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Abstract: The synthesis, isolation and
structural characterization of the sulfite
polyoxomolybdate clusters a-(Ds,)-
(CyHuN)4{a-[M0,3054(SO5),]}-CH;CN
and B-(D34)(CooHasN){{B-[M01505,-
(SO;),]}*CH5CN is presented. Voltam-
metric studies in acetonitrile (0.1m
Hx,NCIO,, Hx,N =tetra-n-hexylammo-
nium) reveal the presence of an exten-
sive series of six one-electron reduction
processes for both isomers. Under con-

by photochemical reduction. Spectroe-
lectrochemical data imply that reten-
tion of structural form results upon re-
duction, so that both a and f§ isomers
are available at each of the 4-, 5-, and
6-redox levels. However, the o isomer
is the thermodynamically favored spe-
cies in both the one- and two-electron-
reduced states, with f—a isomerization
being detected in both cases on long
time scales (days). EPR spectra also

imply that increasing localization of the
unpaired electron occurs over the o-
and B-[Mo,505,(SO;),]°~ frameworks as
the temperature approaches 2 K where
the EPR spectra show orthorhombic
symmetry with different g and hyper-
fine values for the o and { isomers.
Theoretical studies support the obser-
vation that it is easier to reduce the o
cluster than the f form and also pro-
vide insight into the driving force for

ditions of bulk electrolysis, the initial
[Mo;5054(SO5),]* ®" and  [MoyOs,-
(SO;),]’ " processes produce stable
[M0,3054(SO3), ™ and [Mo,50s,-
(S05),]°~ species, respectively, and the
same reduced species may be produced

lations -
spectroscopy

Introduction

Polyoxometalates (POMSs) constitute a class of inorganic
cluster compounds that are of eminent interest due to their
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p—oa isomerization in the reduced
state. Data are compared with that ob-
tained for the well studied a-[Mo;3Os,-

EPR
(SO,),)]* sulfate cluster.

vastly diverse structures'!! and properties.”) Both iso- and
heteropolyoxometalates have been studied intensively to
elucidate their electronic and molecular properties that give
rise to a variety of applications in catalysis,®! medicinal
chemistry®® and materials science.” One particular char-
acteristic of POMs is the formation of thermodynamically
very stable and high symmetric structural archetypes, such
as the O,-symmetric {M,} Lindqvist, the T,-symmetric {M;,}
Keggin, and the Ds,-symmetric {M,3} Dawson anions.

The Dawson structural type ([M;3054(X0,),]""; M=Mo,
W, and X=P, S), which is of interest in this paper, was dis-
covered over fifty years ago and since then has been the
subject of hundreds of papers.”>'®l The conventional
Dawson structure incorporates two tetrahedral anions such
as PO~ 15191 A5O3~ 171 SO 2,152 or C10,72"? within the
elongated polyoxometalate cluster shell. In contrast only a
few examples of {M;s} Dawson-like cluster hosts that con-
tain non-tetrahedral anions are available. Examples include
a single pyramidal anion (BiO;*~ or AsO;*") in each clus-
ter,? or a di-tetrahedral anion (P,O,*", containing two
corner-sharing tetrahedra).”?! We recently synthesized
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clusters with a metal-oxo framework that resembles the
Dawson structure, but incorporates two pyramidal anions
rather than the tetrahedral anions found in the Wells—
Dawson structure type. This endeavor was motivated by the
fact that such clusters containing pyramidal anions may ex-
hibit novel properties arising from the intramolecular elec-
tronic interactions between the two closely grouped anions
that are ligated to the two {My} halves of the cluster sphere.
We selected sulfite (SO;77) as a prototypal pyramidal anion
for our studies, as it matches the size requirements of the
M, cluster sphere and represents a relatively polarizable,
soft Lewis base. Furthermore, structurally characterized
polyoxomolybdosulfites of this kind are rare. Examples
include  (NH,),[Mo0sO,5(SO;),]-4H,0,F  (NH,)s[Mo,O,-
(S05),]2H,0F" and the framework structures (NH,)-
[M0,,0,(S0;),6]-4H,0F" and (NH,),5{Na[Mo,,0,,-
(SO5),]b}-5H,0.PY These structures are of potential biologi-
cal interest as one kind of sulfite oxidase is based on molyb-
denum metalloenzymes. In this context, the structural and
electronic characterization of POM-based sulfite is an at-
tractive goal.F>4

In our previous work, an unprecedented class of 18-mo-
lybdosulfite clusters, [Mo;505,(SO;),]*” was isolated and
characterized in two isomeric forms.”” In both configura-
tions, the pyramidal, C;,-symmetric SO; groups are aligned
with the principal C; axis of the cluster, whereby the lone
electron pairs are oriented toward each other within the
cluster shell and the S—S distances of 3.23 and 3.27 A fall
below the sum of sulfur van der Waals radii of 3.6 A. These
o and B isomers differ in their relative orientation of the
two SO; moieties and their adjoined {Mo,} cluster halves,
whereby the two {SMo,} half units are either mirrored (o)
or rotated by 60° to each other (f3) (Figure 1). Both isomers
were found to exhibit fully reversible thermochromism and
their tetrabutylammonium salts change color from pale
green at 77 K to dark red at 500 K. This fact is attributed to
a pronounced dependency of the lowest unoccupied molecu-
lar orbitals on small geometrical changes of the oxo posi-
tions of the polyoxomolybdate framework that are typical
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for thermal vibrations, while the two highest occupied mo-
lecular orbitals, centered on the sulfite groups, remain ener-
getically unaffected by these vibrations.!

Intuitively, it may be envisaged that direct comparison of
isomers of the sulfite and the well-known [M;505,(SO,),]*
Wells—-Dawson anions should be possible. However, it is im-
portant to note subtle nomenclature differences used to de-
scribe the two sets of cluster may need to be considered.
Many isomers are possible for the classical Wells—Dawson
sulfate structure with tetrahedral anions and these are refer-
red to as a, B, v, o*, p*, and y*.**! In contrast, there are only
two possible isomers for [Mo;sOs,(SO5),]*" clusters that
have been labeled o and . Although both the a-sulfite
{Moys} cluster and the alpha Wells—-Dawson sulfate cluster
have comparable metal-oxo frameworks with D5, symmetry,
the (-sulfite {Moys} has a metal-oxo framework that has D5,
symmetry. Thus, whilst the two § forms can be said to be re-
lated with respect to relative positions of the capping Mo
atoms (Figure 1), in terms of symmetry the D;,; y*-Wells—
Dawson cluster and not the (B-Wells-Dawson may have
more comparable metal-oxo framework structures.” For
purposes of comparison, only the a form of [Mo;Os,-
(SO,),]*" has been characterized® but there is a D3, y* W-
based sulfate Wells-Dawson cluster."!

Herein we describe the synthesis and structural character-
ization of the pure a and 3 forms of the clusters. Electro-
chemical data are reported in an acetonitrile and in anionic
liquid and emphasize the formation of their one- and two-
electron-reduced ions. Comparisons are made with the a-
sulfate analogue and the o- and y-[W50s,(SO,),]*” isomers
to assess the changes in redox properties introduced by re-
placement of sulfate by sulfite. EPR spectroscopy of the
one-electron chemically reduced sulfite clusters at reduced
temperatures (77 K) is able to distinguish between the two
isomers. Further, we are able to deduce the extent of elec-
tron delocalization through the observation of spectral fea-
tures due to the Mo hyperfine interactions at liquid
helium temperatures. Such observations appear to be with-
out precedent in the EPR spectroscopy of the Moy
Dawson-Wells type clusters.
Finally, density functional
theory (DFT) calculations are
employed to help rationalize
chemical and electronic prop-
erties.

