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Electrochemical behavior of the[SiM03-,V,WgO4q ™~ ando-[PM0z—,V W04 ™~ anions withx = 1, 2,

or 3 were studied. Electrochemical reduction of each compounds was consistent with its Mo/V ratio, reduction
of vanadium and molybdenum atoms occurring in#@®6 to—0.6 V potential range. The one-electron-reduced
species were prepared by electrolysis and then characterized by ESR spectroscogyandBevalues for \#*

ions appeared to depend on the nature of the surrounding aton¥s, (M4, and V). In solution at 330 K, the

ESR spectrum of the protonatedH[SiMoV'VVWO40]®~ anion displayed 29 superhyperfine lines which were
related to the partial localization of the electron on one vanadium nucleus. The ESR spectra at room temperature
for the divanadium-substituted anions showed a strong anisotropy &f taesor which would be related to the
electron transfer along a preferential axis. An isolatéd $ignal was not observed, even at 12 K, indicating that

the electron is never firmly trapped on one single vanadium atom.

Introduction the redox properties in solution and the ESR characterization

Heteropolyanions have won particular attention mainly Of the one-electron-reduced species of each pure anion
because of their use in heterogeneous catalysis as well in®-[SiMOs—xVWgOao] 9~ andoi-[PM0oz—V \WgO4c] 39~ with
oxidatiort and acidic processésOxovanadomolybdophosphate X = 1, 2, or 3. Information is obtained about the influence of
Keggin type compounds corresponding to the general formula the nature of the metallic surrounding tWMo"', and W) of
a-[PMo012-xVxOa] @™~ with x = 0, 1, 2, or 3 as acid, alkali, the V** center on its properties and on electron transfer and
or transition metal salts exhibit important catalytic activities for €lectron delocalization. This work is in keeping with the studies
oxidation reactions, as in, for example, the oxidative dehydro- 0f So and Pope on the mixed valence vanadium arfiohsa
genation of isobutyric acid into methacrylic aéi. Vanadium previous work, we have reported syntheses and multinuclear
atoms appear to display a crucial effect upon the redox propertiesNMR structural characterizatior?/, 2Si, and83w) of the
of the catalysts. Actually, vanadium atoms have oxidation ®-[SiM03—VxWgO4sc]“*~ aniorf and showed that the MaO
number 1V in the steady state, and indeed they were initially and VQ octahedra are adjacent and share a corner oxygen atom
vanadium(V) atoms in the fresh catalysts. ESR spectroscopy (Figure 1).
is then a suitable method of characterization of the catalysts

in order to determine if the structure is preserved in the Experimental Section

conditions of the reactioriT(= 570—600 K) and to differentiate Preparations of Reduced Polyanions in Solution. The one-
the roles of molybdenum and vanadium atoms. In other electron-reduced species were prepared from solutions of oxidized
respectsp-[PMo12,V,Oag @™ compounds wittx = 2 or 3 anions by electrochemical reduction at a controlled potential platinum

are mixtures of anions differing in the amounts of vanadium 8'?‘3‘;/""16- ;'_-he Sﬂ”éignih 1-32_103 M,twterebuzder nitrogen.dAf\
and, for a given Mo/V ratio, of geometrical isomérsSo, we ~ M-acetc acierl.o M sodium acetate butier was used for
have chosgn to start from pure ?nixed Mo, V, and W species as ¢ [5iM02VWsOug*, a-[SIMOVaWsOu]®, a-[PMOVaWsOu®, and

. : . 0-[PV3aWoOsq]®. Foro-[PMoVWoOsg)*, the electrochemical reduc-
models of the potential P/Mo/V catalysts. This paper deals with /- - performed in an aqueous solution of HCI (1-NJaCl (1 M)

and for a-[SiV3WsOasg’", in 1 M (hydroxymethyl)aminomethane
aqueous buffer, at pi 8.

T Laboratoire de Chimie des N#ux de Transition, URA CNRS 419,
UniversitePierre et Marie Curie, 4 place Jussieu, 75252 Paris Cedex 05,

France. Polycrystalline Samples Diluted in Diamagnetic Matrix. For
® Abstract published irAdvance ACS Abstractfecember 1, 1995. a-K7[SiMoVVVW0yq] in a-K7[SiV3WeOys], 0.1 mL of a-[SiMoV'"V-
(1) See, for example: (a) Akimoto, M.; Tsuchida, Y.; Sato, K.; Echigoya, VWg040]”~ solution (1.33x 10-% M in acetic buffer) was added to 15

E. J. Catal. 1983 72, 83. (b) Mori, H.; Mizuno, N.; Misono, MJ. mL of o-[SiVsWeOag”~ solution (1.33x 10-3 M in acetic buffer).

