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Synthesis and Redox Characterization of the Polyoxo Aniony*-[S;W15062]%": A Unique
Fast Oxidation Pathway Determines the Characteristic Reversible Electrochemical Behavior

of Polyoxometalate Anions in Acidic Media
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The synthesis and characterization of {B)[S;W15062]-1.23MeCNO0.27H0 are reported. It crystallizes in the
monoclinic space grou@2/c with a = 22.389(6) A,b = 22.104(3) A,c = 25.505(5) A5 = 95.690(15), V =
12560(5) &, andZ = 4. The anion exists as thg* isomer, the second example of this isomer type to be
characterized structurally. The equivalent molybdenum salt occurs asig@mer.y*-[S;W15062]4~ in MeCN
solution displayed four electrochemically reversible one-electron redox processgsvalues of—0.24,—0.62,
—1.18, and—1.57 V versus the Fg¢Fc couple. Upon addition of acid in MeCN#8 (95/5 v/v), the two most
cathodic processes converted to an overall two-electron proces8.al V. The total data suggested that this

process actually comprises two one-electron transfer processes, occurring at different potentials, with associated

proton-transfer reactions. The interpretation is supported by simulation of the effect of acid titration upon the
cyclic voltammetry. While multiple pathways for correlated reduction and protonation are present in both the

molybdenum and tungsten systems, only a single fast oxidation pathway is available. As the reduced forms of

[S2W18067]*~ are much weaker bases than those eM&s0s2]*~, the individual oxidation pathways are not the

same. However, their existence determines the highly reversible electrochemical behavior that is characteristic of

these anions, and that of polyoxometalate systems in general.

Introduction 1

The structure of the classic polyoxo anions of stoichiometry

[X2M16062]" was defined initially by Dawson foa-[P,Wg-
067]67.2 The o isomer exhibits nominaD3, point symmetry
(structure 12 A number of other isomers, differing in the relative
orientations of the trinuclear “caps” or hexanuclear “bett3”,
have been defined by X-ray crystallograghfy1° or have been
proposed to exist in solution on the basis of NMR deith!2In
particular, they* isomer (structure [1D3g) is derived formally

* t.wedd@chemistry.unimelb.edu.au.
T University of Melbourne.
¥ Monash University.

(1) Abbreviations: a, anodic; Bun-butyl; c, cathodic; CV, cyclic
voltammetry; Dy, diffusion coefficient;E, potential;Ey/, reversible
half-wave potential AE,, difference between peak potentials; ESI-
MS, electrospray ionization mass spectromdtyfaraday’s constant;
Fc, ferrocenej, current;i., limiting current;i,, peak current; m,
medium; M, molar concentratiom, number of electrons transferred
per mole;N,, rotation rate (minl); RDEV, rotating disk electrode
voltammetry; sh, shouldef, temperaturey, scan rate; w, weakp,
rotation rate (s%).

(2) Dawson, BActa Crystallogr.1953 6, 113.

(3) Pope, M. THeteropoly and Isopoly Oxometalate3pringer-Verlag:
Berlin, 1983; pp 69-70.

(4) Baker, L. C. W.; Figgis, J. SI. Am. Chem. S0d.97Q 92, 3794.

(5) Contant, R.; Thouvenot, Rnorg. Chim. Actal993 212, 41.

(6) Strandberg, RActa Chem. Scand., Ser.1875 29, 350.

(7) D’Amour, H. Acta Crystallogr.1976 B32 729.

(8) Wey, A. S. J.; Gutierez-Zorrilla, J. M.; Luque, A.; Ugalde, M.;
Roma, P.Polyhedron1997, 16, 2589.

(9) Neubert, H.; Fuchs, Z. Naturforsch. Teil BL987, 42, 951.

(10) Hori, T.; Tamada, O.; Himeno, 3. Chem. Soc., Dalton Tran989
1491.

(11) Massart, R.; Contant, R.; Fruchart, J.-M.; Ciabrini, J.-P.; Fournier

M. Inorg. Chem.1977, 16, 2916.

(12) Acerete, R.; Harmalker, S.; Hammer, C. F.; Pope, M. T.; Baker, L.

C. W.J. Chem. Soc., Chem. Commua®79 777.

from theo form by 60 rotation of one-half of the ion relative
to the other, followed by 60rotations of both trinuclear caps.

| o %

The present work reports the synthesis and structural char-

* acterization ofy*-(BusN)4[S;W150e7], the secong* isomer to
be characterized structurally. Its synthesis arose from a desire
to compare its redox and photochemical properties with those

10.1021/ic000793q CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/11/2001



704 Inorganic Chemistry, Vol. 40, No. 4, 2001

of the intensively studied.-[S,M01g0¢7]*~ ion.10:13-21 For the

Richardt et al.

Electrochemistry. Voltammograms were obtained using a Cypress

latter, an extensive series of reduction processes (addition ofSystems model CS1087E electroanalysis system. The standard three-

up to 26 electrons in acid media) has been identiffe@ihe

electrode arrangement was employed with a Pt wire auxiliary electrode,

reduced anions are basic, and simulation of experimental datad!ssy carbon working electrode, and Ag/AgCI (saturated NaCl in

has unravelled many aspects of the coupling of electron and

proton transfer in these systeA¥g° These insights led to the
directed synthesis of various reduced forms.gB,Mo1¢067]*~
in a number of different protonation stafés.