Experimental Section

Synthesis: Crystalline samples of the
molybdenum sulfite polyoxometalates
were produced by adopting a solvent-
mixture reaction previously report-

Figure 1. A ball-and-stick representation of the structures of the sulfite-based Dawson-like clusters: a) f3- ed™ as follows: A solution of

[Mo0,505,(SO5),]*~ (2a), b) a-[Mo""305,(SO5),]* (1a), and ¢) a comparison with the classical a-type sulfate-
based Dawson anion [Mo;305,(SO,),]*",®” whereby the central anion templates are represented as yellow
polyhedra. The bonds between the oxo positions of the heteroanions and the adjoined Mo positions are shown
in green (S: yellow; Oyt 1€d; Opereroanion: Orange; capping Mo: dark blue; “belt” Mo: light blue).
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Na,MoO,2H,0 (4.8 g, 20 mmol) and
Na,SO; (045¢g, 3.6 mmol) in H,O
(30 mL) was added with HCI 37%
(9 mL), followed by the addition of
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acetonitrile (50 mL). The resulting mixture was refluxed for 1 h and upon
cooling, the mixture was added with tetrapentylammonium bromide
(PnyNBr) (2.7 g) in water (600 mL) to afford a yellow precipitate and this
was collected, washed with water, and dried under vacuum. Recrystalliza-
tion of the solid in acetonitrile afforded firstly fine block orange crystals
(yellow powder after losing solvated solvent) of (PnyN){B-[Mo;30s4-
(SO;),]}*CH,CN (2; yield 0.16 g, 3.6 %), and then long lath orange crys-
tals of (PnyN),{a-[M0,305,(SO3),]}*CH;CN (1; 0.96¢g, 22%) and pale
yellow crystals of (PnyN),[MosO,] as the remaining by-product, which
were separated mechanically. Although the a- and B-polyoxometalate
anions found in 1 and 2 form in the same reaction system, experiments
showed that they can be separated by recrystallization. For 1, IR (KBr
disk): 7=23448, 2956, 2870, 1480, 1379, 971, 902, 781 cm'; elemental anal-
ysis caled (%) for CyH;76M01sN,OgS, (losing solvent CH;CN): C 24.35,
H 4.50, N 1.42; found: C 24.38, H 4.40, N 1.49. For 2, IR (KBr disk): 7=
3436, 2956, 2870, 1481, 1380, 1246, 968, 903, 787 cm'; elemental analysis
caled (%) for CgH,76Mo0;5N,OgS, (losing solvent CH;CN): C 24.35, H
4.50, N 1.42; found: C 24.32, H 432, N 1.37.

Electrochemical studies: Acetonitrile (Merck) containing the electrolytes
Hx,NCIO, or Bu,NPF (Fluka of Puriss Grade) was used for all voltam-
metric studies in an organic solvent. Ionic liquid electrochemical studies
were conducted in BMIM-PF (1-butyl-3-methylimidazolium hexafluoro-
phosphate, >97%, Sigma-Aldrich), which was dried and purified over
basic alumina before use. Solutions used for electrochemical studies were
degassed with nitrogen for at least 10 min to remove dioxygen.

Electrochemical experiments were undertaken at (18 £2)°C with a BAS
100 A Electrochemical Workstation (Bioanalytical Systems, West Lafay-
ette, IN) using a standard three-electrode configuration. The working
electrodes used for cyclic voltammetry were glassy carbon (1.5 mm diam-
eter, Cypress Systems) or Pt (1 mm diameter) disks. The auxiliary elec-
trode was a 1-mm diameter Pt wire. The quasi-reference electrode con-
sisted of a silver wire dipped into CH;CN (electrolyte) or in ionic liquid
but separated from the test solution by a porous frit. The potential of the
quasi-reference electrode was calibrated against that of the IUPAC-rec-
ommended Fct/Fc process (oxidation of Fc (Ferrocene) as an internal
reference). Rotating-disc electrode experiments used a GC disc-electrode
(3 mm diameter, Metrohm), which was rotated by a variable speed rota-
tor (Metrohm 628-10).

The bulk electrolysis method was used to prepare the one- and two-elec-
tron-reduced species in acetonitrile. The working electrode was a Pt
gauze basket placed in a glass cylinder with a porous glass frit in the
base, which was arranged symmetrically inside a Pt gauze basket (the
auxiliary electrode). The reference electrode was the same as used for
cyclic voltammetry in acetonitrile. The auxiliary electrode compartment
was filled with CH;CN (0.1m Hx,NCIO,), while the working electrode
compartment was filled with CH;CN (0.1m Hx,NCIO,) containing o- or
B-[Mo03054(SO;),]*". During bulk electrolysis, the working electrode was
held at the appropriate potential and the solution was stirred vigorously.
The electrolysis was stopped when the current achieved a value of 1% of
the initial current. One- and two-electron-reduced compounds were iso-
lated as solids by adding ethanol to electrolyzed solutions. The precipi-
tate formed was collected by filtration and washed with ethanol. Dissolu-
tion back into acetonitrile, followed by slow diffusion of ethanol led to
formation of microcrystalline material (not suitable for structural charac-
terization by X-ray analysis).

The procedure for mechanical adherence of solid-state compounds onto
the electrode surface is described in detail elsewhere.””! In summary, a
small amount of microcrystalline solid was placed on weighing paper,
then the solid is adhered to the working electrode by pressing the surface
onto the paper. The modified electrode was then directly placed in con-
tact with the solvent (electrolyte) or ionic liquid solution. Prior to each
electrochemical experiment, the working electrode was polished with a
0.05-um AL Oj; (Buehler) slurry, washed with water, and dried with tissue
paper.

Spectroscopic and EPR studies: UV/Vis and near IR spectra were re-
corded in a 1-mm path length cell using a Cary 5 spectrophotometer con-
trolled by a personal computer. EPR experiments were carried out with
a Bruker ESP 380E FT/CW X-band EPR spectrometer using either a
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standard rectangular TE;, cavity or a Bruker ER 4118 dielectric resona-
tor. With the rectangular cavity, the temperature of 77 K was obtained
with a Bruker liquid nitrogen finger Dewar. A nitrogen gas flow insert
Dewar was used for temperatures between about 106 K and room tem-
perature (~295 K). At least five minutes was allowed for thermal equili-
brium to be established. Temperatures between 2.3 K and about 175 K
were achieved with the dielectric resonator inserted in an Oxford Instru-
ments CF 935 cryostat. The temperature was calibrated again a germani-
um thermometer using a carbon resistor as a transfer standard.

Microwave frequencies were measured with an EIP Microwave 548 A
frequency counter and g values were determined with reference to the
F* line in CaO (g=2.0001+0.0002)."" EPR spectral simulations were
performed by using the SOPHE software described by Hanson et al.l*’)
The SOPHE program takes account of the relative abundances of the
various Mo nuclei. Benzyl alcohol (BDH) was added to an acetonitrile
solution containing a- or B-[Mo,3Os,(SO5),]*" and the samples were ex-
posed to sunlight in a soda glass container to assess the photoactivity of
these sulfite polyoxometalates.

