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Detailed voltammetric studies are reported of the reduction-{f,M0150s7]*~ at glassy carbon and platinum
macro- and microdisk electrodes (stationary and rotated) in acetonitrile and in 95/5 acetonitrile/water mixtures
containing 0.02 M perchloric acid. Experiments-&80 °C and at short time scales in acetonitrile detect eight
one-electron processes in the potential range 042G V versus Ft/Fc (Fc= ferrocene). The eight processes

fall into four pairs. The differences in potential within each pair are remarkably constant02& V), as are

the separations between adjacent pairs (8006 V). This periodicity is consistent with spin-paired [K]»-

(u-0O) fragments providing a significant contribution to the overall superexchange stabilization. The influence of
the following chemical reactions (primarily protonation by trace water) increases with the number of electrons
added, although the five-electron reduced specigBl§g0s:]°~ has a significant lifetime on the voltammetric

time scale. In the presence of aqueous acid and at short time scales, eight chemically reversible processes are
observed in the range 0 tel.5 V in which two, two, two, two, four, four, two, and eight electrons, respectively,

are transferred. The four pairs of one-electron processes found in acetonitrile occur as the first four overall
two-electron reduction steps, separated by about 0.1, 0.2, and 0.3 V, respectively. Addition of a further 10 electrons
occurs in a range of 0.3 V only and results in an 18-electron reduced species, stable on the voltammetric time
scale. This corresponds to formal reduction of all Mo(VI) centers-[$;M015062]*~ to Mo(V). The species is

able to accept a further eight electrons in a series of unresolved processes.

Introduction 1 octahedr&?310-23 As reduction proceeds, the anions acquire
] an increasing negative charge which encourages protonation.
Polyoxometalate cluster anions such @§S;M01g0s2]* This lowers the negative charge, encouraging further reduction.
(structurel) are reducible to mixed-valence compounds, com-
monly known as “poly blues” due to the presence of intervalence /o .
charge transfer transitions in the visible spectfuh. Multi- { % \
electron reduction is observed for those anions which contain L S

structural octahedra bearing a single terminal oxo ligadd. \c‘)/
Reduction is accompanied by minor structural changes only,
as the extra electrons enter orbitals that are essentially non-
bonding. Thus, the reduced forms are class Il mixed-valence

compound$in which thermally mobile electrons “hop” between
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(1) Abbreviations:|1—=VIIl , redox processes ocurring in MeCN solution;
I—=VIII, redox processes ocurring in 95/5 MeCN#bBI (0.02 M HCIQ);

Bu, n-butyl; C, concentrationd, diameter;D, diffusion coefficient; I
E, potential;Eys anodic peak potentiak,, cathodic peak potential;
AEy, difference betweerky, and Eqc; F, Faraday's constan€y,, There are two inequivalent Mo sites in the idealizedS,-

reversible half-wave potentialAE;j,, difference between twde;,
values; Fc, Fef>-CsHs)z; Hex, n-hexyl; i, current at potentiak; i,
limiting current; ips current atEps ipe, current atEpg; n, number of

Mo16064]*~ anion (structuré: Da, point symmetryf*27 Two

electrons transferred per mol€; temperaturey, scan rate. (10) Prados, R. A.; Pope, M. Tnorg. Chem.1976 15, 2547.
(2) Pope, M. T Heteropoly and Isopoly Oxometalafe&pringer-Verlag: (11) Che, M.; Fournier, M.; Launay, J. B. Chem. Physl979 71, 1954.
Berlin, 1983; pp 10+117. (12) Launay, J. P.; Fournier, M.; Sanchez, C.; Livage, J.; Pope, MoTg.
(3) Pope, M. T.; Mller, A. Angew. Chem., Int. Ed. Endl991, 30, 34. Nucl. Chem. Lett198Q 16, 257.
(4) Polyoxometalates: From Platonic Solids to Anti-Retral Activity; (13) Pope M. T. InMixed Valence CompoundBrown, D. B., Ed.; Reidel
Pope, M. T., Mlier, A., Eds.; Kluwer Academic Publishers: Dor- Publishing: Dordrecht, The Netherlands, 1980; p 365.
drecht, The Netherlands, 1994. (14) Sanchez, C.; Livage, J.; Launay, J. P.; Fournier, M.; Jeannid, Y.
(5) Papaconstantinou, E.; Pope, M.Ifiorg. Chem.1967, 6, 1152. Am. Chem. Sod 982 104, 3194.
(6) Pope, M. T.; Papaconstantinou, IBEorg. Chem.1967, 6, 1147 (15) Sanchez, C.; Livage, J.; Doppelt, P.; Chauveau, F.; Lefebvik, J.
(7) Massart, RAnn. Chim.1969 4, 285, 315, 441. Chem. Soc., Dalton Tran§982 2439.
(8) Pope, M. T.norg. Chem.1972 11, 1973. (16) Sanchez, C.; Livage, J.; Launay, J. P.; Fournier,JMAm. Chem.
(9) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247. Soc.1983 105 6817.
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hexagonal belts of alternately point- and edge-sharing 00 not considered explicitly, the four-electron reduced species was

octahedra are each capped by an edge-sharg®Mlonit. The

proposed to isomerize to th@-isomer, as observed for the

belts are linked by six bridging oxo ligands located on the equivalent compounds containing P(V) and AsfV)An o (Dan)

horizontal plane of symmetry. In principle, 801062]*~

— [ (D) isomerization involves rotation of one of the Mo

might be expected to accept at least 18 electrons, formally caps of structuré by 60° around the g axis.