A detailed comparison of the electrochemical properties of

MeCN) reference electrode, for both rotating-disk voltammetry and
cyclic voltammetry. The reference electrode was calibrated against the
ferricenium/ferrocene (F¢ Fc) couple. All potentials are quoted relative

to this standard. The glassy carbon working electrodes (diameter 2.8
mm) were polished with alumina (8m) on LECO Inc. polishing pads
and then rinsed with distilled water and dried before each experiment.

the Mo and W systems in aprotic and protic media is presented The cell was purged with Nor at least 10 min before each experiment.

here. The reduced forms of J&150s7]%~ are much weaker bases
than those of [8Vl018067]*~. However, in each system, while
multiple reduction/protonation pathways are possible in the
presence of acidic electrolyte media, only a single fast oxidation
pathway is available. This determines the highly reversible
electrochemical behavior characteristic of polyoxometalate
anions in protic media.

Experimental Section

ReagentsNaaWO,:2H,0 and NaMoO,-2H,O were reagent grade
chemicals from APS Ajax Finechem. GEN, EtO, and EtOH were
analytical grade chemicals from APS Ajax Finechem NBBr was
purchased from the Aldrich Chemical Co. Inc., Milwaukee, WI.

Synthesis. [BuN]4[S;W15067]-1.23MeON-0.27H,0. Nap;WO4+2H,0
(50 g, 0.15 mol) was dissolved in a boiling solution of LM (175
cn?) and HO (175 cnd). H,SO, (9 M, 75 cn?) was added dropwise to
the refluxing solution with vigorous stirring. The resulting light yellow
mixture was refluxed for 16 h and was then allowed to cool to room

temperature. The mixture separated into two phases, a light yellow upper gt sion coefficients(Dy) for [S;W1s06]™ (

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 628-10 rotator.

Simulation of Cyclic Voltammograms. The simulation package
DIGISIM V 2.0 (Bioanalytical Systems, West Lafayette, IN) is
described in ref 22. A systematic approach to simulation of the complex
voltammetry of polyoxometalate anions as a function of pH has been
developed and was employed héteéd 150 MHz Pentium PC was
employed, and each simulation required about 5 s. A number of
background input parameters are defined here via goodness of fit
estimates for voltammograms in MeCN. Uncompensated resistance:
400Q.. Double layer capacitance: 2 10°¢ F. Temperature: 298 K.
Electrode area: estimated experimentally as 0.075wanapplication
of the Levich equatioti® to RDEV data for the FdFc couple;
simulations were optimized at a value of 0.08%ciand this was the
value used in the final simulations. Charge-transfer coefficients: 0.5;
this parameter did not affect the simulations, consistent with the
presence of electrochemically reversible processes. Heterogeneous
charge-transfer rate constants: assumed to be fast, and setatlcms
n = 4—8): these were

phase and a slightly cloudy, colorless lower phase. The upper phaseqgtimated experimentally for= 4—6 as 4.4(3)x 1075, 3.7(1)x 107,

was collected, and the crude product was precipitated by addition of
solid BuwNBr (10.9 g, 0.03 mol) in small portions with vigorous stirring.
The resulting waxy solid was left in the freezer for several hours to
solidify before filtration. It was washed with EtOH and.@tand dried
under vacuum. Fractional recrystallization from hot MeCN produced
analytically pure material by the second crop. Yield: 12.4 g, 28%. IR:
»(WOS), 1180, m; 1075, wy(W=0), 965, s;y(WOW), 905, m, 805,

S. UV—Vis: Amax NM €, M~ cm™Y), 252 (5.75x 10%); 300 sh (3.93«

10%. Anal. Found: C, 14.68; H, 2.59; N, 1.19; S, 1.14; W, 62.45%.
Atom ratios are N:S:W= 4.5:1.9:18. G4H144N40625,W 15 requires C,
14.41; H, 2.72; N, 1.05; S, 1.20; W, 62.03%. The high experimental
N:W ratio suggests the presence of Ll of crystallization, consistent
with the X-ray diffraction data (see below). For 0.5 equiv of NI

of crystallization, GsH14s 3\4.50625,W1s requires C, 14.58; H, 2.74; N,
1.18; S, 1.20; W, 61.79%. For one GQEN of crystallization,
CeeH14N5062S5,W1g requires C, 14.75; H, 2.76; N, 1.30; S, 1.19; W,
61.55%.

Instrumental Techniques.Elemental analysis was performed at the
Analytische Laboratorien, Elbach, Germany. Electronic spectra were
recorded on a Cary 1C UMvisible spectrophotometer. Data collection
employed a generic 486 PC, running Cary version 2.50 software, on
an OS/2 WARP version 3 operating platform. The spectrophotometric
cells were quartz wit a 1 cmpath length. Infrared spectra of pressed
KBr disks were recorded on a Bio-Rad FTS-165 Fourier Transform
spectrometer.

(13) Hori, T.; Himeno, SChem. Lett1987 53.

(14) Himeno, S.; Hori, T.; Saito, Aull. Chem. Soc. Jpri989 62, 2184.

(15) Cooper, J. B.; Way, D. M.; Bond, A. M.; Wedd, A. Gorg. Chem.
1993 32, 2416.

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

(17) Way, D. M.; Bond, A. M.; Wedd, A. Gnorg. Chem1997, 36, 2826.

(18) Way, D. M.; Cooper, J. B.; Sadek, M.; Vu, T.; Mahon, P. J.; Bond,
A. M.; Brownlee, R. T. C.; Wedd, A. Gnorg. Chem1997, 36, 4227;
1998 37, 604 (erratum).

(19) Bond, A. M.; Ecklund, J. C.; Tedesco, V.; Vu, T.; Wedd, A.IGorg.
Chem.1998 37, 2366.

(20) Prenzler, P. D.; Boskovic, C.; Bond, A. M.; Wedd, A.&hal. Chem.
1999 71, 3650.