Theoretical studies: Density functional theory (DFT) calculations were
carried out using the TURBOMOLE 5.7 package employing B3-LYP
functionals and TZV(P) basis sets including effective core potentials for
Mo. All systems were allowed to relax geometrically until the total
energy remained consistent within 10> kJmol !, whereby maximal posi-
tion shifts of <0.15 A were observed (most pronounced for terminal oxo
centers).[*!

X-ray crystallographic studies: Suitable single crystals of 1 and 2 were se-
lected from the crystallization and were mounted on a thin glass fiber
using Fomblin oil. X-ray intensity data were measured at 150(2) K on a
Nonius Kappa-CCD diffractometer [A(Mog,)=0.71073 A]. Data were
processed by using Denzo and Sortav or EvalCCD software. Structure
solution and refinement for 1 and 2 were carried out with SHELXS-97
and SHELXL-97 by using WinGX.""! Empirical absorption corrections
for incident and diffracted beam absorption effects were applied. Both
structures were solved by a combination of direct methods and difference
Fourier syntheses and refined against F* by the full-matrix least-squares
technique. The Mo atoms were initially located by direct methods, and
all other non-H atoms were found by successive difference Fourier syn-
theses. Only molybdenum and oxygen atoms were refined anisotropically.
Owing to high thermal disorder in the Pn,N* ion positions, these were
only approximately refined by utilizing suitable restraints of the N—C
and C—C distances. However, although the crystallographic analysis does
result in relatively high R values as a result of this disorder, this does not
affect the interpretation of the cluster geometries. Indeed, both the a and
B isomers are well defined. As in 1, there are two 0-[Mo;30s4(SO5),]*"
clusters in the asymmetric unit, both with D5, symmetry, and the two sul-
fite groups are eclipsed. In 2, only half of the B-[Mo,305,(SO5),]*" cluster
is defined by an asymmetric unit, the other half being related by an inver-
sion center, which confirms the cluster has D;, symmetry; as expected for
the f isomer. Crystal data, data collection parameters and refinement sta-
tistics for 1 and 2 are listed in Table 1.

CCDC-279456 (1) and CCDC-279457 (2) and contain the supplementary
crystallographic data (excluding structure factors) for structures in 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.

Results and Discussion

Syntheses: In our previous work,” the synthesis and separa-
tion of o and P isomers of sulfite-based polyoxometalate
{Moys} clusters using tetrabutylammonium as crystallization
cations was reported. However, using this approach, the a
isomer always co-crystallizes with a Lindqvist anion
[MoY%0,,]*" and this is not optimal for the measurement of
the electrochemical properties. Therefore other cations of
variable size including Pn/,N*, tetrapropylammonium
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Table 1. Crystallographic data for compounds 1 and 2.

1 2
empirical formula CyoHy76M01sN,OS, CgoH 76M0gN,O¢S,
M, [gmol™] 39453 39453
crystal system monoclinic monoclinic
a[A] 58.4432(9) 18.8881(5)
b [A] 18.0521(3) 18.8034(4)
c[A] 26.4620(4) 20.2033(5)
A 1°] 94.399(1) 96.825(1)
space group P2,/c P2,/n
vV [AY] 27844.6(6) 7124.6(3)
Z 8 2
Peatea [gEm™] 1.902 1.858
u [em™] 1.672 1.633
T [K] 150(2) 150(2)
no. observations 36915 6004

residualst®: R; R, 0.0672; 0.184 0.080; 0.278
[a] RI=S||F,| = | F| /2| F,|. wR2={E[w(F,’— FZ)V[w(FS Y}

(Pr,Nt), tetrahexaylammonium (Hx,N¥), and tetraphenyl-
phosphonuim (Ph,P*) were examined. The products with
Ph,P* and Pr,N* ions are sparingly soluble in acetonitrile
and no products are obtained using Hx,N*, with only
[MoY%0,]*" salts being isolated. However Pn,N* is found
to be ideal and it was possible to successfully separate the
two isomers avoiding co-crystallization of other polyanions.
Further, it was also found that the same polyoxometalate
product exists in the aqueous layer from the original synthe-
sis and can be recovered by treating both layers with
Pn,NBr. This significantly increased the yield for the f
isomer. It appears the a isomer has much higher solubility
than the f isomer. In addition, the re-crystallizations, if not
disturbed, yield very large crystals (mm) of [Mo"O]*"
salts as a by-product, which can be separated mechanically.
The B isomer forms first as fine orange crystal blocks (size
~0.2 mm), and the o isomer only crystallizes out when the
solution is nearly at dryness, producing long brown lath-
shaped crystals (up to many mm in length).

Structural analysis of compounds 1 and 2: Compound 1 crys-
tallizes as a monoclinic system with two a-[Mo,505,(SO5),]*"
(1a) anions and eight Pn,N™ ions found in the asymmetric
unit, plus some positions that can be identified as disordered
solvent (CH;CN). Cluster 1a incorporates two pyramidal
sulfite SO,>" ions as the central cluster templates and dis-
plays an overall approximate Dj, symmetry, with the hori-
zontal plane dividing the cage into two equal parts linked
together by six equatorial oxo ligands, see Figure 1a. Unlike
conventional Dawson clusters, 1a shows the distinctive
peanut-like shape of the {Mo,30s,} framework. Similar struc-
tures have also been observed for {W305,}-type cages in the
non-conventional Dawson-type compounds (Me,N)g-
[Wi505,(OH)5(BiO;)]*) and  (HyN),[W3054(O)(OH),-
(AsO;)].”Y Notably, 1a is almost isostructural to 18-molyb-
dopyrophosphate [Mo,;30s,(P,0,)]*", which was previously
reported in (BuyN),[Mo,305,(P,0;)],% % except in this
latter case an oxo ligand connects the two phosphorus cen-
ters. The coordination mode for the template XO; in our
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clusters is significantly different from that of XO, in conven-
tional Dawson forms. In conventional Dawson clusters, one
of the four oxo ligands of the tetrahedral XO, moiety coor-
dinates to the three capping M centers and the remaining
three ps-oxo ligands each bridge two of the six “belt” M
centers, see Figure 1. In both the Dawson and our clusters,
the six “belt” M centers can be divided into three groups of
two adjacent metal centers according to their environment
with regards to the capping M centers, that is, two “belt” M
centers with one capping M center forming a “closed trian-
gle”. In the coordination mode of a XO, heteroanion, three
W-oxo ligands can either bridge two “belt” M centers within
one group or between groups, and this allows more isomers
for conventional Dawson clusters, which total six in this ps-
oxo case. However, in la the ps-oxo ligands of an SO,
moiety each individually bridge three molybdenum centers,
one from the cap and two from the “belt”. As such, it ap-
pears the oxo ligands on XOj; can only bridge two “belt” M
centers within the group of the “closed triangle”. This fun-
damental difference between the XO, and XOj; coordination
modes restricts the possible isomers of the sulfite-based
{Moy) clusters to only the a and f types.*”)

Compound 2 crystallizes in the triclinic system with half
the B-[Mo,505,(SO3),]*" (2a) ions and two Pn,N* ions found
in the asymmetric unit plus one position for disordered sol-
vent CH;CN molecules. The other half of the -[Mo0;3Os,-
(SO;),]* is related by a center of symmetry. The whole clus-
ter 2a also incorporates two pyramidal sulfite SO,>~ ions as
the central cluster templates and displays an overall approx-
imate Ds;y symmetry, with a reflection center at the cluster
center. Therefore the two sulfite SO;* ions are centrosym-
metrically related in a staggered conformation (see
Figure 1).