reducing each M8(d°) center to M¥(d). Such highly reduced

In the present paper, we have extended the voltammetric

species have yet to be achieved in Dawson anions. One- andstudies on [8V0:1g065]%" in the aprotic medium MeCN to the

two-electron reduction products of #80150e2]*~ have been

very negative potential region and observe a total of eight one-

reported, and a (4¢ 3H")-reduced form has been characterized electron reduction processes occurring as four adjacent pairs.

structurally?28 The meta-tungstate ion, P/1,049]%", is

In addition, in the acidic medium 95/5 v/v MeCN#B contain-

reported to accept at least 24 electrons, together with charge-ing 0.02 M HCIQ, evidence is presented for an overall

compensating protorfs$>2%-32 This corresponds to reduction

of the 12 W(VI) sites to W(IV), stabilized by intermetallic

reversible reduction by at least 18 electrons, corresponding to
formal reduction of the 18 M8 centers to M¥. The work

interactions. Apparently, a further eight electrons can be complements our previous studies of the redox chemistry of

accepted into nonbonding leveéfs?

[S2M015062]*~, including photochemical properties, voltammetry

Previous electrochemical studies have demonstrated that an micro-crystalline form, and characterization of the one-
series of chemically reversible one-electron steps can beelectron reduced species [01g0;]°.23:36.:38

observed for reduction af-[S;M01506s7]*~ on the voltammetric
time scale in aprotic medi#:3436 The first four processes
I—IV are represented by eq 1:

[SZM018062]47 = [SZM018062]57 = [SZM018062]67 =
[S;M0,40¢,] = [S;M0,40¢,] @

A fifth poorly defined reduction wave has been repored.

Experimental Section

Reagents. Sodium molybdate (BDH, AR grade), perchloric acid
(70%, BDH, Aristar grade), BINCIO,4, and HexNCIO, (Southwestern
Analytical, electrometic grade), and sulfuric acid (May and Baker, AR
grade) were used as received. Acetonitrile (Mallinckrodt, Chrom AR
HPLC grade) was purified and stored under dry dinitrogfen.

a-(HexaN)4[S;M016067.  H2SQOy (18 M; 0.27 mol; 15 mL) and
MeCN (300 mL) were added consecutively to a stirred solution ef Na

Consequently, it would appear that additional reduction is Mo0,2H,0 (0.08 mol; 18.7 g) in KO (60 mL). The two-phase

possible.

mixture was stirred while being heated to boiling over 1 h. The upper

Voltammetric measurements at a glassy carbon electrode onlayer turned orange. After the mixture was cooled to room temperature,

[S2M01g062]*~ in 95/5 viv MeCN/HO containing 0.1 M HCIQ
led to the observation of six reduction wav&sThe first four

the colorless lower layer was discarded. Addition of iBr or Hex-
NCIO, (0.035 mol) caused the formation of a yellow solid phase and

each involved transfer of two electrons, and the two most " orange oily phase in contact with the major liquid phase. When

negative processes were proposed as four-electron steps. Vari&{-’
tion of proton concentration suggested that two protons were

taken up in each of the four two-electron steps:

4— 2e-, 2H+ 4— 2e-, 2H+

[S;M0,¢05;] [HZSZMOVZMOVIIGOGZ]
_ 2e, 2H+
[H452M0V4M0V|14062]4 .

H 6%M0V6M0V| 12062 =

H BSZMOVBM 0" 10062]47
(2

recipitation of the orange oily phase was nearly completes(Bin),

he major liquid phase was decanted and discarded. MeCN (300 mL)
and HO (15 mL) were added to the orange oily phase. The resulting
orange solution was decanted away from a small amount of yellow
solid phase and stored af@ for 1 day. Orange crystals were filtered,
washed with EtOH and D, and dried under vacuum. The product
was redissolved in MeCN (80 mL) and,® (2 mL) and the solution
allowed to stand at 4C for 5 days before isolation of the final orange
crystalline product (7.0 g; 42%). Anal. (Analytische Laboratorien,
Gummersbach, Germany) Found: C, 27.34; H, 4.87; N, 1.33; S, 1.63.
CoeH20dM018N4062S, requires: C, 27.44; H,5.00; N, 1.33; S, 1.53. An
electrospray ionization mass spectrum (0.2 mM in MeCN; negative

The possibility of isomerization was not considered. The first ion) revealed a single ion only a¥z 696 = 4202/4, corresponding to
three reductions have been observed as reversible two-electrofhe parent ion [8V1016062]*".

polarographic waves in aqueous sulfuric a&idWhile the

Electrochemistry. All voltammograms were acquired using a

possibility of protonation accompanying the reduction steps was Cypress Systems Model CS-1090 computer-controlled electroanalytical

(17) Harmalker, S. P.; Leparulo, M. A.; Pope, M. I. Am. Chem. Soc.
1983 105 4286.