(21) Eklund, J. C.; Bond, A. M.; Humphry, D. G.; Lazarev, G.; Vu, T.;
Wedd, A. G.; Wolfbauer, GJ. Chem. Soc., Dalton Tran200Q 4373.

and 3.8(1)x 107¢ cn? s7%, respectively, via application of the Levich
equatiod®*2to RDEV data in MeCN? however,Ds = 4.4 x 1075 cn?
st was used for each species, as the simulations were not sensitive to
the variations detected experimentally. The diffusion coefficient for
H*™ was optimized to a final value of 1.5 107 cn? st in the fitting
process®

Crystal Data. Single crystals were grown by dissolution of [Bl4-
[SoW1g067] (5 x 1073 M) in MeCN (0.1 M BwNCIO,) at room
temperature followed by standing at°€. As crystals rapidly lost
solvent when exposed to the atmosphere, data were collected on a
crystal mounted in a Lindemann glass-capillary tube, in the presence
of mother liquor. In addition, many of the crystals were found to be
disordered, with broad and asymmetric peaks; the selected crystal (0.15
x 0.14 x 0.08 mm) showed comparitively little disorder. Intensity data
were collectedlf, —1 to +26; k, —1 to +26; |, —30 to+30) using an
Enraf-Nonius CAD-4MachsS single-crystal X-ray diffractometer and the
w:260 scan method, with Mo K radiation (graphite crystal monochro-
mator), A = 0.71073 A, at 293(1) K. The data were corrected for
absorption by Gaussian integrations (SHELX76); maximum and
minimum transmission coeficients were 0.389 and 0.142. Accurate
values of the unit-cell parameters and crystal orientation were obtained
by a least-squares procedure from the angular settings of 25 carefully
centered reflections. The crystal showed a deterioration of 10% during
the data collection. A total of 12 656 reflections were collected, of which
191 were omitted due to obviously high or asymmetric backgrounds,
and 10 991 were unique and subsequently used in the refineRgnt (
= 0.053); of these 7249 had > 20(l). Crystallographic data are
summarized in Table 1 and are available as a CIF file.

Structure Solution and Refinement.The structure was solved from
a combination of direct methods and difference synttté$gand was
refined using a full-matrix least-squares refinement procedure on

(22) Rudolph, M.; Reddy, D. P.; Feldberg, S. Whal. Chem1994 66,
589A.

(23) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals
and ApplicationsWiley: New York, 1980; (a) p 288. (b) p 229. (c)
pp 160, 290.

(24) Richardt, P. J. S. Ph.D. thesis, University of Melbourne, 2000.

(25) Sheldrick, G. M., SHELXS-97. Program for Crystal Structure Solution,
University of Gottingen, Germany, 1997.
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Table 1. Crystallographic Data for
y*-[BU 4N]4[S;W16067] - 1.23MeCNO.27H0O

formula C66.46 H146.23 N5.23 062.27 S2 W18
fw 5445.97
aA 22.389(6)
b, A 22.104(3)
c, A 25.505(5)
B, deg 95.690(15)
vV, A3 12560(5)

A 4

space group C2/c

p, cmt 2.880

u, et 16.53

scan method wl26

data 12456
unique data 10991
26max deg 50

weight () [0%(F?) + (0.0886°)% + OP] %
data refined 10991

R2 0.0552

Ry 0.1483
max shift/esd 0.003
max, min diff peak, 1.90,—2.63

x 1073A
AR = J||Fo| — IFcl/3Fo. P RW = [SW(Fe? — FAHFW(FA)? V2

Figure 1. Molecular structure and labeling scheme of the anion in
[BuaN]4[SoW16062]+1.23MeCNO0.27H0. Primed atoms are related to
the unprimed atoms by the symmetry operator 4/, 1/12 —y, —z

F2. Anisotropic displacement parameters were assigned to all non-H ElliPS0ids are at the 50% probability level.

atoms; no hydrogen atoms were located. The anion lies on a center of . ) . o .
symmetry (1/4, 1/4, 0), while the two unique cations are in general €ffective separation technique. Two recrystallizations provided
positions. The anion was found to be disordered, with two minor pure material, as judged by microanalysis and ESI-MS.
components that were able to be included in the refinement, these being  Molecular Structure. The [SW1¢062]4~ anion in [BwuN]4-
translated by approximatet}#(0.35, 0,-0.27), with respect to the major  [S,W;¢04]+1.23MeCNO0.27H:,0 is they* isomer (structure II;
component. All atoms in these components were assigned a COMMONEigyre 1) rather than the isomer (structure I) that is observed
isotropic displacement parameter, and the geometrical parameters were, [BuaN]4[S;M016065]-MeCN 0 A y* isomer has been char-

restrained to be similar to that of the major component. The final - .

occupancy factors were 0.934(3):0.033(2):0.033(2). The cations were ac'Ejerlzed fstructl;r?rl]ly n ?tn.e otlher EyStei;n T [‘i\t})l‘fﬂa‘sézl/v.lgoﬁ]’"
also disordered, with the two terminal carbon atoms in every ¢f@in and ana form o this sait 1S also known.fable IS a full
distributed over two positions and being given isotropic displacement listing of interatomic distance and angle data for the four anions

parameters; all of these disordered atoms were restrained to idealmentioned above. Tables 2 and 3 list minimal comparitive
geometry. One molecule of MeCN (restrained to ideal geometry) was Structural parameters only. Assuming the radii of Mo and W to
located lying along a two-fold axis, while another solvent site appeared be similar?” bond length differences can be attributed to the
to be a combination of MeCN (atoms in fixed positions) and water. smaller effective size of the SQunit relative to AsQ. For

For the latter solvent site, while the relative amounts were allowed to example, the M-OS distances (MOg125 M = Mo, W) are
vary, the sum of the MeCN and water was fixed at one molecule. There g 102 A onger than W-OAs distances (Table 2).