Catal. 1991, 131, 133 . For a review, see: (c) Misono, Matal.
Rev.-Sci. Eng1987, 29, 269. (d) Jansen, R. J. J.; van Veldhuizen, H.
M.; Schwegler, M. A.; van Bekkum, HRecl. Tra.. Chim. Pays-Bas

Solid potassium carbonate was then added until a pldao® was
reached. Potassium chloride (2.8 g; 37.5 mmol) was added to the

1994 113 115. stirring solution. Thex-K{(SiMoV'"YVW gO40)(SiVaWgOa)1-c] mixture

(2) See, for example: (a) Ghosh, A. K.; Moffat, J. B. Catal. 1986 precipitated and was isolated by filtration and washed by a 2.5 M
101, 238. (b) Orita, H.; Hayakawa, T.; Shimizu, M.; TakehiraAfpl. solution of potassium chloride.
Catal. 1991, 77,133. (c) Okuhara, T.; Aorai, T.; Ichiki, T.; Lee, K. For a-Ke[PMoVVVW4Ouqg] in a-Ke[SiMoV2WsOag], the procedure

Y.; Misono, M.J. Mol. Catal.1989 55,393. (d) Nayak, V. S.; Moffat,

3.B. Appl. Catal. 1991, 77,251 was the same, but the pH was maintained at around4 5by addition

(3) Haeberle, T.; Emig, GChem. Eng. Technol988 11, 392. of sodium acetate.

(4) Watzenberger, A.; Emig, G.; Lynch, D. T. Catal.199Q 124, 247.

(5) Akimoto, M.; lkeda, H.; Otake, A.; Echigoya, H. Catal. 1984 89, (7) Leparulo-Loftus, M. A.; Pope, M. Tinorg. Chem1987, 26, 2112~
196. 2120.
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Figure 1. Polyhedral representation of the Keggin anioos
[XMo0o3-xVsxW¢O40]"". The Mo and V atoms are located in positions 1,
2, and 3.
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Figure 3. Electrochemical reduction of phosphoric compounds,
potentiometric curves: (a)k-[PMoVW¢Ou* (pH = 1.0) and (b)
-200 1 a-[PM0V2W9040]5‘ (pH = 47)
Table 1. Redox Potentials of Mixed MeV—W Heteropolyanior’s
600 1 anion pH redox potentials (volts vs SCE)
0-[SIMOVW404> 4.7  +0.43(1),—0.21 (2),—0.42 (1)
o-[SIMOV WoO4ol®~ 4.7  +0.25(1),+0.075 (1),—0.30 (2),
-1000 ' . . I , , F/mol —0.51(1)
0 1 2 3 4 5 6 0-[SiV3WgOuq ™ 8.0 +0.10(1),—0.13 (1),—0.27 (1)
) ) ) I _ a-[PM0VW Ouq] 4 1.0 40.61(1),+0.13(2)
Figure 2. Electrochemical reduction of silicic compounds, potentio- 47  +0.61(1),—0.20 (2),—0.51 (1)
metric curves: (a)a-[SiMoVWOu]®~ (pH = 4.7) and (b)o- a-[PMOVWeOysq5~ 4.7 +0.40 (1),40.09 (1),—0.34 (1),
[SIMOV WgOa®™ (pH = 4.7). —0.50 (2)

aThe number of electrons involved in each step is indicated in

In order to obtain samples for recording the Q-band ESR spectra,
parentheses.

the lithium salts of oxidized anions-Li;[SiV3WgOa and o-Lie
[SiMoV2W¢O,0] were added, respectively, to 2 mL of solutions (1.33
x 1073 M) of a-H[SiVVVWg040]®~ and a-[SiMoVV VWgOyq "~ steps at+0.43, —0.21, and—0.42 V, corresponding to 1, 2,
Apparatus. The X-band and Q-band spectra were recorded on a and 1 electrons, respectively. The first reductiont@43 V
VARIAN CSE 109 spectrometer. The X-band ESR spectra measured is assigned to ¥V — V!V.10.11 The bielectronic reduction at
between 300 and 12 K were recorded on a BRUKER 220D spectrom- —0.21 V concerns the two equivalent molybdenum atoms
eter. (2Mo¥! — 2MoV). Then, the last monoelectronic step-¢0.42

Spectra Simulation. A computer program was used in order o \/ pefore the reduction of tungsten corresponds t6 ¥ V!,
simulate the ESR spectra of4Vions. The powder spectra were (b) a-[SIMOVsWeOug®~. This anion undergoes four suc
- 2Wolgof~ . -

calculated by accumulating the spectra corresponding to different g .
orientations of the magnetic field. These orientations were obtained C€SSive reduction steps-#0.25,+0.07,-0.30, and-0.51 V,