To summarize, the D;,-symmetric o (1a) and the Ds4-sym-
metric § (2a) type of the sulfite-based {Moy} clusters are
distinguished both by their metal-oxide framework and by
the relative orientation of the two SO; moieties that are
eclipsed in the a type (related by a mirror plane) and stag-
gered in the P type (related centrosymmetrically). In addi-
tion to the arrangement of the anions in the cages, the a
and [} isomers also differ by the relative linkage of the two
{SMo,} half units that are either mirrored (a) or rotated by
60° to each other ().

Electrochemical studies in acetonitrile: Cyclic voltammetry
of a-[Mo,305,(50;),]* in acetonitrile (0.1m Hx,NCIO,): Vol-
tammetric studies in the absence and presence of a range of
supporting electrolytes (see Supporting Information) dem-
onstrated that 0.1m Hx,NCIO, was an ideal electrolyte be-
cause it enabled the necessary level of compound solubility
to be retained in acetonitrile. The cyclic voltammetry for re-
duction of a-[M0;505(SO;),]*” (1.18 mm) at a GC electrode
in CH;CN (0.1m Hx,NCIO,) is shown at a function of scan
rate in Figure 2a when the potential is reversed after the
third process. The first two processes (I and II) are well-de-
fined, with the onset of complexity only commencing with
the third process (III). Voltammograms obtained over a
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wider potential range also exhibit significant complexity
(Figure 2b) in the negative potential range, but basically
consist of six chemically reversible processes when mwm con-
centrations are employed (I to VI). No voltammetric oxida-
tion of 0-[Mo;50s5,(SO;),]* is observed. Processes I and 11
are ideal diffusion-controlled one-electron processes over
the concentration (0.2 to 2mm) and scan rate (20 to
2000 mV's™!) ranges studied. This is evidenced by the linear
dependence of peak height on concentration and square
root of scan rate. Reversible potentials (E;°) of —0.005 V

known reversible one-electron oxidation of ferrocene (used
as an internal standard in these studies). Thus, the small de-
parture from the ideal AE, value of about 55 mV for a re-
versible process is attributed to a small level of uncompen-
sated resistance. Equations (1) and (2) therefore represent
the first two reduction processes:

a_[M018054(SO3)2]47 +e = a'[MOl8OS4(SOS)2}57 1)

a_[M013054(SO3)2]57 +e = a'[M018054(SO3)2}67 (2)

The voltammetric data de-
scribed above do not allow the
isomeric form of the reduced

B)
E/mV

species to be assigned; howev-
3 er, EPR data (see below) indi-
cate that retention of isomeric
form accompanies the electron
transfer processes given in
Equations (1) and (2).

Process III detected at a po-
tential near —0.9 V is broader
than processes I and II. Both

Figure 2. Cyclic voltammograms at a GC electrode (d=1.5 mm) obtained for a-[Mo0,305,(SO5),]*" in CH;CN
(0.1m Hx,NCIO,): A) at a concentration of 0276 mm (i) v=200mVs™', (i) v=100mVs™' and (iii) v=
20 mVs~', and B) at a concentration of 1.18 mm, v=20 mVs~'. The vertical scale is I [uA] and the horizontal

scale is £, [mV].

and —0.265V versus Fc*/Fc (Table 2) are calculated from
the average of the reduction (E,*') and oxidation (E,”)
peaks potentials. At a concentration of 0.276 mm and a scan
rate of 20mVs™!, the peak-to peak separation (AE,=
E,*—E,") for the first two processes are (0.071+0.01) and
(0.065+0.01) V, essentially the same values found for the

Table 2. E° values obtained at a GC electrode for the reduction of -
[M0,305,(SO;),]*" and a-[M0,305,(SO5),]*" in CH;CN (0.1m Hx,NCIO,),
at a scan rate of 20 mVs~', and for the reduction of 0-[Mo0,305,(SO,),]*"
in CH,CN (0.1m Bu,NCIO,), at a scan rate of 100 mVs~".[*!

E? in V versus Fc*/Fc

Processes  B-[M0;5054(SO5),]""  @-[M01505,(S05),]"  [M01z054(SO,),]
I(T) —0.030 —0.005 0.100

I (IT) —-0.310 —0.265 —0.140

I (Iry) —0.880 —0.885 —0.800

v (Iv) -1.180 —1.195 —-1.070

V (V) —1.660 —1.695 —1.670

VI(VI) -2.030 —2.075 -1.920
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the shape and peak potential
depend on the scan rate. Thus,
AE, for process III is 0.130 V
at a scan rate of 200 mVs™!
and 0.165 mV at a scan rate of
10mVs™'. Significantly, E,*
shifts to more positive values
as the scan rate decreases (Fig-
ure 2a), and a new process is
detected between processes II
and III when the potential is
swept in the positive potential
direction. All these data are
consistent with an electron-
transfer process (E) followed by a coupled chemical reaction
(C) in a so-called EC reaction process summarized by Equa-
tion (3):

0-[Mo1505,(SO5),]° + e é[MOISOM (SO;),)"" éproduct(s)
3)

It was established that the influence of the coupled chemi-
cal reaction is diminished when the concentration of o-
[Mo,505,(SO;),]* is increased. Furthermore, the process on
the reverse scan between processes III and II decreases
when the scan rate increases, whereas the magnitude in-
creases when acid is deliberately added. Consequently, the
complexity associated with the third reduction process is at-
tributed to the reaction of [Mo;30s,(SO;),]’” with protons
derived from adventitious water [Eq. (4)] or other impuri-
ties.

[M018054(SOS)2]77 +H" — [HM018054(SOS)2]67 4)
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The more negative processes (IV to VI) are even less well
defined at low [Mo;3O0s,(SO5),]*” concentrations. Since in
principle the [Mo,505,(SO;),]*” "1~ species generated in
these reactions are even more basic, increased sensitivity to
adventitious water is expected as the extent of reduction is
increased. However, for [Mo;30s,(SO;),]*~ concentrations in
excess of 1 mm (Figure 2b), all processes exhibit significant
chemical reversibility, when a sufficiently fast scan rate is
employed, and data obtained under these conditions are
summarized in Table 2.