was no evidence for the presence of other solvent molecules, which Contant and Thouvenot discussed the relative stabilities of

suggested that if there was additional solvent it was essentially fluid th do* i hasising the structural infl f
in nature. The final refined proportions of solvent molecules were 1.23 ea andy” ISomers, emphasising the structural intluence o

MeCN and 0.27 water. All solvent atoms were given a fixed isotropic
displacement parameter. The refinement converged Rjth> 25(1)]

and R, (all data) of 0.0552 and 0.1483, respectively. The weighting
scheme employed was of the tyype= [$*(F.?) + (0.0886°)% + OP] %

In the final difference map, maximum and minimum peak heights were
+1.90x 103 and—2.63x 10-3A, close to the W atoms of the anion,

the eclipsed junction between the hexanuclear belts inothe
form (Dan; structure 1) relative to that of the staggered junction
in the y* form (Dag; structure I1)® Figure 2 details the 6-O
nonbonded separations within the belts for ¢afS;Mo1¢062]*~
andy*-[S;W1g047]4~ anions. The upper hexagons of bridging
O atoms (Ob16), which link the belts with the caps, each feature

and represent components of the disorder that were not modeled. Thealternating shorter and longer nonbonding separations. On the

molecular structure of the anion is shown in Figure 1, while selected
interatomic distances and angles are included in Table 2.

Results and Discussion

Synthesis Detailed investigations of NM0O,4-2H,0 and H-
SO, in MeCN/H,O showed that the yield of ther-[Sy-
Mo1g0e2]*~ ion was optimized for MeCN/KD > 3/2 and
[H2SOy)/[Mo] > 4/114 The lower solubility of NaWQO4-2H,0
meant that MeCN/pD = 1/1 was used in the present system,
with [H2SOu)/[W] = 4.7/1. Reflux of the mixture yielded a two-
phase system. Addition of BMBr to the MeCN-rich layer
provided a mixture of salts of [WD1g2~ and [SW1g067]*".
Fractional recrystallization from MeCN proved to be the most

other hand, the lower hexagons of bridging O atoms (Ob96),
which link the two halves of the molecules (Figure 1), have
similar separations in thg* isomer, but alternating shorter and
longer separations in the isomer (Figure 2; Table 3). The
smaller effective size of the SQunit is consistent with the
smaller average separation of thesga®ms (3.63 A) within
the larger hexagon ip*-[S;W14062]*, relative to that of 3.75

A in y*[As:W1g067]4". In addition, the relative orientations
of the six individual octahedra within the belt adjust to
accommodate the different sizes of the S and As atoms. The
W-0b96-W links between the belts are effectively linear
(average angle, 179Table 2) iny*-[S,;W1g065]4 compared

to 168 in j/*-[ASlegoﬁz]AP.

(26) Sheldrick, G. M., SHELXL-97. Program for Crystal Structure Refine-
ment, University of Gottingen, Germany, 1997.

(27) Huhey, J. E.; Keiter, E. A.; Keiter, R. LLnorganic Chemistry4th
ed.; Harper-Collins: New York, 1993; pp 11417.
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Table 2. Mean Interatomic Distances (A), Bond Angles (Deg), and Observed RaimyesBusN]iS;M0106s2], y*-[Bu4N]a[S:W150s2], and a-

and V*-[H 4N]6[A32W13062]

Q- [SzMOlgoez] 4-b

y*-[S2W1g0g7] 4~ &4

y*- [AS 2W1v8052] 6-e a- [A52W1'8062] 6-e

M—0 (0d56) 2.47+ 0.04 2.53+ 0.04
M—0 (0d123) 2.50 0.06 2.53+ 0.02
X—0 (Od56) 1.46+ 0.04 1.46+ 0.01
X—0 (0d123) 1.48+ 0.04 1.48+ 0.01
Xeee X' 3.92 3.774
0d56-M—0a6 170+ 2 171+ 2
M—Ob45-M 153+ 2 161+ 1
M—0b96-M 164+ 1 179+ 1
M—Oc12-M 128+ 2 13242
M—0c56-M 129+ 3 131+ 1
M—0d56-M 89+ 2 87+1

2.37+0.08 2.304+0.05
2.414+0.02 2.32+0.03
1.67+ 0.06 1.69+ 0.03
1.57+0.01 1.74+0.01
3.86 3.85
166+ 7 171+ 4
155+ 8 154+ 3
168+ 2 161+1
126+ 3 122+ 2
133+ 6 121+ 2
9442 9442

aKey to labeling of specific oxygen atoms is given in Figure 1. The observed values for all symmetry equivalent parameters are indicated as a
+ range.” Reference 10¢ This work. 9 Typical esd values (A of) for y*-[BusN]aS;W14067]+1.23MeCN0.27H0 are W-0, 0.01; S-O, 0.01;

S-S, 0.008; OWO, 0.6; WOW, 0.6; WOS, 0.5Reference 9 X = S or

As.

Table 3. Observed Ranges of-©0 Distances (A)in a-[BusN]j{S:M0140s3], y*-[BusN]4[S;W16062], and a- and y*-[H 4N]e[ASW150s2]

corner (c)-
or edge (e)-
hexagon shared octahedra o-[SoM01g062]*~ y*-[SoW1g067] 4 © y*-[AS ;W15062] ¢~ o-[As;W16062] ¢~
lower c 4,18+ 0.04 4.34+ 0.01
cande 3.63: 0.01 3.75+ 0.05
e 3.08+ 0.03 3.13+0.01
uppep c 2.58+ 0.01 3.29+0.04 3.24+0.02 2.62+0.02
e 3.17+ 0.04 2.53+0.03 2.55+0.04 3.05+ 0.05

a2The observed values are indicated as aange. Data taken from references footnoted in TableSze Figure 2¢Esd values for ©-O
distances in this anion are typically 0.02 A.