by subdividing the triangular faces of a regular icosahedron into several corresponding to 1, 1, 2, and 1 electrons, respectively. The
triangles, giving 1329 orientations per octant. The line shape was takentwo first steps correspond to the successive reduction of the
as Gaussian, and the line width dependence on the orientation was taketwo vanadium(V) atoms (2¥— 2V"V). As shown by Popet
asAH = f(3 cos 6 — 1). al., the divanadiunmu-[PV,W10040]%~ anion has an analogous
behavior in the same range of potenfi&lThe third reduction
at —0.30 V involves two electrons and is attributed to the
Electrochemical Behavior. The electrochemical reduction  simultaneous reduction of the two vanadium(lV) atoms'{2V
of the mixeda-[XMo 3V, WgOyq]"™ with X = PV or S#V occurs — 2V"). In order to explain the bielectronic reduction, it can
in successive steps which are characteristic of each polyanion.be recalled that the reduction of vanadium(lV) in vanadium-
Assignments of the successive reduction steps are based on th@ll) is accompanied by the diprotonation of the anion, which
consideration of decreasing oxidizing character following the induces a decrease in the charge of the ahofihe decrease
sequence V> Mo > W and on the characterization of each in the ionic charge of the divanadium anion during the first
reduced compound by vimear-IR spectroscopy. electron transfer on ¥ atom must strongly enhance the
In the potential range-0.6 to —0.6 V, only vanadium and oxidizing character of the second Then, reduction at-0.51
molybdenum atoms are involved in the reduction processes.V involves the single molybdenum atom (Mo— MoV).
Polarograms of these compounds show that reduction of (c) a-[SiV3WgO4q”~. The reduction of this anion at pH
tungsten atoms in the Sz, subunit occur at potentials lower 8 consists of three monoelectronic steps-&t10,—0.13, and
than —0.8 V. Potentiometric curves drawn during the elec-
trolysis of the mono- and divanadium-substituted anions are (10) Contant, R.; Fruchart, J. M.; Hén@.; Teze A. C. R. Seances Acad.

shown in Figures 2 and 3, respectively. Redox potentials of Sci., Ser. C1974 1278 199.

the different anions are reported in Table 1. 11 gL”Chalr;'?Jé g"é; lHGezr;‘G'; Launay, J. P.; Massart, B. Inorg. Nucl.
. - . . . em. , .
(a) a-[SiM02VW gO40]>~. The potentiometric curve of this (12) Smith, D. P.; Pope, M. Tinorg. Chem.1973 12, 331.

compound in acetic buffer at pH 4.7 consists of three reduction (13) Herve G.; Tezg A.; Leyrie, M. J. Coord. Chem1979 9, 245.

Results
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Table 2. Characteristics of Electronic Spectra of Reduced Arfions
(X-[PM02VW9040]47

reduction . 1 1 A
states position, 16 cm™ (¢, M~ cm™?)
| 16.0 (810) 20.9 sh(500)
I 20.4 (4070)
v 20.4 (3730) 25.2 sh (1570)
(X-[PMOV2W9040]57
reduction . 4 1 et
states position, 16 cm™ (¢, M~ cm™?)
0 21.8 (1750) 26.6 sh (4150)
I 9.0 (510) 11.4 (620) 14.1 (610) 25.5 sh (850)
I 12.0 (430)  14.4 (540) 19.0 (910) 22.5 sh (785)

20.6 (2820) 24.8 sh (1650)
Vv 20.4 (1920)

Q- [SI MoV 2W904o] 6-

recig;téon position, 16 cm™ (e, M~ cm™)
0 22.2 sh (1360) 27.2 (3100)
| 9.2 (340) 11.3(420) = 13.7 (460) 17.5(350)
22.0sh (460)  26.3 sh (890)
I 12.3 (235) 14.5(420) ~ 19.0 (653) 21.6 sh (624)
IV 23.2(603)
Y% 20.5 (785) 24.0 sh (660)

aThe state of reduction (I, Il ...) refers to the number of electrons
introduced in the oxidized polyanioAsh = shoulder.
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Figure 4. UV —vis spectra of the-[PMoV,Wy04®>~ reduced forms.
Roman numerals correspond to the number of electrons introduced.

Cadot et al.

(a) a-[PM02VW gO4]*~. The electronic spectrum of the
one-electron-reduced anion shows two bands in the visible
region at 16 000 and 20900 cf In comparison with
(X-[PM011VIVO40]57 and a-[PW11VIVO4o]57, which exhibit in-
tense intervalence transitions at 15200 and 20 0001cm
respectively:* both absorptions can be attributed to inter-
valence charge transfers (IVCTs)WW— MoV and W —
WV!, respectively. The three-electron-reduced state is char-
acterized by a strong absorption at 20 400~érte = 4070
M~1 cm1), likely due to intervalence transitions Mo~ WV!
which are expected in this region (20000 <mnfor
0-[PM0YW11040]%~ ).24 The introduction of a fourth electron
induces a decreasing of the 20 400 ¢maximum frome =
4070 to 3730 M1 cm™L. This result can be qualitatively related
to the reduction of the single'V atom into V! that induces
changes of the ¥ — WV! intervalence transition.

(b) a-[PMoV2WgO4q®~. The reduction of one vanadium
atom is characterized by the presence of'&a ¥ VV IVCT
band at 9000 cm, € = 510 M~1 cm~1, which disappears with
the reduction of the second V atom. Simultaneously, a large
band at about 19 000 crh € = 910 M1 cm™?, grows. It
should be due to the increase of th& >~ MoY' and W —

WV IVCT intensities. The third reduction state obtained by
one additional electron causes the apparition of a novel strong
absorption at 20 600 cm, ¢ = 2820 M1 cm™L. For the
monovanadiunu-[PMoVWO4g]*~ anion, such a band char-
acterizes the presence of Matoms. As a confirmation of this
assumption, two more electrons lead to a significant decreasing
of the intensity of this band from 2820 to 1920 Mcm™1, likely

due to the presence of two'W atoms, which causes the
disappearance of the'\Y— WV! IVCT.