Cyclic voltammetry of fB-[Mo;s0s5,(SO;),]* in acetonitrile
(0.Im Hx,NCIO,): The B-[Mo0;305,(SO5),]*” isomer exhibits
similar cyclic voltammetric behavior to that of the o-form.
Thus, the two first processes (I' and II') give E\° values of
—0.030 (AE,=0.069 V) and —0.310V (AE,=0.065V), re-
spectively (Figure 3). The shape of process III' (E°=
—0.880 V) again depends on the scan rate and AE, (0.130 V

900 =700

ur

Figure 3. Cyclic voltammograms at a GC electrode (d=1.5 mm) obtained
for 0242 mm B-[Mo;505,(SO;),]*” in CH;CN (0.1m Hx,NCIO,), v=
20mVs™' when the potential of scan reversal occurs at —0.193V,
—0.434V, —1.050 V versus Fc*/Fc. The vertical scale is / [pA] and the
horizontal scale is E, [mV].

at a scan rate of 200 mVs™" and 0.170 mV at 10 mVs™'). The
current magnitude of the process present on the reverse
scan between processes III' and II' is smaller than for the o
isomer. These data are consistent with the presence of a ki-
netically slower coupled chemical reaction(s) than for the a
isomer. As for the a isomer, six chemically reversible proc-
esses are again detected when mwm concentrations of f3-
[Mo0,405,(SO5),]*~ are employed, and data obtained from
these experiments are summarized in Table 2.

Rotating disk electrode voltammetry: Reduction of a- and f3-
[Mo0,5054(SO;),]*" at a rotating GC disc electrode (RDE)
gives rise to three well-defined sigmoidal shaped (Figure 4 a)
processes (I'), (II') and (III'), with equal limiting current
values (Table S1 in Supporting Information) even at lower
concentrations (Figure 4a). E,,, values for the three process-
es are very similar to E;° values obtained by cyclic voltam-
metry as expected for the reaction sequence in Equation (5)
being fully reversible under RDE conditions.

B-Mo013054(SO;5)o]" ™ + e = B-[M01z054(SO3),]" (5)

Chem. Eur. J. 2006, 12, 8472 —8483
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Figure 4. GC rotating disc-electrode (d =3 mm) voltammograms obtained
for 0.242mmM PB-[Mo;30s5,(SO;),]* in CH,CN (0.1m Hx,NCIO,), v=
10 mVs™', @=1000 rpm. a) Before electrolysis; b) after exhaustive one-
electron reductive electrolysis at —0.200 V; ¢) after exhaustive two-elec-
tron reductive electrolysis at —0.500 V. The vertical scale is I [pA] and
the horizontal scale is E, [mV].

Electronic spectra of a- and B-[Mo,;505,(50;),]*": Electronic
spectra of the o and B-isomers (Figure 5a) are similar. Ab-
sorption occurs over the wavelength range of 250-450 nm

0.8 4
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os] |
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Figure 5. Electronic spectra obtained from 0.242 mm B-[Mo30s5,(SO3),]*"
in CH;CN (0.1M Hx,NClO,), in a 1-mm cell: a) prior to electrolysis; b)
after exhaustive one-electron reduction at —0.205 V; c) after exhaustive
two-electron reduction at —0.485 V.

with A, at 301 nm (¢=30800M 'cm™) for the o isomer
and 308 nm (¢=29250M 'cm™) for the B-isomer. The elec-
tronic spectra are characteristic of O —Mo charge transfer
transitions.*”! Similar E° data for the a-[Mo;30s,(SO;),]* "~
and B-[Mo,505,(SO;),]*~ processes correlates with similar
Amax Values for their electronic spectra.

Controlled potential electrolysis: Controlled-potential elec-
trolysis, combined with coulometry and monitoring of
steady-state voltammograms during the course of bulk elec-
trolysis (Figure 4) confirmed that the first two processes in-
volve one-electron charge transition processes, even on
these longer time scale experiments. Thus, exhaustive reduc-
tion of a 0.2mM solution of [Mo;305,(SO;),]* in CH,CN
(0.1m Hx,NCIO,) at —0.200 V versus Fc*/Fc led to a stable
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solution of [Mo,305,(SO5),]’~ since steady-state voltammo-
grams (Figure 4b) now consist of one oxidation process I
(I') and two reduction processes II (II') and I (III'), with
the position of zero current lying between processes I (I')
and II (I"). Furthermore, coulometric analysis confirms that
a one-electron per molecule charge transfer process is asso-
ciated with the [Mo;3Os,(SO;),]*™" process for both iso-
mers, and the initially yellow solution changes to a green
color after a one-electron reduction. Electronic spectra from
the one-electron-reduced solution still contain the charge
transfer band around 300 nm, but with an increase of inten-
sity (Figure 5b). Additionally, a new weak absorption band
is observed in the near infrared region, which is a character-
istic of intervalence MoY —Mo"" charge transfer.[*!

More extensive reduction of [Mo;3O0s(SO;),]> at
—0.500 V leads to a stable solution of [M0;30s4(SO5),]® as
indicated by coulometry (one-electron reduction) and the
fact that steady-state and cyclic voltammograms now consist
of two oxidation processes I (I') and II (II') and one reduc-
tion process III (II'). Importantly, the position of zero cur-
rent lies between process II (II') and I (IIT'), as expected
for two-electron reduced species (Figure 4c). During this
electrolysis, the solution color changes from green to blue.
Electronic spectra reveal that the absorption intensity of the
O—Mo charge transfer band further increases, and the
weak absorption band in the near infrared region shifts to
the visible range, with a band at 914nm (¢=7600 and
8770M 'cm™' for the B- and o isomers, respectively) and a
shoulder at 690 nm (Figure 5¢). [Mo,305,(SO;),]*” and
[Mo0,505,(SO;),]>” may be quantitatively oxidized back to
[Mo0,5054(SO5),]*", confirming the chemical reversibility of
the [Mo0,3054(SO5),]* ™"~ and [Mo,3054(SO;),]> "~ processes
on the time scale of bulk electrolysis.

Bulk electrolysis of [Mo;3O05,(SO;),]°" at —1.075 V does
not produce a stable [Mo;30s,(SO;),]"~ species by a one-
electron reduction process. Rather a multielectron transfer
process occurs, according to coulometric analysis, and com-
plicated RDE voltammograms are obtained after reduction
at this negative potential. This result is consistent with the
complexity of the cyclic voltammetry associated with pro-
cess III. Thus, we now focus on the isolable and stable one-
and two-electron reduced species in the remainder of the

paper.

Isolation of reduced solids: The one- and two-electron elec-
trochemically reduced forms of the two isomers have been
isolated as solids. Addition of ethanol to concentrated bulk
electrolyzed solutions allowed separation of the electrolyte
(Hx,NCIO, is soluble in ethanol, but the reduced forms of
the compound are insoluble). The EPR spectra of the one-
electron-reduced solids at 77 K are very similar to those of
the one-electron-reduced species in an acetonitrile glass (see
below). Unfortunately, the crystals were not of suitable
quality for structural analysis.

Voltammetric ~ studies with (Bu,N), p-[M0;305,(50;),]
(BuyN)4[M0;3054(SO5),J CH;CN has been isolated as the f3-
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sulfite Dawson isomer.””) However, it is insoluble in acetoni-
trile (electrolyte) media. Voltammetric studies of this com-
pound, as a solid adhered to a glassy carbon electrode
dipped in CH;CN (0.1 m Hx,NCIO,), produced results analo-
gous to those found for soluble B-[Mo;30s4(SO;),]*" (as the
(PryN),[Mo03054(SO3),] salt) in the same medium. In this
case (Figure 6), three well-defined reversible processes are

E/mV
0.5+

90 700 500 300 100 | /700

IpA

Figure 6. Cyclic voltammograms at a GC electrode (d=1.5 mm) obtained
for (CisH36N)4[M0;3054(SO5),]JCH;CN as a solid adhered to a glassy
carbon electrode dipped in CH;CN (0.1m Hx,NCIO,), v=100 mVs .

again visible with E;° values of —0.035, —0.320, and
—0.900 V versus Fct/Fc. The nature of these voltammetric
results imply that a rapid dissolution of the one-electron re-
duced solid occurs as in Equation (6).