258 A\ 3ITA
- —

329 A\ 253 A

< >

k 3.63 A,/A

-[S,Mo;3 0,1+ Y*-[S,W 304, 1"

Figure 2. Representation of @O nonbonded separations in tigS,-
M01g0g2]*~ and y*-[S;W1062)*~ anions. A polyhedral representation

3.08 A/‘

418 A

40_
/\/\ SN
~ or 3
b= Vi
g m "/ Pl {
S 4ot v i \
(5] ., %]
[
N m
V%
80 . , \ ;
15 -10 05 00
Potential (V)

Figure 3. Cyclic voltammograms of [BiN]4[S;W10¢7] (1.0 x 1073
M) in MeCN/H,0O (95/5, viv; 0.1 M BuNCIO,); v, 0.100 V s1. No

of one of the hexanuclear belts is shown. The upper hexagon representadded acid{); plus four mole equivalents of HCIJ- - -).

the bridging atoms ©which link a belt with a cap. The lower hexagon
represents the bridging atoms, @hich link belts. A thicker line
indicates a smaller @O separation. Average interatomic distances
are indicated.

Electrochemistry in MeCN. A cyclic voltammogram for a
solution of [BuN]4[S;W140s;] (1.0 x 10-3 M) in MeCN, with
BusNCIO4 (0.1 M) as supporting electrolyte, is shown in Figure
S4. Four major reduction processkeslV are present in the
region 0 to—1.8 V (cf, Figure 3). Less well-defined processes
were observed at more negative potentials.

The Eypp value, the current functio'rp)cvl’z, and current ratio
lipdipcd for processl are independent of scan rate within
experimental error (Table S2\E, increased from 0.060 to
0.090 V in the scan-rate range0.020-1.0 V s'1. A constant
value ofAE, = 0.057h V is expected for an electrochemically
reversible process involving transferroélectron equivalentsP
Comparison of the data for procdswith those for the Ft/Fc
redox couple (known to undergo rapid and reversible electro-
chemical equilibrium at the electrof#&9 confirms process
as a reversible Ietransfer. The slight dependence AE, on

Scheme 1
[Szwmosz]"é [SZW13062]5'é [S,W;506, )5 mem
I 11 419

[S;W;50¢." % [S,W1406,1*

scan rate is attributable to uncompensated resistance in the
electrochemical cell rather than to slow electron transfer.

Examination of the data for processds-IV (Table S2)
indicates that each is essentially reversible. The voltammetry
is consistent with [8/N150s7]*~ undergoing four consecutive
reduction processeb;-1V, each of which involves transfer of
le on the voltammetric time scale (Scheme 1).

This conclusion is supported by the simulation displayed in
Figure S4, usingE;;, values estimated from Table S2. A

(28) Sawyer, D. T.; Sobkowiak, A.; Roberts, J. L., Etectrochemistry
for Chemists2nd ed.; Wiley: New York, 1995; p 203.
(29) Gritzner, G.; Kuta, JPure Appl. Chem1984 56, 461.
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Table 4. Cyclic Voltammetry Data for [BkN]4[S;W1g0e7] (1.0 x
1073 M) in MeCN/H,0 (95/5 v/v; BUNCIO,4, 0.1 M; HCIQ,, 4.0 x

103 M)
§ v Eiz Epe AR ipc ipey 112
= (Vs (V) V) (V) @AmMM™) WASYZVYY) ipdipd
c
5] I
£ 0.020 —0.710 —0.735 0.055 —13.2 -3.0 11
'S) 0.050 —0.710 —0.740 0.060 —19.8 -2.8 1.1
0.100 —0.710 —0.745 0.070 —26.8 -2.7 1.2
0.200 —0.715 —0.755 0.080 —37.8 -2.7 1.2
0.500 —0.715 —0.770 0.105 —57.7 —2.6 1.3
E s - 1.000 —0.720 —0.785 0.140 —79.3 -2.5 1.3
15 10 05 0 "
Potential (V) 0.020 —0.960 —0.990 0.060 —11.9 -2.7 1.1
Figure 4. Rotating disk electrode voltammograms of [Bifu- 0.050 ~0.900 —0.952 Q005 18 —22 2
[S2W15067] (1.0 x 1073 M) in MeCN/H,0 (95/5, viv; 0.1 M BuNCIO,; 0.200 —0.960 —1.000 0.075 —33.4 —24 1.2
v, 0.010 V s%). N,, 2000 mirrt. No added acid-t); plus four mole 0.500 —-0.965 —1.015 0.095 -52.1 —2.3 1.2
equivalents of HCIQ (- - -). 1.000 —0.970 —1.035 0.125 —70.8 —2.2 13
. Table 5. Rotating Disk Electrode Voltammetry Dé&ttor
resistance term of.40(§2 was needed to accounf[ for Fhe UN]A[S W16 (1.0 x 102 M) in MeCN/HyO (95/5 VIv:
uncompensated resistance discussed above. There is a mismat@),NCIo,, 0.1 M; HCIQ,, 4.0 x 10°2 M)
in baseline for processddl and IV which is attributed to tafion rafe o ocesdV
nonlinear dependence of the background current and/or to the — — p_ - P ' 3
influence of the processes at more negative potentials. Ne(min™) (s Bie(V) it @A) Nap® Ewa(V) i WA) Napp
Well-resolved waves were observed for procedsaad I 500 524 —0.720 —44.5 127 -0.980 -421 1.11

. . . " . 1000  104.7 -0.730 —63.3 1.22 —0.990 —60.8 1.11
in rotating disk voltammograms under the same conditions (Fig- 1500 1571 -0735 -782 1.20 —0990 -73.3 119

ure S5; cf. Figure 4). Procesddls andlV were not observable, gggg %g?.g —8.;3(5) —1?)8.3 ﬁ? —i.ggg —1%%.5; (1).g37’
consistent with the product pf procd$sadsorbing or precipitat- 3000 31416 —0.740 —109.2 110 —1.010 —1089 117
ing and subsequently blocking the electrode surface at the higher - ) )