(©) o-[SIMOV 2 W¢Oyl®~. AV — VV IVCT is observed at
9200 cnt? for the one-electron-reduced state. The reduction
of the second vanadium(V) gives an absorption band at 19 000
cm~1 and a shoulder at 21 600 cf likely due to the W —

Mo and VW — WV IVCTs. The third reduction step involves
two electrons, and all absorptions disappear in the visible region
while an absorption band at 23 200 charises which agrees
with a VI' — WV IVCT.15 The four-electron-reduced com-
pound is characterized by a maximum at 20 500 §mwhich
likely corresponds to the Mo— WV! IVCT.

pH Dependence of the First Monoelectronic Transfer (V/
VV). The variations of the apparent standard poteiitalith
pH for P and Si compounds are shown in parts a and b of Figure
5, respectively. For each anion with the exception of the less-
chargedo-[PMoVW o044, a slope of-60 mV per pH unit
is observed, which means that a simultaneous exchange of one
electron and one proton occura-[SiMozV'VWgOy 8~ exhibits

—0.27 V, which are due to the successive reduction of the threea weak acidity (K ~ 1.5). Both divanadium anions have a

vanadium atoms (Y — V).
(d) a-[PMo2VW gO4q)*~. This anion shows in acid solution

weak acidity (K ~ 2 for a-[PMoV!VVWg04®~, and K ~ 4
for a-[SiMoV'VVWgOy40""). For the trivanadium compound

(pH = 1) the same electrochemical behavior as that of the o-[SiV3WgOag "™, the curve can be interpreted as follows: (i)

homologous Si compound. A one-electron reductiofr@i61
V (VY —VNV)is observed, followed by a two-electron exchange
at+0.13 V (2M0” — 2MaV).

(e) a-[PMoV ;WqO4q]>~. The potentiometric curve of reduc-
tion of this compound at pH 4.7 shows four steps-8t40 (1e),
+0.09 (1e),—0.34 (1e), and-0.50 (2e) V. The number of

at pH> 9.5, the redox potential does not depend on the pH so
no protonation transfer occurs during the reduction process. (ii)
At 4 < pH < 9.5, the =60 mV/pH unit slope shows a
simultaneous exchange of one proton and one electron. The
pK of this weak acidity of the reduced anion is about 9.5. (iii)
In the 3-4 pH range, a decrease in the slope near zero is due

electrons involved in each step and the electronic spectra leadto the protonation of the oxidized form @f-[SiVsWgOag] "~

to the proposal that, in a behavior opposite to that of the homo-

logous Si compound, reduction of the single W1¢—0.34 V)
occurs before those of the two vanadium(IV) atom®.60 V).
Electronic Spectra. Energies and extinction coefficients of

and the redox equilibrium does not involve the proton. Below
3, a slope of~60 mV/pH unit is observed again and indicates
a novel proton exchange during the reductioK ¢ 3).

For a-[PVaWg040]®~, the variation of the redox potential with

the electronic transitions of some representative species arehe pH does not reveal the same features. This difference is

collected in Table 2, and spectra corresponding to the different

states of reduction af-[PMoV,WgO4c]®~ are shown in Figure
4.

(14) Altenau, J. J.; Pope, M. T.; Prados, R. A.; Sojitirg. Chem1975
14,417.
(15) Teze A.; Herve G. J. Inorg. Nucl. Chem1977 39, 2151.
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Figure 5. Variation of the first redox potentials #— V'V) (vs SCE)
with pH: (@) o-[SiM03 -V \WgOao] *™~ and (b)o-[PM0s—xV, WgOsg) S~

likely due to the strength of the first acidities of the oxidized
(pPK &~ 1.5) and the reduced anion. The protonation of both
forms should occur in a narrow range of pH. The value of the
pK of the first weak acidity of the reducedH[PV'VV ;WgOy] ¢~

is 8.5.

The narrow range of extrapolated redox potential at pH
= 0 (0.50-0.52 V) for all compounds but one seems to
indicate that protonations of the different compounds then
give isocharged oxidized complexest-[SiM0o,VW Oy,
o-H [SI MoV 2W904o] 5 ,a-H 2[8iV3W9040] 5_, Q-[P M 0V2W9040] 5 ,
anda-H[PVaWsOsd5~. The monovanadiura-[PMoVWgOsdl*~
anion exhibits a highest potential at pHO (+0.61 V) because
of its lower charge. The first redox potential of anions’/(V

Inorganic Chemistry, Vol. 35, No. 2, 199&85

Table 3. ESR Parameters of the One-Electron-Reduced Anion at
77 K Under Trapped Electron Conditions

anion 0o o An(G) A (G)
0-[SIMOVWO4g]®~ 2 1.973 1.940 68.0 170.0
Oo-[SIMOVWgOyq] " g=1.9710 1939 A,=60.0 167.5

gs = 1.9745 As=57.1
0-[SiV3WgO40)8~ P 01 =1.9875 1.9370 A;=60.0 184.0

0= 1.9815 A= 59.0
0-[PM02VWgO4o]5— a  1.975 1.935 61.0 168.0

a X-band recording® Q-band recording.