(18) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem. S0d986
108 2748.
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1995 2521.

(29) Launay, J. PJ. Inorg. Nucl. Chem1976,38, 807.
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(31) Jeannin, Y.; Launay, J. P.; Seid Sedjadi, M.I#org. Chem.198Q
19, 2933.
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system in the cyclic staircase mode (wé 2 mVpotential step). The
standard three-electrode arrangement was employed with a Pt wire
auxiliary electrode. When data were recorded in dry acetonitrile at
—30°C, a platinum wire quasi-reference electrode was employed. For
all other measurements, aqueous AgCI/Ag (3 M NaCl) ot/Ag (0.01

M AgNOs; in acetonitrile) reference electrodes were used. The
reversible F¢/Fc voltammetry of 0.5 mM ferrocene was used as an
external reference couple. All potentials are quoted relative to this
couple (0.400 V versus standard hydrogen electrode) with an error of
+0.01 V. The working electrode for cyclic voltammetry was either a
Cypress Instrument 1.0 mm diameter glassy carbon or a Bioanalytical
Systems 1.8 mm diameter platinum disk.

(34) Cooper, J. B.; Bond, A. M.; Oldham, K. B. Electroanal. Chem.
1992 331, 877.

(35) Himeno, S.; Osakai, T.; Saito, A.; Maeda, K.; Hori JT Electroanal.
Chem.1992 337, 371.

(36) Bond, A. M.; Way, D. M.; Wedd, A. G.; Compton, R. G.; Booth, J.;
Eklund, J. C.Inorg. Chem.1995 34, 3378.

(37) Souchay, P.; Contant, R.; Fruchart, J.GA.R. Acad. Scil967, 264,
976)

(38) Bond, A. M.; Cooper, J. B.; Marken, F.; Way, D. Nl. Electroanal.
Chem.1995 396, 407.

(39) Kiesele, HAnal. Chem198Q 52, 2230.
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Rotating disk voltammetric measurement was undertaken with a
Metrohm 2.8 mm diameter glassy carbon working electrode which was
rotated by a variable speed Metrohm 628110 rotator. Steady-state
microdisk electrode voltammograms are reported at thens@iameter
working electrode since fouling of microdisk electrodes of smaller
diameter occurred when the potential was scanned beyond either the
first or second waves.

Before each voltammetric experiment, glassy carbon electrodes were
polished on LECO polishing pads with 0.28n Buehler Ltd. Metadi a SuA
diamond polishing compound, and finally with 0.@8n polishing
alumina. The condition of the platinum working electrode surfaces
was maintained by frequent polishing with the 0,08 polishing
alumina.

The 95/5 MeCN/HO solutions were purged with MeCN-saturated
dinitrogen before the voltammetric measurements and then maintained
under an atmosphere of dry dinitrogen during the course of the
experiments. For experiments in MeCN, the solid polyanion salt and
supporting electrolyte were placed in the electrochemical cell which
was attached to a vacuum line. The system was degassed initially by
heating the solids with a hot air blower. The solvent was added
anaerobically and the system exposed to a series of freeze/pump/thaw
cycles. Eight cycles normally led to the extension of the solvent limits
available in cyclic voltammograms recorded in MeCN by approximately
1 V. The volume change occurring during this procedure was found
to be negligible when using solvent volumes of-230 mL. For the
low-temperature work, a thermocouple was included in the electro-
chemical cell which was immersed in an ethanol/dry ice bath maintained
at—30+ 3°C.

20uA

Results

Synthesis. The original synthesis of (BiN)4[S;M0150s]
involved recrystallization from MeCR*2¢ The procedure
provides crystalline material which becomes a powder upon
exposure to vacuum, due to loss of MeCN of crystallization.
Use of HexN™ as cation and recrystallization from MeCN(®I
provides analytically pure (HaX)4[S;M018067], which remains
crystalline upon exposure to vacuum, is soluble in MeCGI9.Q
M versus 0.013 M for the BIN™ salt), and exhibits consistently
clean electrochemistry.