.y . . e a
current densities associated with RDEAMThe position of zero (seeV’ttg);g-) V's'. > Based upon the assumption of a singée process

current confirmed the presence of fully oxidized\[% 06+~

in solution. Ey/, values for processdsandll were essentially
independent of rotation rate (Table S3), and plots of the Levich
equation (i vs w?23afor processes andll are linear (Figure
S6), consistent with a mass-transport-controlled reversible pro-
cess. Plots o versus In[{L — i)/i]?%¢ are also linear (Figure
S6), and estimates af (naps Table S3), obtained from the
slopes, are consistent with-1processed! The results confirm

the conclusions derived from the cyclic voltammetry (Scheme
1).

Electrochemistry in MeCN/H,0. Cyclic voltammograms in
MeCN/H;O (95/5 viv; BUNCIOy, 0.1 M) also showed processes
=1V (Figure 3).Ej; values were displaced in the positive dir-
ection by 0.2-0.14 V, symptomatic of Nernstian shifts in po-
tential induced by a medium effeEtRDEV detects processes conditions of increasing voltammetric complexity.

|11l (Figure 4); the presence of water apparently suppresses Fi -

. . i igure 5 documents the behavior of [BY4S;W1g0s7] (1

'r}tertacgons Off the prdeF‘.JCt of rslrgceﬁ? [SQ\I’V?OGZ ’ aFt“ée ¢ x 1072 M) in MeCN/H;0 (95/5, viv; 0.1 M BUNCIO,) as a

tehzcl'rr‘(r)1't$1 suCr ?rceent(g 'l_i)g;rse_o g\% zog(;en?'rlrvle n;ggqrg.gegs %" function of HCIQ: concentration in the range 0.28 equiv.
imiting cu (1:0.95:0.9N, i), ' ProcesdV initially loses current intensity, as new procels

the tranaler of one electron equvalent, consisent with SchemegIoWs It a potental between procesteandil . Process
q ’ Il also loses current intensity as the acid concentration

1 increases. At 1 equiv of acid (Figure 5c), the development of

The add?tion F)f 4 equiv of HCI@produces a cyclic volta- [l is dominating the voltammogram, and at 4 equiv (Figure 3),
mmogram in which two new processé$,andlV, are observed both 1l and IV are fully developed

(Figure 3; Table 4). Processésand Il remain. These four :
. . For procesdll to grow in between processéks and Il
processes are also detected by RDEV (Figure 4; Table 5). Plots(Figure 5) as observed, the 2eeduced anion [SV150s:]5,

i 1/2 i i i

\c/)vfitlﬁ \r/r?aa;s t?;is“nc?srcfgrrlt?c?lchT?wreO?gIS;i\(/Zlgllil::ieti57)(’:Srcigsl'[sstem the product ofll , must protonate. Scheme 2 was proposed for
arel-1 -1V = 1p0'0 931 96'1 8N, 2000 min) %dicatir? the simulation on the basis of the relative anionic charge being
that. rbcéssca_lél érid.lv éré 0‘ éralTZe rocessés Howe %r the major determinant of basicity in these polyoxo anion

P v P - MOWEVET, oy stemd820 All species of anionic charge more negative than
the AE;, (Table 4) andh,pp(Table 5) values demonstrate clearly ;7" . : : Y

. . : 6— are involved in protonic equilibria.

that these are not simple 2erocesses in which electrons
transfer simultaneously at a single potential. For such ProCesses 3oy wy H.J. Biol. Chem192Q 43, 189.

(33) Pope, M. T.; Varga G. Minorg. Chem.1966 5, 1249.

(30) Insolubility of the 2e reduced salt [BsN]g[S:W150s2] is unlikely to (34) Pope, M. T.; Papaconstantinou, |Borg. Chem.1967, 6, 1147.
be the cause as the CV experiments were unaffected (Figure S2). (35) Tourrie C. Bull. Soc. Chim. Fr1967 3196, 3199, 3214.

(31) Deviations from ideal behaviondy, ~ 0.90(5)) are again consistent ~ (36) Contant, R.; Fruchart, J.-MRev. Chim. Miner.1974 11, 123.
with the presence of uncompensated resistance in the cell. (37) Keita, B.; Nadjo, LJ. Electroanal. Chem1987, 227, 77.

AE, would be 56/2= 28 mV andnyppwould be 2.0. The data

are consistent with two Ietransfer processes, occurring at

different potentials, with associated proton-transfer reactions.
Coupled electron/proton transfer is typical of polyoxo anion

systems in which effective coalescence of pairs of @®cesses

occurs to produce apparent2grocesses, driven by protonation

of reduced products as a consequence of their higher basic-

ity.17:32-37 Apparently, processddl andIV have transformed

into procesdll, and a pair of processe¥ (andVI) at more

negative potentials have coalesced to pro¢és#n approach

to analysis of such complex systems has been recently devel-

oped? It involves the simulation of cyclic voltammograms, as

a function of acid concentration, progressing systematically to
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Table 6. Parameters for Simulation of Cyclic Voltammetry of
[BusNJ4[S:W16067] (9.7 x 1074 M) in MeCN (BwNCIO4, 0.1 M; v,