(BuyN)4{B-[M013054(S03)1] } sotia) + € + (HX,N)" —
(BuyN), (Hx,N){B-[Mo0,505,(SO5)5]} sotia) =,

{B-Mo30s, (803)2}57}(solution) + 4 (BusN") otution) + (HXNT) so1ution)

(6)

Voltammetry in BMIM-PF: Cyclic voltammograms were re-
corded for a- and B-[Mo;505,(SO;),]*" dissolved in the ionic
liquid BMIM-PF;¢ and also for solid adhered to a glassy
carbon electrode in contact with the ionic liquid. In both
cases, three very well-defined one-electron-reduction pro-
cesses are readily detected with E;° values of 0.325, 0.202,
and —0.208 versus Fc*/Fc for the o isomer and 0.310, 0.175
and —0.260 V for the 3 isomer (Figure S2, Table S2 in the
Supporting Information). Again additional, but more com-
plex reduction processes are found at more negative poten-
tials, but not considered in further detail. The potentials ob-
tained in the ionic liquid follow the same order as in aceto-
nitrile (0.1m Hx,NCIO,), but occur at significantly more pos-
itive values versus Fc*/Fc. These observations imply that
the trends are not altered by the change in medium, but that
the high polarity of the ionic liquid has a significant influ-
ence on the absolute value of E°; as also reported in studies
of other polyoxometalate species.[*”)

EPR spectroscopy: Both the a and 3 isomers of the one-
electron-reduced product gave strong EPR signals in frozen
acetonitrile solution as described below. Frozen acetonitrile
solutions of the two-electron-reduced products gave only
weak signals (due to trace levels of the one-electron prod-
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uct) when examined at high spectrometer gains and over a
field range from zero to 6000 G. Both isomers were deduced
to retain their configuration upon one- and two-electron re-
duction in acetonitrile (0.1m Hx,NCIO,) by noting that a
two-electron reduction (formation of [Mo;3Os,(SO5),]%),
followed by a one-electron oxidation (formation of
[Mo,405,(SO5),]") sequence provides EPR spectra identical
to those observed from a direct one-electron reduction of
the relevant a- or f-[Mo305,(SO;),]*" isomer.

X-band EPR spectra of one-electron reduced [Mo;Os,-
(SO;),J°~: Both isomers showed a single featureless, isotrop-
ic resonance at g=1.940 (£0.002), which decreased in width
from (75+£2)G at 295K to (58+1) G at 200 K. Below
about 170 K the spectra gradually became more axially sym-
metric in appearance (see Figure S3 in the Supporting Infor-
mation). Below about 130 K the spectra of the two isomers
differ and show that no interconversion occurs in frozen so-
lution. Further resolution into spectra with the appearance
of orthorhombic symmetry was exhibited by the a isomer
below about 120 K and by the f§ isomer below 77 K. At tem-
peratures around 4 K and below and at microwave powers
below about 1 uW, the spectra of the two isomers are readily
distinguished, as shown in Figure 7 and Figure 8. The sharp

W\_// B
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Figure 7. a) Experimental EPR spectrum of millimolar frozen solutions
(in CH;CN, 0.1m Hx,NCIO,) of a-[Mo0,505,(SO5),]’~ at 2.3 K. Microwave
frequency 9.666 GHz, microwave power 209 nW, 100 kHz modulation
amplitude 1 G, spectrometer gain 1.0x 10, time constant 41 ms, scan rate
250 G/83 s. b) Simulated EPR spectrum for two-molybdenum cluster, and
c) simulated EPR spectrum for three-molybdenum cluster, using spin
Hamiltonian parameters as in Table 3.

peaks with g values given in Table 3 are attributed to even
isotope (nuclear spin /=0) Mo ions in sites of orthorhombic
symmetry. These g values are typical for Mo" with the un-
paired electron in the 4d' ground state. The z direction is
taken as being in the direction of the oxygen heteroanions
and approximately perpendicular to the surface of the clus-
ter, with the x and y directions being associated with the ap-
proximate plane of the “shell” oxygen atoms. The expected
six-line Mo hyperfine patterns with spacings of (~30-80) x
10~* cm ™47 are not observed. Together with the tempera-
ture dependence of the spectra, this shows that the unpaired
electron density is distributed over a number of Mo sites.
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Figure 8. a) Experimental EPR spectrum of millimolar frozen solutions
(in CH;CN, 0.1 Hx,NCIO,) of B-[Mo,505,(SO5),]"~ at 2.3 K. Microwave
frequency 9.655 GHz, microwave power 209 nW, 100 kHz modulation
amplitude 1 G, spectrometer gain 1.0x 10%, time constant 41 ms, scan rate
250G/83 s. b) Simulated spectrum for two-molybdenum cluster, and c) si-
mulated spectrum for three-molybdenum cluster, using spin Hamiltonian
parameters as in Table 3.

Table 3. The g values and hyperfine interaction constants for o-[Mo;3Os,-
(SO5),)>” and B-[M0,505,(SO;),]° at 2.3 K in CH,CN. The hyperfine in-
teraction, A, and the component linewidths, o, are in units of 10~*em™.
Note the uncertainties for the g values for the § isomer are larger than
those for the a isomer because of the larger line widths in the former
and the x and y hyperfine features for the 3 isomer were not as well de-
fined in the experimental spectrum as the corresponding features for the
a isomer. The values of A, and A, have a larger uncertainty than A..

o isomer {3 isomer
g (£0.0003) A (£0.5) o (£05) g(£0001) A o(£1)
x 19175 8.0 5.0 1.920 6(£2) 6
y  1.9440 7.5 5.0 1.941 6(£2) 7
z  1.9585 7.5 5.0 1.956 14(£1) 8

The deviation of the g values from g, is due to spin-orbit
coupling and is essentially independent of electron delocali-
zation since the spin-orbit interaction only operates on the
electronic component of the wave functions. As the Mo co-
ordination environment is very similar for both isomers, it is
unsurprising that the g values are almost identical. The com-
ponent linewidths of the spectrum of clusters, for which all
Mo nuclei have /=0, are determined solely by relaxation ef-
fects and not by the unresolved hyperfine structure.

When the unpaired electron is delocalized over n Mo
sites, the EPR spectrum is the superposition of the n + 1
spectra from clusters for which the number of Mo nuclei
with nuclear spin /=5/2 ranges from zero to n. As described
in the Supporting Information, the relative abundance of
these clusters can be calculated by using the binomial theo-
rem and the isotopic abundances of the Mo nuclei (*Mo
15.9%, 'Mo 9.6 % both [=5/2: 7294965810 Mo 74.5%, all =
0. For the present purposes we ignore the difference in nu-
clear moment between Mo and “’Mo). The overall width
of the spectrum of a cluster for which p nuclei have I=5/2
increases as 2I'pA, where A is the relevant hyperfine inter-
action. As shown in the Supporting Information, the most
prominent features of the spectrum will be those due to
clusters containing only Mo nuclei with /=0 and the next
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most prominent those where only one of Mo Nuclei of the
cluster has /=>5/2. Furthermore, since computer simulation
shows that “flat-topped” shoulder features can only arise
when there is one /=5/2 nucleus involved and when the hy-
perfine splitting is of a similar magnitude to the linewidth,
we identify the shoulders at about 3505 G (a isomer), at
about 3485 G (P isomer) and the features at around 3575
and 3625 G (o isomer) and 3575 and 3605 G (f isomer) as
due to clusters with only one /=5/2 nucleus. If the cluster
includes two or more /=5/2 nuclei, the line shape assumes a
Gaussian appearance. Contributions from clusters with two
or more I=5/2 nuclei presumably account for the broad
tails to both low and high fields and some of the spectral in-
tensity in the central regions of the 2.3-K spectra.