Voltammetry in MeCN. Figure 1 shows the reduction of

0-[S2M015067]*~ under conditions of cyclic voltammetry at a 350 -300 250 200 150 -100 050 0 +0.50 +100

glassy carbon electrode in dry MeCN over the potential range

of +1.0 to—3.0 V versus Ft/Fc at scan rates of 0.05, 0.5, and Potential, V

10 V st Clearly, an extensive and complex reductive Figure 1. Cyclic voltammograms of-[S;M015064 (2.0 mM) in

chemistry beyond that reported to date is available. MeCN (0.2 M BuNCIO,) at a glassy carbon disk electrodg (.0
Cyclic Voltammetry. For convenience, the previously —mm) at 22°C. Potentials versus FFc. Scan rate (V): (a) 0.05;

reported processes summarized in eq 1 are desighatedl! , (b) 0.50; (c) 10.

andlV. Experiments as a function of scan rate at glassy carbon . 1 Cyclic Voltammetric Data for-[S;M01¢0s5]% in
electrodes involved switching the potential between the various \jecppb
processes. A full data set is provided in Table S1 and a

summary in Table 1. process T.°C Epo, V Eua V A Y

Scanning the potential regions of processandll produced ' 22 +0.03 +0.10 —0.24
almost ideal, reversible, one-electron reduction responses for ::I :g'g% :8%3 :8'23
scan rates in the range 0.02 to 10 V!g(Figure 1 and v —114 —107 —0.60
supplementary text, Figure S1, and Table S1 of the Supporting v —1.74 —1.67 -0.25
Information). Vi -1.99 -1.92 —0.5%

However, when the potential is switched after procesdes Vil -3¢ —2.44 —2.36 -0.28
or IV, deviations from ideality emerge in the form of a Vil -2.72 —2.64

de_pendence dt1», onv and the appearance of minor Processes a5 o mm: 0.2 M BuNCIOs; v, 10 V s°%; working electrode, glassy
(Figures 2 and S2; Table S1). In particular, a new chemically carbon disk ¢, 1.0 mm).> Complete data given in Table S1Value
reversible process is present at potentials just after pré¥ess  observed at-30 °C. ¢ A platinum quasi-reference electrode was used
and new processes are evident betwieandlll . However, in these measurements. The half-wave potentials are referenced against
at a fast scan rate of 10 V% four almost ideal, reversible, couplel which was assigned a valui€d.100 V. Anodic shifts of 0 to
one-electron reduction processes are observed (Figure 2c)0-1V are observed upon change of temperature from 2230 °C.
Deliberate addition of water amplifies the relative magnitude = Complexity increases as more highly reduced species are
of the minor processes, implying that the three- and four-electron generated. The effect of scan rate variation on protess
reduced anions [®Mo;¢067]" 8", the presumed products of illustrated in Figure 3. At slow scan ratdshas a peak current
processedll and IV, are basic and readily protonated by considerably larger than that expected for a one-electron
adventitious water present in acetonitrile. reduction process (Figure 3a). As the scan rate increases, the
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Figure 2. Effect of switching the potential after procef¢. The Potential, V
conditions of Figure 1 apply. Scan rate (Vf (a) 0.05; (b) 0.50; (¢)  Figure 3. Effect of switching the potential after process The
10. conditions of Figure 1 apply. Scan rate (V25 (a) 0.05; (b) 0.50; (c)
10.

peak height ofV approaches those of procesdeslV, its . . ]
apparen€, shifts cathodically, and the anodic peak becomes correspond to the following simple couples, extensions of the
broad, appearing to correspond to at least two unresolvedelectron transfer series of eq 1:
processes (Figure 3b,c). These features are consistent with

protonation of the product of proceis, [S;Mo1506,]8~, causing Vi 0-[S;M0,{0q,° + €& = a-[S;M0;06)°  (4)
the subsequent two one-electron wavésand VI, to shift

anodically and to coalesce into a single two-electron reduction VI a-[S,;M0,404,]° + € = a-[S,M0,405,]'> (5)
wave. At fast scan rates, insufficient time is available for full

protonation to take place. Half-wave potential€;, for | andll differ by —0.24 V, and

Even more complex voltammograms are seen upon switching similar differences are seen for the pdits, IV andV, VI. On
the potential aftew! (Figure S3). LikeV, VI only converts to the basis of a separation of abot0.6 V between individual
a one-electron process at fast scan rates when the influence opairs (Table 1), the first process for the next reversible pair is
following chemical reactions is minimized. Very dry acetoni- predicted to occur at about2.50 V. However, switching the
trile is required to achieve this. potential just prior to the solvent limit 6f3.0 V shows complex
Data presented so far imply that, at fast scan rates and in thebehavior (Figure 1). At-30 °C, on the other hand, direct
absence of adventitious proton sources, proce¥sesd VI evidence is found for the predicted seventh and eighth processes,
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-0 steadily in the ordet > Il > 1l > IV (Table 2), implying
that they are not, in fact, all simple reversible processes under
these near steady-state conditions. In addition, minor processes
are seen betweeh andlll (Table 2) and account for the
majority of the “missing” current for processésandlll .