0.100 V s?)
Redox Couples E12%(V)
[S2W16062] 4~ = [S2W16062)°~ -0.23
[S2W16062]>~ = [S2W1g067]~ —-0.59
[SoW1s067]®~ == [SW1062] "~ -1.12
[SoW1s067] 7~ == [SoW1gO67]®~ ~1.43
[SoW16061(OH)]5~ == [SyW1gOg1(OH)]e ~0.59
[S2W16061(OH)]8~ == [S,W16062(OH)] 7~ -1.12
[S2W1606o(OH)2]5~ == [S2W106o(OH)2] & —0.59
Protonic Equilibria Keq (M)
[SoWi1606]® == [SyWi60p1(OH)J>~ Kia, 2 x 107
[SW16062] "~ = [SoW1062(OH)]e~ Khas 2 x 10°
[SoW16062]%~ &= [SW16061(OH)]7~ Kna, 3 x 1018
[S2W1061(OH)]e~ = [S2W18060(OH)] 5~ Kag 1
[S2W16061(OH)]7~ == [S;W16060(OH)2]°~ Kripas 9 x 108

obtained for the [#M014062]%~ system® As expected for
diffusion-controlled processes, inclusion of disproportionation
(cross) reactions resulted in no improvement to the fits. Derived
parameters are listed in Table 6. The validity of the parameters
was established by using them to predict behavior as a function

L 1 1 1 of anion concentratio? For example, the parameters provided
-1.0 .05 0.0 0.5 acceptable fits for data collected at 1.5 times the concentration
Potential of Figure 5 (Figure SS). . . .

) ) | o simulated (- - ) cyclic voltammograms Nevertheless, as Wlth all simulations of complex reaction
g??éifﬁl]f[é?\?\??(ij]taégg inl(r“ M) in MocN 2/0.1 M BLhNC|g4); schemes, some caution must be attached to the outcome; the
v, 0.100 V s%. Mole equivalents of HCIQ (a) 0.25, (b) 0.50, (c) solution present_ed may not be_umqu_e, and _the S|gr_1|f|'cance of
1.00. each parameter is not necessarily equivalent in a statistical sense.

However, despite this limitation, the simulation appears to

Scheme 2 provide a realistic evaluation of the trends underpinning the
[S,W,;05,1* complex electron- and proton-transfer reactions. Thus, estimated
Ei/» values for anions with the same overall anionic charge are

1e- approximately the same as would be expected from charge

' considerations. For example, derived values for couples
[S,W,s0,F [S2W1067]8~/7~ and [SW18061(OH)18~/7~ are each—0.70 V,

while those for [SW1g0e2]°> /67, [S;W1g061(OH)]>/6~, and
1'e' [SoW15060(OH),]> 6~ are—0.17 V. Protonation constants also
o e depend on the anionic charge. Fop\[&s062]" (N = 6—8),
[S:WisOpl === [S;W1s05] === [S2W]8062]& Ky increases from 2« 1071 to 2 x 10 to 3 x 1018 M1
Kyay 2 107 K, 2 108 Kage 3% 1013 (Scheme 2; Table 6). In addition, values are similar for the pairs
Ky, 5% 1010 Ky, 5% 101 Ky, 3x 104 E([)SZH\;\]/%S(}%?]&, [S2W18061(OH)1E} and [S;W16062] ", [SoW16061-
[S,W,5061(OH) I <= [S,W, 405 (OH)I- =& [S,W,4O¢,(OH)- Interestingly, the equilibrium constant for protonation of the
K ; He. o108 2e” reduction produt_:t [8V15062]~ (_KHAZ, 2 x 10t ML

oAz HaAg Scheme 2; Table 6) is small and might be expected to have a

Ky, 1x 100 Ky, 1x 101 minor effect on the outcome of the simulation. However, this
- reaction appears to be key in understanding the fundamental

[52WagOgol OH) I <=2 S Wiyg Oao( OH) I mechanism of electron transfer. Its omission led to large

Background parameters for the simulations are discussed indeviations between the simulated and experimental voltammo-

the Experimental Section. InpH,, values for processds-IV grams, mainly by the simulation predicting chemical irrevers-
were taken from Table S2. As protonation is normally a fast ibility of processes at more negative potentials. As this is not
process, all forward rate constants for protonatlerwere observed experimentally, protonation of the~2eeduction

assumed to be diffusion controlled and were set t§ M1 product, [SW1067]%~, appears to be important as a pathway

s~L The equilibrium constant&pa, andKp,a, (x = 2—4), were for the back reactions (oxidation, deprotonation) involving the
varied to yield the best fit, and thus determine the back rate more reduced species.

constants according #ua, = kix/kox. The systematic approach As discussed above, the protonation constants increase by
to simulation outlined in ref 20 was adopted, leading to the fits multiple orders of magnitude as the overall charge on the anions
shown in Figure 5. Optimization of the diffusion coefficient increases (Table 6). The crucial assumption that all protonation
for HT led to a final value of 1.5« 1075 cn? ™. This diffusion ratesk; are large (1& M1 s71) means that the deprotonation
coefficient value can be compared with 181075 cn? s 1, ratesk;, follow the opposite order of the protonation constants
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Scheme 3
[SZW,SOGO(OH)ZF-$[S,W,BOW(OH)z]&:H__:[szwwoso(OH)}&ce_!
(4e-2H*) (3e~2H*) o (3e-,1H*)
[S,W,5040(OH), I we=2= [S,W, 505, F-
A
(2e-,1H*) i (2e)
Scheme 4
[S:Mo1gOglt === [S;M04gOg5 ===  [S;M0;g0¢,)6
Ky 1.4 Kiuny 16 % 108
Ky, 7 x 109 Ky, 6101

[S2Wig061(OH)j4 === [S;W,40y(OH)I>

Kiypay 1% 102
K, 1x 108

[S2W1gOgo(OH)1*

Ky = kilkp (Scheme 2). Consequently, the experimentally

observed reversibility of the voltammetry is a result of:

(i) multiple reduction/protonation pathways being possible,

as parameterk are large3®

(ii) the only viable oxidation pathway being via equilibria
Ku,a, andKua,, as parametels, are large for this pathway only

(Schemes 2 and 3).
Thus, the inclusion of protonation equilibriuliya, involving
the 2e reduced anion [$V1406,]%~ (the product of procedls)

is essential as it is part of the only pathway for rapid oxidation.

