an aqueous solutionyefHSiW;¢Ozg] 7.
shifts (90, 73, 64 cm') along the sequence, 3, y. These The resulting polarogram in acetic buffer (pH 4.6) exhibits
changes, once more, can be related to the important modifica-two anodic one-electron waves .08 and—0.33 V/SCE) and
tions of the intergroup junctions. two cathodic two-electron waves-0.75 and—0.98 V/SCE).
Stability in Solution. Nonaqueous solutions of the tetra- As expected, the first anodic waves have less negative potentials
butylammonium salt ofy-[SiW12040]*" are very stable. For  than those of3- (—0.14, —0.42 V) ando-isomers 0.24 V,
example, the anion was unchanged after 1 day of boiling of the —0.48 V) in the same medium.
acetonitrile solution. By contrast, the anion is not stable in pure  The same reduced compound can be obtained when an
aqueous solutions, but is stabilized in acidic medium by the aqueous solution of-[SiW100s6H]7- is reduced by controlled-
adgition of organic solvents such as ethanol or dioxane in a 1:1 potential electrolysis involving a two-electron stem a mercury
ratio. cathodic pool in acetic buffer. As observed for most of the
In water, the nature of the compound obtained depends onyacant tungstic polyanior8the reduced divacant compohd
the pH of the solution. At pH between 4 and 7, the divacant |eads to the dodecatungstic parent. This evolution is slow at

7-10-tungstosilicate was obtained instantaneously, showing thatroom temperature (about 1 day for completion) but is very fast
hydrolytic cleavages occur in the YWO bonds involving the if tungstate ions are added to the solution:

W and W, atoms. Then thg- and finally thea-isomer of the

11-tungstosilicate formed slowly by reaction of thelO- .

tungstosilicate with the tungstic species. At pH4, in which V- [HSIW™,Os¢l

only a- andp-[SiW12,040]*~ anions are stable, only tifkisomer JTH.SIWY' WY.0.17" slowat20C - siwY. WY.0. 16

was observed in solution after 1 day. vIHs WOl (rapid) | [ 10" Oudl
Addition of equimolar amounts of tungstatetgHSiW1¢Os¢ "~

at pH = 4-6 (the pH range in which 11-tungstosilicic (19) Teze A.; Herve G. To be published.

(20) Tezg A.; Souchay, PRev. Chim. Miner 197Q 7, 539.

(18) Rocchicioli-Deltcheff, C.; Fournier, M.; Franck, R.; Thouvenot, R. (21) The two-electron-reduced anigr[HzSiWV'gWV,036]7~ is given as
Inorg. Chem 1983 22, 207. triprotonated according to the slope of thg,—pH plots.

7— 2e, 2H+
=7
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Table 1. Characteristics at pis 4.7 of the Electronic Spectra of
the Reduced Derivatives of the Three Isorfers

isomer [SiW1204q)%~ [SiW12040] 8~
a 510 740 1290 515 635 1030
(1000) (1900) (1400) (3500) (4800) (3100)
s 510 700* 855 1295 490 670 1220
(500) (1000) (1850) (1200) (2050) (3600) (3450)
y 640* 745 840* 1580 610 890 1280
(1300) (1700) (1650) (900) (4100) (3600) (2350)

a\Water-ethanol for they-isomer.? The wavelengths of maxima or
shoulders+%) are indicated on the first line and values of the absorptivity
on the second line (in parentheses).

M

T
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T

T T T T T T
400 300 200 100 0 -100 -200
PPH

Figure 5. 18\ NMR spectrum of the-[SiW1,040]®~ anion in aqueous
solution.

In aqueous acidic solution, the rapid oxidation by perman-
ganate of this compound gives the one-electron-reduced poly-
anion but disproportionation into the stable two-electron-reduced
blue and the unstable oxidized parent occurs:

2y-[SWY' , WY0,J° —
y-[SIWY', WY,0,4°% + y-[SIW"' ,0,J* (unstable)

Tézeet al.

Table 2. Electron Delocalization Parameters Characterizing Each
Type of Tungsten Atom in the Diamagnetic 2e-Reduced Derivative
Using Two Hypothesés

Wi Ad; Xi ti
Wa +42 0.36 0.18
Wb -7 0.15 0.07
Wc +617 1.32 0.66
wd +37 0.18 0.09
Wa* +594 1.28 0.64
Whb* -7 0.15 0.07
Wc* +65 0.40 0.20
wd* +37 0.18 0.09

a1n the first hypothesis, line E of the NMR spectrum is assigned to
the W, and in the second one& ], line E is assigned to W
—105 (A) or —128 (C) ppm]. Lines G and H correspond to
2W and have to be associated with B and D in the spectrum of
the oxidized species. Reduction by 2e leads also to a downfield
shift of line D assigned to the two bis{oxo) bound W—W,
atoms 124 (G) or -131 (H) ppm vs-161 (D) ppm]. Only
signal B corresponding to the equivalent\AWg atoms shows
a small upfield shift 124 or—131 vs—117 (B) ppm].