For electrochemically reversible processes, plots vérsus
RTIn[(i. — i)/i)/F over the potential range between the quartile
(Exs) and the three-quartilé=g,s) potential values will be linear
with intercept Ey, and slope H.4% | and Il meet these
requirements witm = 1, butlll andIV do not (apparenh
values, 0.83 and 0.87). In addition, the limiting current\éf
is considerably smaller than that expected (Table 2). Complete
electrode blockage takes place at the platinum working electrode
surface soon after scanning the potential past prdséssThe
onset of this adsorption process is a plausible explanation of
the much smaller limiting current value for the fourth wave.

r T T T T 1

150  -1.00 .0.50 0 +0.50  +1.00 A second series of steady-state voltammograms was recorded
_ using a glassy carbon rotating disk electrode 2.8 mm).
Potential, V Parameters are reported as a function of the rotation speed in

Table S2. The voltammogram in Figure 4b shows that, in
addition tol—IV, processV at —1.66 V is now well defined
under these conditions. Scanning beydhdenables further
processes to be observed which are attributable to multielectron
reduction (at least seven electrons) of the mixture of protonated
and nonprotonated species now present at the working electrode
surface.

The first four processes exhibiE;, values which are
essentially independent of the rotation speed (Table S2). Plots
of E versusRT In[(i. — i)/iJ/F for each of the first three
processes at a rotation speed of 500 rpm provide estimates of
n of 0.99, 1.01, and 1.02, respectively. That for the fourth
process is 0.91, suggesting a minor departure from ide@lity.
The ideal behaviors dfandll allow their total limiting current
to be used to calculate the diffusion coefficidbtof a-[S,-
Mo01g062]*~ in CH3CN using the Levich equatio®® The value

y ! ! ' T ! f el of 6.4 x 1076 cnm? s™1 at 20°C can be compared with values
-3.00 -2.50 -2.00 -1.50 -1.00 -0.50 0 +0.50 +1.00 of 6.2 x 1076 cn? s71 estimated from the microelectrode
Potential, V voltammetry (Table 2:i, = 2nFCdD) and 5.0x 1078 cn? s™!

Figure 4. Steady-state voltammograms@{S;Mo1s0]* (2.0 mM) Oobt%med previously at a platinum rotating disk electrode at 25
in MeCN (0.1 M BuNCIO,4) at 20°C. Scan rate, 0.005 V& (a) C.

Platinum microdisk electroded( 50 um); (b) glassy carbon rotating Voltammetry in 95/5 MeCN/H,0 (0.02 M HCIO,). o-[Sz-
disk electroded, 2.8 mm); rotation speed, 500 rpm. Mo1¢062]*~ in dry MeCN exhibits four pairs of reversible one-
Table 2. Near Steady-State Voltammetric Data at a Platinum electron reduction waves (cf. Eigure S4). Protonation of highly
Microdisk Electrode form-[S;M01s062]*~ in MeCNe reduced complexes by adventitious water appears to be a cause
- of complications seen at more negative potentials (Figures 1
process Eua V (Bue ~ Bas V L, NA and 4b). Experiments in the presence of acid were undertaken
' +0.10 0.055 11.9 to provide more information. In addition, the positive shifts in
I :8:%2 0.055 10%9 potential predicteql by the Nernst equ_ation upon increase _in
—0.46 07 proton concentration suggested possible access to reduction
n -0.91 0.065 9.6 processes that lie beyond the solvent limit in dry MeCN.
v —1.09 0.060 5.4 Cyclic Voltammetry. Voltammograms at a glassy-carbon
ad, 50 um; 2.0 mM; 0.1 M BuNCIOg; v, 0.005 V s%; T, 20 °C. working electroded, 1.0 mm) revealed the presence of at least

seven chemically reversible reduction waves in the range 0.3
VIl andVIIl (Figure S4; Table 1). While these processes are to —1.0 V (Figure 5). The processes observed in this medium
not completely reversible in the chemical sense, the estimatedare labeled I, II, etc., to distinguish them from the one-electron
reduction potentials will not be significantly affected by the waves observed in MeCN which are labeletl , etc. Processes
following chemical reactions. The latter are relatively slow on |—|V are well defined in the presence of 0.02 M HGIFigure

the voltammetric time scale. S5). A full data set is provided in Table S3 with a summary
Steady-State Voltammetry. Figure 4a shows a near steady- given in Table 3.

state voltammogram obtained at a platinum microdisk electrode

(d, 100um) over the potential rapge er!compassmg Wa\fdyj (40) Bard, A. J; Faulkner, L. RElectrochemical Methods, Fundamentals
Parametergi,, (Eia — Eau), andi_ are listed in Table 2. While and Applications Wiley: New York, 1980; (a) pp 160, 290; (b) p
E12 values obtained for procesdeandll are the same as those 288; (c) p 229.

; ; ; _ (41) Estimates ok, from the intercepts for the four plots werfe0.10,
found in cyclic voltammetry (Table 1), technique-dependent Z0.13.-0.79, and-1.08 V, respectively (compare with Table 2).

variations inEy, are evident for processdd and V. In The correlation coefficient for the fit of the straight line plots were
addition, the magnitude of the limiting curreniis decrease 1.000, 0.998, 0.973, and 0.977, respectively.
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r T T

i
-1.00 -Q.50 0 +0.50
Potential (Volts versus Fo/Fe*)

Figure 5. Cyclic voltammograms ofx-[S;M014067]*~ (1.0 mM) in
95/5 MeCN/HO (0.1 M BuNCIOq4; 0.02 M HCIQ) at a glassy carbon
disk electroded, 1.0 mm) at 20°C. Scan rate (V¥): (a) 0.05; (b)
0.50; (c) 10.