Unfortunately computer limitations prevented us from
simulating spectra where delocalization occurs over more
than three Mo sites. Furthermore, the simulation model
makes a first-order approximation by assuming that the g
and A axes of the individual Mo sites are coincident and co-
parallel for each Mo nucleus in the cluster. Simulated spec-
tra for delocalization over two and three Mo ions are com-
pared with the experimental spectra of the o isomer in
Figure 7 and the {3 isomer in Figure 8. The spin-Hamiltonian
parameters are listed in Table 3. The simulations account
well for the g values, for the magnitudes of the hyperfine in-
teractions in the “z” directions, but not as satisfactorily for
the hyperfine interactions in the “x” and “y” directions and
the relative intensities of the various regions of the spectra.

Despite the limitations of the computer simulations, an es-
timate of the number of Mo ions over which the unpaired
electron is delocalized can be obtained as described in the
Supporting Information. A comparison of the intensity of
the g, resonance of the o isomer with that of the outermost
A, hyperfine structure resonance in the shoulder feature at
3505 G gives a factor of approximately three and thus we
deduce that the unpaired electron is delocalized over six Mo
sites. For the f isomer, the intensity of the g, resonance may
be estimated as being between five and eight times that of
the outermost A, hyperfine structure resonance at about
3485 G, leading to the conclusion that the unpaired electron
is delocalized over an average of three Mo sites. Symmetry
and structural considerations lead us to propose that at very
low temperatures, the unpaired electron density is localized
on one cap region in the 3 isomer and over both cap regions,
with quantum-mechanical tunneling between them, in the o
isomer, rather than over part of the belt region.

Irrespective of the limitations of the computer modeling,
it is necessary to account for the temperature dependence of
the spectra, the nearly isotropic Mo hyperfine structure for
the a complex, the axial Mo hyperfine structure for the f§
complex and the occurrence of orthorhombic g-matrices for
both complexes. The latter is perhaps surprising given the
likely threefold symmetry of the complexes as shown by X-
ray structural determinations at 150 K. We suggest the fol-
lowing qualitative arguments to explain these observations.

The temperature dependences of the spectra are influ-
enced by the rate of fluctuation of the electron density over
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the relevant Mo sites. This depends on the rate at which the
local structure of the Mo sites distorts, the rate at which the
unpaired electron hops between Mo sites, and the rate of
quantum-mechanical tunneling between sites. The first two
processes are temperature dependent, whereas the third is
not. If any of these rates is greater than the difference be-
tween the energy of the relevant components of the g
matrix or A tensor (expressed as a frequency) an average
value will be observed. Conversely, if the rates are slower,
anisotropic effects will be observed. The anisotropy between
the components of the g matrix is about 100 MHz, whereas
that between the components of the. hyperfine tensor, A, is
only about 10 MHz.

For the P isomer, we can then explain the three g factors
by the unpaired electron density being delocalized predomi-
nantly over three Mo sites on the cap with the individual g
and A principal directions oriented essentially along and
perpendicular to the molecular symmetry axis. As the tem-
perature is lowered below about 77 K, the molecular distor-
tion rate has slowed sufficiently for the unpaired electron
density to be seen as centered slightly away from the expect-
ed molecular axis, allowing the components of the g matrix
to be distinguished. There are three of these off-center sites
which, assuming the z axis is along the expected molecular
axis, are rotated by 120° with respect to each other. However,
the unpaired electron density is still able to fluctuate between
these sites sufficiently rapidly to average the hyperfine inter-
action in the xy plane so that <Al(ﬁ)>:%[AXU3)+Ay(ﬁ)]
but not rapidly enough in the z direction to include A,(p) in
the averaging process. Thus the hopping rate between the
three equivalent distortions must be lower than 100 MHz
but greater than about 10 MHz.

For the a isomer, delocalization over six Mo sites suggests
that the unpaired electron is delocalized equally over the
two cap regions and undergoes quantum-mechanical tunnel-
ing between them, rather than being delocalized over part
of the belt region. The three principal g factors are thought
to occur in the same way as for the 3 isomer, except that the
distortions are frozen in at around 120 K. However, in addi-
tion to the fluctuation between the three distortions on each
cap, the tunnelling rate between the two caps introduces the
fluctuation in the z direction necessary to include A_(a) in
the average, so that we obtain an isotropic Mo hyperfine
structure where < A; (a)> :%[Ax(a) +A () +A ()]

As noted elsewhere in this paper, a feature of the present
clusters is that the Mo¥-O-Mo" bond angles linking the two
MoV halves of the molecule in the belt region are around
142° rather than the approximately 180° found in the con-
ventional “Dawson -like” clusters. The smaller bond angle
will hinder transmission of electron density across the belt
region and confine the electron density to the surface of one
half of the cluster. Furthermore the 60° rotation of the sul-
fite oxygen atoms of the two groups relative to each other
in the [} isomer could present a barrier to electron transfer
via quantum-mechanical tunneling between the cap regions.
These considerations are consistent with our proposal that
at low temperatures the unpaired electron is confined to a
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single cap region in the [ isomer but is able to tunnel via
the sulfite groups between both cap regions in the a isomer.

Photoactivity: a- and B-[Mo;30s,(SO;),]*", as is the case
with a-[Mo;305,(SO,),]* 14! exhibit photoactivity. Thus,
solutions of both isomers in acetonitrile are reduced on ex-
posure to sunlight in the presence of benzyl alcohol
[Eq. (7)]. The initial formation of reduced [Mo;3054(SO5),]>
was implied by observation of a change in the color of the
solution from yellow to green and confirmed by detection of
the EPR signal expected on the basis of earlier discussions.

[Mo,;3054(SO; ), ]+ 228, (M0, 054 (SO5), ) +

oxidized benzyl alcohol

On prolonged exposure to sunlight, more extensive con-
version to the two-electron-reduced form of [Mo;gOs,-
(SO5),]° occurs, as confirmed by a change in the color of
the solution from green to blue and by the decrease of the
intensity of the EPR signal.