Table 4. Isotropic ESR Parameters of the Anions at 330 K

anion pH g0 [AOG)
0-[SIMO2VW gO40) &~ 47 1.960 96.0
0-[SiMOV ;WgOug] "~ >4.5 1.959 50.5
<35 1.962 75.0
25.0
0-[SiV3WgO40] 8~ 5-12 1.960 68.0
17.0
a-[PM0VWgOag]5~ 1.0 1.961 95.7
0-[PM0oV2WoOuq] &~ 2-6 1.959 53.0
0-[PV3WgOuq] ™ 5-11 1.954 ~72.0
~18.0

ESR Spectra. The values of the isotropic and anisotropic
andA parameters are reported in Tables 3 and 4, respectively.

(@) a-[SiIM02V'VW¢0,40)®~ and a-[PMo,V!VWg040)5~. The
ESR spectra of the monovanadium anions recorded in solution
at 330 K reveal a typical ¥ signal and exhibit the eight
hyperfine lines due to the coupling of the unpaired elect®n (
= 1/,) with the nuclear spinl(= 7/,) of the 100% abundance
51V isotope. The frozen solution or powder spectra of both
anions recorded at 77 K exhibit the perpendicular and parallel
components characteristic of thé™on in an axially distorted
ligand field. No orthorhombic feature can be seen on the
spectra, showing that the orthorhombic component of the ligand
field must be smaller than the experimental line width. The
symmetry around the 4 ions can be approximated @y,.

(b) o-[SIMOV'VVW gO4q]~. The ESR spectra of this anion
in solution at 330 K and in dilute polycrystalline mixture
between 300 and 12 K are presented in Figures 6 and 7. The
isotropic X-band ESR spectrum of the unprotonated anion in
aqueous buffer (pH= 5.0) at room temperature (Figure 6a)
consists of 15 equally spaced linéA[(= 50.5 G,[g= 1.959),
showing that the unpaired electron interacts with the two
equivalent vanadium nuclei. The feature of the spectrum is
unchanged from pk: 4.5 to pH~ 9. At pH~ 3, protonation
of the compound (g ~ 4) leads to a more complex spectrum
consisting of 29 experimental lines each spaced by about 25 G.
Spectra recorded at pHE 3 and pH= 5 were found to
be reproducibly interconverted (the polarographic study of
o-[SIMOVVVW Oy~ has revealed that this compound is
stable in acidic medium at pHl 2). The proposed interpretation
will be discussed below in the Discussion Section. The ESR
spectrum of the dilute polycrystallinezlSiMoV'VVWgQyq] in
Kg[HSIiV3WgOyo (Figure 7) recorded at room temperature
displays complex sets of lines. The experimental spectrum is
in good agreement with three sets of 15 lings€ 1.942,A;
=86.0 G;gp = 1.966,A, = 42.5 G;gz = 1.972,As = 24.5 G),

V'V) determined for unprotonated species depends on the anionicshowing that the unpaired electron interacts with two equivalent

charge with a variation of about0.21 V per charge unit, in
agreement with Popet al. 18 who have noted an analogous trend
for a-[XW 12040"~ and o-[PVxW12-xO40] @~ anions and

vanadium nucleil(= 7). The temperature dependence of the
ESR spectrum has been studied. It appears that the spectrum
is strongly changed between 300 and 80 K. At the present time,

proposed an electrostatic model in order to explain such athe variation of theg andA parameters with temperature could

correlation.

(16) Pope, M. T.; Varga, G. Mnorg. Chem.1966 5, 1249.

not be extracted from our simulation program. Then, from 80
to 12 K, the spectrum does not vary significantly. In this
temperature range, the complexity of the spectrum seems to
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Figure 6. Measured (bold line) and calculated (normal line) X-band
ESR spectrum ofi-[SiMoV'VVWg04] ", in solution at 330 K: (a) at
pH =5 (deprotonated anion) and (b) at pH3 (monoprotonated anion);
power, 10 mW; amplitude modulation, 10 G; frequency modulation, 2600 3000 3400 3800 4200
100 kHz.

indicate that the electron still interacts with the two vanadium Figure 7. X-band ESR powder spectrum afK-{SiMoVVVWeOug
even at 12 K. In contrast, the Q-band spectrum recorded at 77t itferent temperatures.

K on dilute frozen solution of lithium salts consists of three

sets of eight lines, indicating that the electron is firmly trapped Table 5. Ag = gn — gi, AA = A; — Ag (Gauss), ana? Values for

on one vanadium atom in an orthorhombic ligand fiedg € the Monovanadium Compounds

1.939,A1 = 167.5 G;g, = 1.971,A2, = 60.0 G;gz = 1.974,A3 anion Ag AA o? ref

=57.1C). , a-[SIMOVWsO,®~ 0033 102 080 a
(c) o-[PMoV'VVW gO,g]®~. In solution at room temperature 0-[SIVW 11040 0.048 118 0.92 19

and pH 4.7, the isotropic X-band ESR spectrum of this  o-[PMoVW¢Oag5~ 0.040 102 0.84 a

compound shows 15 equally spaced lines= 53 G, [gO= 0-[PVW11040]%~ 0.056 122 0.89 18

1.959). Recording of the spectrum of the monoprotonated  athjs work.