According to the model of Bakeé? this spectrum can be
explained by three considerations: (1) The increased shielding
resulting from the reduction causes a general upfield shift for
all the W atoms (denoted herk;). (2) The change of the
chemical shift is downfield (denoted hetg) for each W'. (3)
If the electrons hop on nonequivalent W atoms in the polyoxo-
tungstic structure, this allows one to define a relative residency
time, t;, for each type Wof tungsten atom. We adopted the
valueA; = —172 ppm obtained by Baker with f/1406,]%,1°
which has been successfully used to describe the spectrum of
o-[SiW1,040)8~.1* The value ofA; can be estimated using the
electronic spectrum gf-[SiW1,040]%~ and the linear correlation

In contrast, according to the polarographic behavior, the stable petweenl and W chemical shift previously demonstrated for
unprotonated one- and two-electron-reduced blues can beKeggin heteropolytungstaté3. These calculations lead to the
obtained by electrolytic reduction of the oxidized anion in a valueA, = +2380 ppm for the downfield shift contribution of
water-ethanol (v/v) mixture. As for the two other isomers, aW. The change in chemical shift observed for each resonance
the electronic spectra of the unprotonated reduced compoundsine upon reduction is givéa by

exhibit many broad bands. According to previous resdltee

near-infrared band can be assigned to an intervalence charge

transfer between Wand W' atoms throughu-oxo bridges,
and the other two mainly to-ed transitions. The intervalence
charge transfers are significantly lower in energy for the
y—isomer than for thet- andg-isomers (Table 1). In order to
understand this difference, it was important to determine whether
the structure of thg-isomer leads to a preferential localization
of the electrons on some tungsten atoms of the polyanion. As
was shown by Baker et &?,the 183V NMR spectrum of the
diamagnetic two-electron-reduced derivative can provide infor-
mation regarding this question. TH&W NMR spectrum
exhibits four resonances denoted E, F, G, and H (from low to
high fields) with a 2:2:1:1 intensity ratio, respectively (Figure
5). The observation of this spectrum shows that, as in the
Keggin or Dawson structure, the two electrons are spin-paired.
Satellites corresponding to YW coupling are not observed
because of the width of the lines. Therefore, it was not possible
to assign unambiguously the lines from our results, each line
of the reduced species arising from one or the other of the two
lines of the same multiplicity in the spectrum of the oxidized
species. Line E{489 ppm, 4W) shows a very large downfield
shift as compared to the corresponding lines of the oxidized
species 105 (A) or —128 (C) ppm]. Line F corresponding
also to 4W shows a significant downfield shift§3 ppm vs

(22) Kozik, M.; Baker, L. C. W. IrPolyoxometalatesFrom Platonic Solids
to Anti-Retrairal Activity; Pope, M. T., Miler, A., Eds.; Kluwer
Academic Publishers: Dordrecht, The Netherlands, 1994; 191.

A = A; + (%/(% + ¥i)A,

wherex andy; are respectively the time-average number of
WY and W' for each type Wof tungsten atomx + y; = 2 or

4). Unfortunately, we do not knowd; values since we do not
have a one-to-one correspondence between the resonance lines
of the reduced and the oxidized species. Thus, two different
hypotheses can be adopted: line Et&it89 ppm which shows

a large downfield shift is attributed either to the four equivalent
atoms W or to the four atoms Wand conversely for line F.
The assignment of the two other lines G and H tp 8/to Wy

has no effect on the calculated valuesxpfsince they appear

at about the same frequency 124 or —132 ppm). Thex
values and the fractions of time= x/> X which the hopping
electron spends on Mdtoms are reported in the Table 2. The
value Y x; = 2.01 is obtained whatever the hypothesis [i.e., as
expected because of the large valuag{2380 ppm) compared

to the difference of the chemical shifts of Mdnd W in the
oxidized species (23 ppm)]. Indeed, the values of the relative
residence times calculated from the simple model of Baker are
only approximate values, but they indicate a major contribution
of one group of four W atoms for the hopping of electrotas (

= 0.66 ort, = 0.64 depending on the assignment). In fact, the
W, atoms are directly linked by-oxo junctions, but the four
other equivalent WWatoms are separated by the,\&hd Wj
atoms in two groups of 2W. Since it has been shown that the
added paired electrons prefer to reside on metallic atoms which
are relatively close to one anott&it can be expected that the
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electrons are preferentially localized on the four ¥toms solvents but results in a sensitivity to hydrolysis in aqueous

opposite the two bigtoxo)-bound tungsten atoms. solution. When two electrons are introduced into the structure,
_ they are delocalized on the NMR time scale on all the tungsten
Conclusion atoms by electron hopping. The variations of bond distances

and angles of the oxo junctions between the tungsten atoms
lead nevertheless to a preferential residence on four of the twelve
tungsten atoms.

The presence of a bjg(oxo) junction between two tungsten
atoms in they-dodecatungstosilicate anion arising from the
rotation of two trioxotungstic groups in tleeKeggin structure
results in no decrease in the stability of the polyanion in organic 1C951004L