Long-term isomeric stability of reduced species in solution:
The EPR spectra of electrochemically or photochemically
generated acetonitrile solutions of o- and B-[Mo;3Oss-
(SO;),)> stored at room temperature in the dark or exposed
each day to sunlight have been monitored for a period of 37
days. EPR spectra were obtained periodically at 77 K to
identify the isomer present. Either in the light or in the
dark, slow PB-—a-[Mo;30s,(SO;),]>” isomerization occurs,
whereas the reverse reaction o-—p-[Mo,505,(SO;),]>” is not
observed. Additionally, electrogenerated solutions of a- and
B-[Mo0,305,(SO5),]°" stored in the dark for 30 days in aceto-
nitrile (0.1mM Hx,NCIO,) then electro-oxidized by one elec-
tron to produce the [Mo;505,(SO;),]°" species also show
that, p-—a-[M0,;505,(SO;),]° isomerization occurs, as de-
duced from EPR spectra at 77 K. These data imply that o-
[Mo0,5054(SO;),]> and a-[Mo,3054(SO5),]° rather than the
p-forms are the thermodynamically favored reduced forms
and that isomerization of B-[Mo,505,(SO;),]> is not facilitat-
ed by the presence of sunlight nor by photo-induced reduc-
tion of [Mo0,;305,(SO5),]*” in the presence of benzyl alcohol.

Comparison of electrochemical data with [Mo,305,(S0,),]*
and other polyoxometalates: Six primary chemically reversi-
ble one-electron-reduction processes appear to be available
for reduction of the both a- and B-[Mo;30s4(SO5),]*” in ace-
tonitrile (0.1m Hx,NCIO,) according to the reaction scheme
in Equation (8).

[M0;5054(SO;),]* + e~ = [M0;3s05(SO;5),)" +e =
[M0505,(SO;),]°” + e~ = [M0;305,(SO;),]"” +e~ =
[M018054(SOS)2}87 +e = [M018054(SO3)2}97 +e =
[M0]8054(SOS)2}107

In the case of reduction of a-[Mo,505,(SO,),]*" in acetoni-
trile (0.1m Bu,NClO,), at least six one-electron-reduction
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processes also may be obtained.”**>*®! Data for the first six
processes for all the sulfite and the sulfate compounds of in-
terest are included in Table 2. In the sulfate polyoxometa-
late case, pairs of reduction processes spaced by about
260 mV, each separated by a gap in excess of 580 mV, is the
characteristic pattern.” In the case of the sulfite Dawson,
reduction is considerably more difficult (about 100 mV
more negative in potential) but a similar pattern of behavior
is detected. In this case, three pairs of one-electron process-
es exhibit a separation of about 300 mV, which increases
with the extent of the reduction, whereas a larger potential
gap in excess of 500 mV is detected between each of the
pairs, with this gap decreasing with the extent of reduction.

The reversible potentials also may be compared to those
reported for [M;305,(X0,),]*~ (X=P, As; M=Mo, W) in
aqueous sulfate solution.”™™! For this series, the tungsten
compounds also show six successive one-electron processes
as three pairs, when the pH value is sufficiently high. Under
these conditions their difference in potential within each
pair is about 200 mV, and the separation between pairs lies
in the range between 250 mV and 600 mV. [Mo,30s,(PO,),]*"
is more easily reduced than its tungsten analogue but only
three successive two-electron processes are observed in
aqueous media. That is attributed to its reduced anions
being much stronger bases than their tungsten analogues,
and they become protonated in aqueous media. Data ob-
tained from cyclic voltammetry also reveals a propensity for
protonation of extensively reduced forms of [Mo3Os,-
(SO;),]*". However, the one-electron-reduced species
[Mo0,3054(SO5),]> is stable to disproportionation, as are its
sulfate analogue™ and [P,Mo,30¢,]’~, under aprotic condi-
tions.*?!

Only an o isomer has been isolated for the [Mo;3Os,-
(SO,),]*" species, so the dependence of the reversible poten-
tial on the isomeric form is unknown for this polyoxometa-
late. However, in the case of [W30s,(SO,),]*", reversible
potentials for the o and y* forms are indistinguishable,”
and the y*—a conversion appears to occur on reduction.™!
In the [Mo0,3054(SO5),]*" case, two isomers were character-
ized and the reversible potentials for the [Mo,305,(SO;),]*
5~ process exhibit very small differences (between 10 and
30 mV). As noted in the Introduction, the D;;,-symmetric 3
isomer in the sulfite case may be reasonably compared in a
symmetry sense with the y* (Ds,) sulfate isomer, and this
seems to be borne out by the redox properties and the
nature of the isomerization detected upon reduction. Studies
on [M;305, X0, (M =Mo, W; a =P, As) systems, in which
the number of isomers are far more extensive than for the
sulfite case, reveal that reversible potentials are generally
not strongly dependent on the isomeric form and that iso-
meric stability and the orders of reversible potential are del-
icately balanced.P>431-4

Theoretical studies: Immediately upon one- and two-elec-
tron electrochemical reduction, EPR experiments show that
both isomers of [Mo;305,(SO;),]>~ species retain their con-
figuration. However, 3 —a isomerization occurs very slowly
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with time, implying that the o form is the thermodynamical-
ly favored structure in the reduced states.

To gain insight whether stability relations similar to those
observed in the electrochemical experiments can also be ex-
pected for the isolated, non-solvated cluster species, closed-
shell ab initio DFT calculations were performed on the o
and B isomer in their fully oxidized and twofold reduced
states in the gas phase. We find that the DFT results indeed
support the experimental results. While the total energies of
the oxidized o and P isomers of [Mo,305,(SO;),]* are iden-
tical within the error limits of the used methods, the twofold
reduced 0-[Mo;505,(SO5),]*" isomer is significantly more
(7.4 kJmol™) stable than the two-fold reduced B isomer,
which supports the fact that the observed 3 —o isomeriza-
tion is based on thermodynamic differences. Likewise, these
differences suggest that a two-electron reduction of the o
isomer should be energetically more favorable than a two-
electron reduction of the 3 isomer.

Conclusion

Voltammetric and bulk electrolysis experiments in acetoni-
trile, combined with EPR data, have shown that a- and (-
[Mo0,5054(SO;),]* as well as their one- (a- and B-[Mo;3Os,-
(SO;),)*") and two-electron-reduced (o- and B-[Mo;sOs,-
(S0;),]°") isomers are stable over the time scale of electro-
chemical studies. Over a long period of time in solution
(about 30 days) f—a isomerization is detected for the one-
and two-electron-reduced species. EPR data imply that the
unpaired electron in [Mo;Os,(SO;),]°” is localized on caps
sites at very low temperature, in an isomer-dependent
manner; in the a-[Mo;30s5,(SO;),]>” isomer the unpaired
electron is localized on both cap sites, whereas it is localized
on only one cap site in the B-[Mo;30s,(SO;),]>” isomer.
However, we do not have enough information to decide
whether the appearance of the spectra at higher tempera-
tures is due to the averaging effects of vibrational and rota-
tional motions alone or to the combination of these with in-
creased electron delocalization.

More highly reduced polyoxometalate species have been
observed on the voltammetric time scale, but they are highly
reactive towards water, protons and probably dioxygen. o-
[Mo,405,(SO5),]*" is significantly harder to reduce than a-
[Mo,505,(SO,),]*", but also is photoactive and exhibits many
similar electrochemical patterns of behavior. The reversible
potentials for o and [ isomers are very similar, with the 3
isomer being marginally harder to reduce in acetonitrile
(0.1m Hx,NCIO,) and also in the ionic liquid BMIM-PF.
DFT-based theoretical calculations, relevant to the gas
phase, are consistent with the assignment of the enhanced
stability of the a isomer relative to the 3 form upon reduc-
tion, as deduced experimentally in solution-phase studies.
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