The key observations for this {&/1062]*~ system in MeCN/

H,O differ from those seen for the molybdenum anion
[S2M01g067]*". In the latter system, the behavior was consistent

with rapid protonation following formation of the Teeduced
anion [SMo1g06]°~ (the product of proceds Scheme 438 A
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The spectacular increase in protonation constants with anionic
charge in these series may be associated with localization of
electron density in the belts of reduced Dawson aniéis:45
There is now direct structural evidence of this phenomenon in
the series ofi-anions [$M01¢062]*~ (oxidized), [HSM01g067]°>~
(reduced by 2e, 1 H"), and [HsS;M018062]°>~ (reduced by 4
e", 3 H).%647 As two and then four electrons are added, the
average Me-Mo distance across the belts decreases (see
structure ). In the polyoxometalate systems studied here,
simulation predicts thatya, values increase by 1610 for a
unit increase of overall anionic charge (Table 6; see also refs
18 and 20). These are large increases, particularly for clusters
with high surface areas. There is a similar spectacular “anomoly”
associated with large increases in experimdafavalues under
aprotic conditions. For example, increases by-0046 V for
the reduction of [9V1g06,]"~ are seen fon = 4—7 (Table 6).
These phenomena are related in that it is apparent that the system
is responding to differences in anionic charge. However, it is
probable that the anionic charge is not distributed uniformally
on the surface, and the exact protonation sites remain unidenti-
fied.

Finally, it can be noted that the reversible potentials for the
reduction of the [9WV18067]%~ system are significantly more
negative than those found for the,[(#0:g067]*~ system. This
is the same order as found for [MF~ (M = Mo, W) where
the processses are fully metal-badet?In the polyoxometalate
case, the added electron is delocalized over a framework so that
a smaller difference i/, values is expected and is observed.

Summary

The synthesis and structure of §#[S;W15067]*~ anion are
presented, together with a detailed examination of its electro-
chemistry. In MeCN solution, [$V1g0s7]%~ undergoes four
reversible le reduction processes. Addition of 4 equiv of
HCIO4 to MeCN/H,O solutions causes the two most cathodic
of these processes to coalesce into a @mcess. Computer
simulation of this behavior provides insights into the redox and

similar fast reoxidation pathway exists (Scheme 4). However, Protonation equilibria that are responsible for the complex
comparison of the reduction/protonation schemes for the Pehavior. In particular, while multiple pathways for correlated
tungsten and molybdenum systems (Schemes 2 and 4, resped€eduction and protonation are observed, only a single fast

tively) indicates a difference in intrinsic basicity. In the
molybdenum system, the 1eedox level is the first to be able
to provide a high rate constakj for the final deprotonation

step (viaKya, Scheme 4). In the tungsten system, the @&lox
level is the first to exhibit this property (Scheme 2).

oxidation pathway is available. This is postulated to be the origin
of the highly reversible electrochemical behavior, characteristic
of polyoxometalate anions in acidic media in general.
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the oxo ligands to be relatively positive in character and the g5 showing RDEV data. An X-ray crystallographic file for [B{.-

fully oxidized anions to be weak bas&\W(VI) appears to be
more electropositive than Mo(Vff, and so at a given redox
level, the tungsten polyoxo anion will be less basic than its
molybdenum analogue. This provides a preliminary rationaliza-

[S2W16062]°1.23MeCNO0.27H,0 in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.

IC000793Q

tion for the observation that, under equivalent conditions, initial (41) Prados, R. A.; Pope, M. Tnorg. Chem.1976 15, 2547.

coalescence of Teprocesses occurs at the;o10e,]* /576~
couples (Scheme!® and at the [9V1g062]%/"~/8~ couples

(42) Kazanskii, L. P.; Fedotov, M. Al. Chem. Soc., Chem. Comm88Q
644.
(43) Barrows, J. N.; Pope, M. Tnorg. Chim. Actal993 213 91.

(Scheme 2), respectively. It is assumed that the influence of (44) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem. Sod986

the differences in structure between §®15067]*~ and
[S2W16067]*~ is secondary to the electronegativity effects.

(38) Note that access to the (4e2H")-reduced level is possible via
equilibria Ku,a, and Kua, (reverse of Scheme 3) by holding the

potential at theE;, value of Il (—0.62 V). TheE;s, values of the
intermediate redox levels are also abetf1.62 V (Table 6).

(39) Baker, L. C. W.; Glick, D. CChem. Re. 1998 98, 3.

(40) Huhey, J. E.; Keiter, E. A.; Keiter, R. lLlnorganic Chemistry4th
ed.; Harper-Collins: New York, 1993; pp 189290.

108 2748.

(45) Casan-Pastor, N.; Baker, L. C. WAm. Chem. So@992 114, 10384.

(46) Neier, R.; Trojanowski, C.; Mattes, R. Chem. Soc., Dalton Trans.
1995 2521-2828.

(47) Juraja, S.; Vu, T.; Richardt, P. J. S.; Bond, A. M.; Cardwell, T. J,;
Cashion, J. D.; Fallon, G.; Lazarev, G.; Moubaraki, B.; Murray, K.
S.; Wedd, A. G., submitted for publication.

(48) Bond, A. M,; Irvine, I.; O'Donnell, T. Alnorg. Chem1975 14, 2408;
1977, 16, 841.

(49) Brownstein, S.; Heath, G. A.; Sengupta, A.; Sharp, D. WI.AChem.
Soc., Chem. Commui983 669.