Table 3. Cyclic Voltammetric Data for-[S;M01¢062]*~ in 95/5
MeCN/H,O (0.02 M HCIQ)

process Epe, V Eip, V AEyp, V
| +0.14 +0.19 —0.11
Il +0.03 +0.08 —0.20
I —0.18 —0.12 —0.31
\Y —0.48 —0.43

a2.0 mM; 0.1 M BuNCIOq4; 2, 10 V 5% T, 22°C; working electrode,
glassy carbon diskd( 1.0 mm).> Complete data set given in Table
S3.

Switching the potential after the first process | g@yfpc =
1, as required for a chemically reversible process, ARg =

Inorganic Chemistry, Vol. 36, No. 13, 1992831

0.038 V (v, 0.05 V s1), consistent with an essentially diffusion-
controlled two-electron proced® In addition,ipc was signifi-
cantly larger than that observed for the one-electron coupié Fc
Fc under the same conditions. Our data obtained in dry MeCN,
coupled with that of Himeno in acid mediauggest that process

| consists of two unresolved one-electron steps (procdsmed

II') accompanied by proton transfer reactions, rather than the
simultaneous transfer of two electrons,, for process | is 0.19

V and is independent of scan rate over the range-0106V

s~L. This value is more positive than those of 0.10 ar@l14

V for processed andll (Table 1), highlighting the shift that
has occurred due to the influence of additional protonation
reactions which follow the electron transfer steps. Similar
conclusions can be drawn about processe$MlalthoughE;,
values now depend somewhat upgmvarying by 0.02 V in the
range 0.0510 V s'1 (Table S3).

Processes V, VI, and VIl (Figure 5) overlap, but systematic
examination (see supplementary text of the Supporting Informa-
tion) indicates that they are derived from groups of reversible
one-electron transfer steps coupled to proton transfer reactions.
The potentials of these one-electron processes are more negative
than the acetonitrile solvent limit and are unobservable in that
solvent (Table 1).

Switching at potentials more negative than the seventh wave
reveals a further group of reduction processes betwee®
and —1.8 V versus Ft/Fc (Figure S6). Examination of this
group suggests that at least a further four electrons are associated
with these processes.

Steady-State Voltammetry. Figure 6a shows a near steady-
state voltammogram obtained at a platinum microdisk electrode
(d, 50um) over the potential range encompassing wavey |
Again, adsorption of reduced species blocked the electrode at
more negative potentials. Microdisk electrodes less tham50
in diameter were affected by adsorption at all potentials and
could not be used. Parametdts,, (Ei.a — Eg), andi, are
listed in Table 4. €14 — Es/4) will be 0.028 V for a reversible
process with simultaneous transfer of two electr®isThe
observed values for processes Il and IV are larger, implying
that they do not involve simultaneous transfer of two electrons
at the same potential.

Plots ofE versusRTIn[(i. — 1)/i]/F for waves | and Il provide
nvalues of 2.1 and 1.90.1), as expected for simple reversible
two-electron charge transfer processes. The intercepts provide
Ei» values (Table 4) similar to those found in cyclic voltam-
metry (Table 3). Waves lll and IV gave apparentalues of
1.6 and 1.5 electrons, respectively, based on the assumption
that they are simple reversible processes. Clearly, they are not.
However, essentially equivalent limiting currents for each of
the four waves confirm that all four processes involve the overall
transfer of two electrons (Table 4). While processes Il and
IV are chemically reversible, it is apparent again that they do
not originate from simple two-electron charge transfer events.

Figure 6b shows a steady-state voltammogram at a glassy
carbon rotating disk electrodé,(2.8 mm) at a rotation speed
of 500 rpm. Well-defined processes are seen out 15 V.
Limiting currents as a function of rotation rate are presented in
Table S4 while results for processedY obtained at a rotation
speed of 500 rpm are summarized in Table 4. Similar
conclusions to those drawn from the above microelectrode work
can be made about processesV.

A current of 21+ 1 uA is associated with the transfer of
one electron at a rotation rate of 500 rpm (Table 4). The total
current associated with processesWiI (Figure 6b) is 210+
4 uA, equivalent to the transfer of 10 electrons. This conclusion
is sustained for rotation rates in the range-58000 rpm (Table
S4). The combined cyclic and steady-state voltammetry data
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Figure 6. Steady-state voltammogramsa{S;M01¢0¢2]*~ (2.0 mMM)
in 95/5 MeCN/HO (0.1 M BuNCIO4; 0.02 M HCIQy) at 20°C. Scan
rate, 0.005 V st. (a) Platinum microdisk electrodel,(50 um); (b)
glassy carbon rotating disk electrodg 2.8 mm); rotation speed, 500
rpm.