compound is not possible becauseH[PMoV'"YVWgO4q]®>~

decomposes in vanadyl cation and unknoyvn species at a pH ofpiscussion

around 1. At room temperature, the dilute polycrystalline

potassium sali-Kg[PMoV!V VWO, gives the same behavior Symmetry of the V4T Sites. The undecatungstovanado(lV)
as the analogous divanadium silicic aniaa € 1.940,A; = phosphate and silicate, previously investigated by Pope
87.5G;0, = 1.963,A; = 45.7 G;gz: = 1.973,As = 24.4 G). At et al® and Sancheet all8 give some reference data for*V

77 K, the X-band anisotropic spectrum of the frozen solution ions surrounded by four tungsten atoms. In such a surrounding,
gives a complicated spectrum which could not be simulated. the vanadium(lV) atom appears approximately in Gg,

(d) e-[SIVIVV,Wg04q®~. The isotropic X-band spectrum  Symmetry instead of the formé&ls expected one. The replace-
of the trivanadium-substituted anion in solution at pH 5.0 and ment of two tungsten(VI) by two molybdenum(VI) atoms
T =360 K has been recorded by Mossaiall’ We obtained  gives thea-[XMo2VWgO4q]"™ in which V(IV) and Mo(VI) are
a similar spectrum which consists of more than 40 equally located in the positions 1, 2, or 3 (Figure 1), but does not modify
spaced lines. The spectrum pattern remains unchanged fronthe symmetry of the vanadyl group. However, the axial
pH = 2 to pH= 12. The anisotropic Q-band spectrum of the distortion of V** appears reducedAg varies from 0.048 to
lithium salt of this anion as recorded in frozen solution at 77 K 0.033 andAA from 118 to 102 G whem-[SiVVW11040]%" is
shows three sets of eight well-resolved lines characteristic of changed intoo-[SiMo2VVWoOu]°~ (Table 5). A similar

one \#* center located in a orthorhombic ligand fielgy (= variation is observed for the phosphoric anions. In addition,
1.937,A; = 184.0 G;g, = 1.9875,A; = 60.0 G;gs = 1.9815, according to classical results, the unpaired electron lies in the
As = 59.0 G). b, molecular orbital, which in a LCAO-MO approach could be
(17) Mossoba, M.; O’Connor, C.; Pope, M. T.; Sinn, E.; Her@e, Tezg, (18) Sanchez, G.; Michaud, M.; Livage, J.; Her@ J. Inorg. Nucl. Chem.

A. J. Am. Chem. S0d.98Q 102, 6864. 1981, 43, 2795.



Mixed Valencea-[XMo3-xV\WgO4o]"~ Heteropolyanions
expressed as:
[b,0= afd, [H ' ¢y,

The o? coefficient, which characterized the fractional con-
tribution of the gy orbital to the ligand field i can be extracted
from the ESR parametet8. a? can be approximately expressed
as

—A
Y s Tha + g, — 2.0023— %(gm —2.0023

6 P

with P = 0.0128 cn1? for V2* ions. a2 values decrease from
0.92 to 0.80 for the silicic anions and from 0.89 to 0.84 for the

phosphoric ones when two tungsten atoms are replaced by two

molybdenum atoms. The low value af? for o-[XMo,-
VWgOs]"™™ may be due to a partial delocalization of the
unpaired electron into the 5d orbitals of the two Mogoups
that share a corner with the \AQoctahedron. This result
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Figure 8. Expanded X-band ESR powder spectraoeK,[SiMoV'V-
VW04 at various temperatures.

each one of which is split into eight equal pagg( To produce

suggests that the presence of molybdenum atoms in the vicinitythe 29 lines, the ratiay/a, must fall near 3. The best fit of the

of the VOs enhances the covalency of the-® bonds. In
addition, the substitution of molybdenum atoms for tungsten
atoms modified mainly thg, component which depends on the
dywy and dz-y2 molecular orbitals. A variation ofj indicates a
modification of the metatoxygen bond in thexy plane,
perpendicular to the ¥O distortion axis. The effect of the
molybdenum-tungsten substitution on the covalency of the
MoVY—0O and VW —O bonds has been previously reported by
Popeet al® For the unpaired electron trapped on the molyb-
denum atom, the valueg® = 0.62 and 0.76 were reported for
o-[PM0YM011040]*~ and a-[PMoYW11040]*~, respectively.

calculated spectrum gives = 75 G,a, = 25 G, andy = 1.962.
Such a result seems to indicate that protonation of th€©vV
bridge cancels or reduces strongly the electron motion at the
ESR time scale and makes both vanadium nuclei inequivalent.
Since the splitting pattern remains unchanged between 25 and
80 °C, we concluded that at these temperatures, the electron is
trapped on one vanadium atom but partially delocalized by about
25% on the other one. We note that the weighted average of
a and a; is 50 G, which is the observed splitting when the
electron interacts equally with both equivalent nuclei.