-1.00

indicate that waves V, VI, and VIl involve a total of 10 electrons

Way et al.

potential within each pair is remarkably constant, 0:26.02
V, as are the separations between adjacent pairs,D.6M6
V (Table 1). The one-electron reduction product of prodess
[S2M01057]°7, is stable to disproportionatici:

2[82M018062]57 = [SZM018062]47 + [S,M0,¢0¢,] e
K=28.8x 10" (5)

The same is true of the other odd electron species
[S2M01g062] 7211~ produced by processel , V, and VII
(Table 1; Figure S4). The one-electron reduced anion
[P2M01g067] "~ is also stable to disproportionation under aprotic
conditions??

The influence of chemical reactions which follow electron
transfer increases markedly with the number of electrons n
added. The effect upon the voltammetry is minimal fior=
1—-4 (processes—IV of Figures 2 and 4) but dominates after
that, except at the shortest time scales (Figures 1, 3, 4b, and
S3). The dominant following reaction in the present system is
rapid protonation of highly reduced species by trace water.
Protonation of [gM0150s2]8~ (n = 4), the product of process
IV, is thermodynamically favorable, inducing anodic shifts in
reduction potentials. This effect rationalizes the anodic shifts
and two-electron behavior observed for procésat low scan
rates (Figure 3).

Disproportionation of [8M0150s,]°, the product ofl, is
induced by acid (cf. eq 6%

2[S,M0,40,,]°>" + 2H" — [S,M0,40;,]" " +
[H232M018062]4_ (6)

Equivalent acid-induced disproportionation ofN®150s2] %",
the products of processél$ andV, are further sources of the
complex behavior seen in Figures 2 and 3. Redox-induced
isomerization is another possible complicatf®n.Previous
studies have shown that the one-electron reduced formgef
[X2Mo01406]8~ (X = P, As) are unstable to disproportionation
in the presence of protofg24244

The product of procesg in MeCN, [$SM01g062]°~ (n = 5),
has a significant lifetime on the voltammetric time scale (Figures
3c, 4b). However, more highly reduced species will all be
protonated. Although a total of 12 electrons can be added to
[S:M016062]4~ in MeCN (Figure 6b), [8M01g065]16~ is not
formed in the present experiments. Some or all of the chemical
reactions which follow reduction are contributing to the numer-
ous extra processes observed in the reverse scans after switching

in the ratios 4:4:2. A total of 18 electrons has been added to the potential at negative values (Figures3l S4, S5).

the [$Mo018062]*~ anion at this point to produce a (protonated)

This interpretation is supported by the behavior seen in the

product, which is stable on the short time scale of these presence of added acid. ReductioroefS;M015067]* in 95/5

voltammetric experiments. The limiting current of wave VII

MeCN/HO (0.02 M HCIQ) exhibits four two-electron, chemi-

indicates that at least eight further electrons can be transferredcally reversible steps. The separation&ip values are-0.11,

in a subsequent series of unresolved processes.

—0.20, and—0.31 V (Table 3), i.e., every two electrons (with

An equivalent series of measurements were carried out in accompanying protons) transferred to thfS;Mo14062]*~ anion

the presence of 0.20 M HCIQi.e., at an acid concentration
increased by a factor of 10. ProcessewIll were again

causes a-0.1 V stabilization of the molecular framework with
respect to further reduction. In the absence of acid, the

observable. They were shifted anodically by the increased separation between adjacent pairs of one-electron reductions is
proton concentration, but the separation between processesonstant at about0.6 V (Table 1). The high basicity of the

remained similar. However, processes-Vil were better
resolved (Figure S7), confirming the ratios of limiting currents
as 4:4:2.

Discussion

The total data indicate that eight reversible one-electron
reductions of [9M0180s7]4, occurring as four adjacent pairs,
are accessible in MeCN (cf. Figure S4). The difference in

unprotonated reduced species is apparent and it can be concluded
that process | is derived from procesdeandll, process Il

from Ill and 1V, process lll fromV andVI, and process IV

from VIl andVIII .

(42) Contant, R.; Fruchart, J. M\Rev. Chim. Miner.1974 11, 123.

(43) Jeannin, Y.; Launay, J. P.; Sanchez, C.; Livage, J.; Fourniedduy..
J. Chim.1980Q 4, 587.

(44) Papaconstantinou, E.; Hoffman, N.IAorg. Chem.1982 21, 2087.
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Table 4. Steady-State Voltammetric Data far[S;M01806]*~ in 95/5 MeCN/HO (0.02 M HCIQ)?

platinum microdisk electrodle

glassy carbon rotating disk electréde

process El/zvdV (E1/4 - E3/4), \Y i|_, nA n E;L/gvf \Y (E1/4 - E3/4) \Y iL.f‘uA né
| 0.19 0.028 —14.0 2le 0.19 0.034 —41.5 2
1l 0.09 0.028 —-15.0 e 0.09 0.032 —42.5 2
1 —0.11 0.036 —15.0 z —-0.11 0.038 —41.5 2
\% —-0.41 0.038 —135 z —0.40 0.040 —39.0 2

22.0 mM; 0.1 M BuNCIOg; v, 0.005V s T, 20°C. *d, 50um. ¢ d, 2.8
from i values.f Estimated from data at 500 rpm.