At room temperature, the ESR of the diluted polycrystalline

The Q-band ESR experiments show that at 77 K the unpaired potassium sali-K;SiMoVVVWOy reveals a hyperfine struc-
electrpn remains trapped on a.smgle vanadlum atom for the di- ture which consists of three sets of 15 equally spaced lines.
and trivanadium-substituted anions. Owing to the well-resolved The simulation of the spectrum leads to the hyperfine constant

Q-band spectra of the di- and trivanadium anions dsdallts,

valuesA; = A, = 86.0 G,A> = 42.5 G, andA; = 245 G. It

a slight discrepancy from the usual axial symmetry can be seems surprising that the y hyperfine componentsAg, As)

revealed; a third component for the expression ofglad A

would be so different, indicating that the site is strongly distorted

tensors is pointed out when molybdenum atoms are replacedin the xy plane. An explanation would be to consider the site

by vanadium(V) atoms. The orthorhombic symmetry can be

as two corner-shared vanadium octahedra in which the main

qualitatively explain by changes in the charge density of some axis of both tensorg andA is taken exactly halfway between

oxygen atoms linked to the vanadium(IV) atom>y plane.
The replacement of a molybdenum(VI) atom for vanadium(V)

increases the charge of the anion that induces an increase ofvould correspond to the delocalization axis.

the charge density on oxygen atoms of th& %O—M oxo
bridge. Consequently, the presence of théAO—VV oxo
bridge with respect to ¥—-0—-M"Y!' (M = Mo or W) induces
some distortions in th&y plane of the V** center.

Electron Delocalization. (a) Dinuclear systems.n solution
at 293 K, unprotonated-[XMoV VVW 04"~ anions give ESR

the V=0 vectors in the plane containing them. In theplane,
the y axis would be directed along the~\O—V bridge and
The smaller
hyperfine constant results from a lowest magnetic interaction
of the unpaired delocalized electron with both vanadium atoms
and then could be assigned to the component ofAtttensor
directed along the delocalization ayiS(As = Ay = 24.5 G).
The remaining value is then attributed to theomponent &,
= A«=42.5G). The apparent orthorhombic ESR signal would

spectra consisting of 15 equally spaced isotropic lines. The not be mainly induced by geometric distortion of Y@tahedra
unpaired electron interacts with two equivalent vanadium nuclei but would be enhanced by a preferential axis for the electron

(I =7). The spectrum af-[SiMoV'VVW Oy "~ becomes more
complex when the pH is less than thK pf the first acidity

delocalization. The ESR spectrum of the potassium salt of the
divanadium anion has been recorded at different temperatures

(pK ~ 4). At pH 3, the protonation of the anion leads to the between 300 and 12 K. The behavior of this complex appears
emergence of 29 equally spaced lines. The resulting spectrumquite similar to those of KHo[PV'VV,WqO4q previously studied

can be interpreted in accordance with two possibilities: (i) The by So?° In order to understand the variation of the ESR
delocalized electron interacts magnetically with the hydrogen spectrum with temperature, let us consider the lowest field lines
nucleus, giving a 30-line spectrum related to the splitting of corresponding tany = —7, —6, and —5 (m is the angular
each of the 15 lines into two components. A similar experiment moment of nuclear spin), as shown in Figure 8. When the
performed in deuterium oxide at pH 3 gives an identical 29- temperature decreases from 300 to 80 K, the odd lines get
line spectrum that allows exclusion of this assumption. Fur- narrower gradually (from 30 to 16 G fon, = —7). This can
thermore, the simulated spectrum does not produce a correcte explained by a decrease of the hopping rates of the electron
intensity pattern. (ii) The electron is trapped on one vanadium between the two vanadium nuclei. As was shown for the mixed
atom but partially delocalized on the adjacent one. This inter- valence tungsten polyaniofsthe line width is temperature
pretation assumes a spectrum of eight equally spaced kigles ( dependent as a linear plot of 1@d{p,) = (1/T) (0Hpp is the

(19) McGarvey, B. RTransition Met. Chem1966 3, 89. (20) Lee, W. C.; So, HBull. Korean Chem. S0d.986,7, 318.
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temperature dependent part of the line width). At the limit when addendum atoms form a metallic triad of three edge-shared
the electron is trapped on one single vanadium atom, this line octahedra and the electron is totally delocalized on the three
corresponds tan, = —7/, resonance. At the opposite end, as equivalent vanadium atond&:24 In such a structure, the extent
the temperature decreases from 300 to 80 Knthes —6 line of the V—O—V & bond, as a result of the-125 V—0—V
broadens and becomes asymmetric, and then splits into twobridge bond angle, is assumed to be lower than the extent of
components which move toward the = —7/> andm = —5%; the V—O—V x bond (158) in the a-(1,2,3)[PVVV WgOs0] ~,
lines, respectively. This behavior can be explained by a which would induce a more delocalized electron in the latter
progressive decrease of the hopping rate of the electron betweeompound. Actually, an opposite trend is observed for both
two nuclei ofm = —7/, andm, = —%5. All lines for them, = anions that would suggest two kinds of interaction between V
my + m values withm, = m, have the same temperature centers depending on the arrangement of the three V centers.
dependence that explains the complexity of the whole spectrum.|n a previous work, we suggested that increasing the vanadium
Below 80 K, the ESR spectrum appears nearly independent fromatom number in theo-[SiMoz_VWgOsg @0~ induces a
temperature, and we never got an isolatelt gignal. This shortening of the WV distances with respect to the-WV and
observation would indicate that at 12 K, the transfer of the \v_mo distance$. This assumption was based on some values
unpaired electron could still occur. Such results demonstrate of the homonuclear coupling const&dfy_o_w determined by