The anodic Nernstian shifts in reduction potential induced
by higher proton concentration allows observation of an 18-
electron reduced species, the product of process VII. This
species is stable on the voltammetric time scale (Figures 5, 6b
and S7) and corresponds to formal reduction of all Mo(VI)
centers im-[S;Mo;g0s2]*~ to Mo(V). A further eight electrons
can be added (Figure 6b). This behavior is similar to that
reported for [HW1,040]%~ where a 24-electron reduction of all
W(VI) centers to W(IV) occurs with the formal generation of
12 W—W bonds. A further eight electrons can be accepted
into nonbonding leveld?

The present work can be related to the pioneering electro-

chemical work of Pope and Papaconstantinou on {f24¢]°~
and [XoM1g067]8~ (X = P, As; M= Mo, W) in aqueous sulfate
solution®® At sufficiently high pH, six successive one-electron
processes are observed for [PX]3~ and [RW106]%",

mm.¢ Estimated from plots o versusRTIn[(i. — i)/i]/F. ¢ Estimated

scales, the two added electronxiP,M01505]8~ are trapped
on adjacent atoms, one from each it The two octahedra
are linked by a bridging oxo ligand, and such an arrangement

,is consistent with the pronounced stability of the spin-paired

[MoVO]x(u-O) fragment in Mo(V) chemistr§? On the other
hand, the'®W NMR spectrum ofo-[P,W15065]8~ shows that
the two added electrons are spin-paired and delocalized over
the 12 belt centers, on different but not necessarily adjacent
sites!®21

The observation of closely spaced pairs of one-electron
reductions (separated by about 0.2 V) suggests a significant
contribution of M, pairs to the total superexchange stabiliza-
tion. The separation of 0.6 V between adjacent redox pairs in
the [SMo0150s2]4~ system is a measure of Coulombic repulsion
disfavoring further reduction. In MeCN, four pairs of one-
electron reductions can be detected fosM8:s06,]*~ before

occurring as three adjacent pairs. The difference in potential the extreme basicity of the reduced anions leads to protonated
within each pair is about 0.2 V, and the separation between species via scavanging of trace water. In the presence of acid,
adjacent pairs is about 0.28.6 V (cf. Table 1). The two pairs  the stabilization ensuing from proton-induced disproportionation
at more negative potentials coalesce to two-electron processesf odd electron species converts the four one-electron pairs into
below pH 4 (cf. Table 4), as does the third pair in concentrated four overall two-electron reductions. The addition of a further
acid?s [P,M014065]°~ is more easily reduced than its tungsten 10 electrons occurs over a potential interval of 0.3 V only
analog, and its reduced anions are stronger as€snse- (processes VI of Figure 6b). This signals a major change
quently, three successive two-electron processes are seen at pkh electronic structure or the level of protonation in the 18-

<10. As for the present system, two protons appear to
accompany each two-electron transfer.

electron reduced species.
The one-electron reduction processes (cf. Figure 4) seen at

These systems are all characterized by adjacent pairs of onejower H" concentrations convert to two-electron processes at

electron reductions which coalesce to overall two-electron

higher H" concentrations (cf. Figure 6). Simulation of the

processes in the presence of acid. Such periodicity suggests &xperimental voltammograms at intermediatedéncentrations

structural basis. The structure of;Ji#150s2]%" is close to the
Dsp representation of structute*® In the molybdenum analog,

provides estimates of 1z values, protonation constants, and
disproportionation constants for the various reduced forms of

alternating molybdenum atoms in the two hexagonal belts are [S,Mo,50¢,]4".5° Access to such detailed information has
displaced so that the belts are puckered, reducing the pointpermitted directed synthesis of the following reduced forms,

symmetry toDs. This gives rise to chiralit§? The distortion
is present but much less developed igN1®:5057]*~ and nearly
disappears in the (4e 3H")-reduced fornt’22 The mean

all isolated as crystalline salts: (I)e((2 €), (2 e, 1 H"), (2
e€,2H"), (4e,2H"), (4e,4H").2850

deviation of the molybdenum atoms from the two least squares Acknowledgment. A.G.W. and A.M.B. thank the Australian

planes decreases from 0.18 to 0.007 A.

On the EPR time scale, the unpaired electron V&G 0e2]>~
is delocalized over the whole molecular framework, an observa-
tion which correlates with a small thermal barrier of 0.0045 eV
to intramolecular electron transféy. Localization of added
electrons will vary with the details of each system: thermal
barriers in other polyoxomolybdates vary from 0.03 to 0.3'&V.

For example, EPR experiments show that the unpaired electron

in a-[P,M01g0¢7] "~ is localized in the 12 molybdenum centers
of the hexagonal belts while, on tHé0 and3P NMR time
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