that the activation energy for electron transfer is not fixed but 183y NMR and by the5lV line width. We observed that the
decreases as the temperature falls to a near zero value. Atlowey, . coupling constant involving tungsten atoms of the

temperature, activationless electron transfer in the form of \y_q_yy bridge in the alignment of the V-O-V bridge
tunneling predominates. The comparison of Q-band and X-band jecreased gradually as the vanadium atom number increased.
spectra shows that the electron is trapped on a single atom foryye proposed that a concerted displacement of the metallic atoms
the 35 GHz frequency (Q-band) but always interacts with the |o54s 10 a successive alternation of short and MirgO bonds

tWIO tv?jn?diﬁm tatorg;;fat 9.t5éBSHRz t(.X-band?. Th'z result C?" tt;]e which originated from short ¥V distances. In accordance with
refated to the two difieren Ime scales and suggests thaty, o conclusions, the decreasing of the relaxation times of the
the e_xchange frequency should be I.OW enough to opser\(e 31y for the di- and trivanadium anions could be related to a
localized electron at 35 GHz and high enough to visualize greater distortion of the adjacent @ctahedra, induced by

an electron motion at 9.5 GHz. The divanadium anion : :

: ; the shortening of the ¥V lengths. Such a shortening could
- \%
a-Keg[PMoVIVVW40yq], as a diluted polycrystalline sample, close the VOV angle, to a great enough degree in

ibi i i IV
exhibits the same behavior asK7[SIMoV!VVWgOyq. At room a-[SiVsWsOugd® to cancel the electron transfer between

temperature, the spectrum consists of three sets of 15 Iines,the three vanadium centers. For the divanadium anion
which indicates that the delocalization of the electron generates . = X ’
9 o-[SiIMoV,Wg04q"~, the 15-line spectrum interpreted as an

204, anth. — 45.7 G). Thersfore, the éven ranciiomai—  ©I°Cton MODDINg suggess a higher -V angle than for

—6 or m = +6 appears substantially broadened with respect 0-[SiV3WeOag®". Under protonation conditions, the 29-line

to the odd linesn = —7 or +7 at room temperature for the P spectrum which would resul_t from partial localization of the
single electron on one vanadium nucleus (about 75%) and from

compound but only afl ~ 170 K for Si compound. This delocalizati f the adi h indi hat th
observation is consistent with a lower transfer rate for the delocalization of the adjacent other seems to indicate that the

electron in a-Keg[PMoVVVWgOyq than in o-K7[SiMoV!V- protonation of the -O—V bridge destroys thest—psr transfer
VWqOugl. to give rise to superhyperfine interactions. Such a conclusion

(b) Trinuclear Systems. Thea-H[SIVVV WoOag spectrum fully agrees with those proposed by Pope and So from results
in solution at pH 5 has been reported and interpreted by Mossoba0Pt&ined on analogous compounds. Then, such transfer should
et aliand correctly simulated by Set al22 They obtained strongly dgpend on the bond order of the V—O—\_/ junctions.
more than 40 equally spaced hyperfine lines due to the FOf the mixed Dawsom-[PV'VV,W15067] %~ anion, in spite
interaction of the electron trapped on one vanadium atom with ©f @ lower angle value~120°), a complete electron delocal-
two equivalent vanadium nuclei. The theoretical spectrum ization is observed resulting in a characteristic 22-isotropic-

would consist of 120 lines, but the overlapping of much of them line ESR spectrum. This result does not agree with an electron
gives only around 43 observed lines. Mossebal.concluded  transfer through the ¥O—V x bonds and needs other explana-

that the electron is partially localized on one vanadium atom tons: In such a system of three edge-sharing; \@Crahedra,

(66%) and partially delocalized by about 17% on each of the the electron delocalization could originate from direct overlap
other two. In order to explain the nonequivalence of the three O the three g, orbitals. ‘In such a case, the shortening of the
vanadium atoms, the authors invoked the presence of one protory ~V distance and the low ¥O-V angle value would be
on a V-0O—-V bridge. However, we have observed that the fa_vorabl_e for d-d interactions. Then, we t_hlnk that for
feature of the spectrum was kept at whatever the pH conditions fivanadium systems, the electron delocalization could occur
were (5< pH < 12). So, the partial delocalization of the through two kinds of interaction: (i) When the vanadium atoms

unpaired electron does not appear to be dependent on theshare corners, the single electron coqu be transferred t.hrough
protonation of the V-O—V bridge. Thea-[PVVV,W¢Oad7~ the vanadium-oxygen dz—p:_r overla_lp. (ii) When the vanadium
anion gives a similar result in the-8.2 pH range and was atoms share ed_ges, thg spin density could be transferred through
previously interpreted by Set al., who invoked the presence  diréct V=V dyy interactions.
of protonated bridgé? Thus, in view of our results, the previous Acknowledgment. We thank Bernard Morin for recording
reported assumption seems dubious, and the nonequivalence oESR spectra and Professor Didier Gourier and Professor Leonid
the three vanadium atoms may originate from another explana-Kazanskii for fruitful discussions. The research has been
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A different behavior was observed on the mixed Dawson
anion a-[PoVVVoWi5067]19.  In this complex, the three 1C9409080
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