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The use of soluble salts of polyoxometalates (de-early-transition
metal oxygen-anion clusters or POMSs) as selective oxidation or
electron-transfer catalysts, as probes in physical-organic and
biological chemistry, and in the study of electron- and energy-
transfer phenomena constitutes a substantial and rapidly growing
literature.: While rarely addressed,> however, POM solutions
contain equilibrium distributions of free anions and ion-paired
structures of variable stoichiometry. Thus, although studies of
crystalline POM salts used in heterogeneous catalysis clearly
indicate that cation—anioninteractions dramatically alter POM
properties in these static ideal cases,® the influence of ion pairing
on POM reactions in solution is often ignored. Even in reports
that document the influence (typically on reaction rates) of added
cations, the relationship between observed effects and the
properties of specific solution-POM Structures is left to conjec-
ture.* Partly to blame is the difficulty encountered in determining
the extent and stoichiometry of ion-pair formation, a necessary
prerequisite for assigning physical properties to specific solution-
POM structures.s

We herein report that by carefully controlling POM size,
structure and charge, solvent, temperature, buffer and electrolyte
composition, and concentration, we have prepared a series of nine
1:1 association complexes between alkali-metal cations (Li+, Na*,
and K*) and three representative vanadium(V)-substituted a-Keg-
gin heteropolytungstates, a-(X»VW,0,)en (X = P(V),
Si(IV), and AL(111)) (eq 1; y = 1). As a result of these efforts,

XVYW,0,90° ™ +yM*t =
{(M'*)y(xn“FVunodo)}(9""11—)')— (1)

formal le~-reduction potentials, a key thermodynamic property
associated with rates of electron and energy transfer, are for the
first time assigned to specific 1:1 ion pairs. Reduction potentials
of the solvated ion pairs increase in the order E°" irom < E° warom
< E%rom. At the same time, the effective hydrodynamic radii,
r, of the association complexes decrease in the order ripom >
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Figure 1. Plot of Eyp vs [M™}: M* = Li* (CT), Na* (), and K* (Q);
[M*] = total cation concentration from MCl, POM countercations, and
buffer. '

Mweom > Feow, @ result that establishes a correlation between
increasing electron affinity and the formation of smaller (more
intimate) ion pairs.

As the equilibrium in eq 1 is shifted to the right by addition of
M-, the reduction potential, E, of the solution moves to more
positive values. Fory = 1, the increase in E is described by a
rectangular hyperbolic function® (eq 2; derived by linear combina-
tion of molar Gibbs free energy terms and r G = -nFE). In eq

E = (Bpom + EyporKapouM D1 + KyponM™D) (2)

2, Esou is the formal le--reductionpotential of the unpaired anion
(l .e. y the (XNVWMOM))(gfn)fl(XmVIVWHOm) (10-n)- COUp I e) y
Ewom 1S the analogous reduction potential of the 1:1 ion pair,
Kurow = [{(M)(Xr*VW,,0,0) o0 JIM[(XVW,,00) 1],
and [M-] is the equilibrium concentration of the alkali-metal
cation. Pure samples of the nine POM salts studied, a-My.-
(X"VW304,) (X = P(V), Si(IV). and Al(III); M+ = Li*, Nar,
and K-+), were prepared.' Solutions of each of the nine salts (1.0
mM) in minimally (1.0 mM) acetate-buffered 2:3 v/v (3.54:1.00
molar ratio) H,O:tert-butyl alcohol solutions (the water compo-
nents were first adjusted to pH 4.76 using HOAc and MOAC,
M+ = Li*, Na*, or K+) were heated to 60°C under argon. Cyclic
voltammagrams (Figure 1; 55 measurements in all) were obtained
as alkali-metal concentrations were gradually increased by addi-
tions of LiCl, NaCl, or KC1.26 The data in Figure 1 were fit to eq
2 (fitted curves) by nonlinear regressione using the Solver program
in Microsoft Excel. Agreement between experimental data and
eq 2 over statistically meaningful [M+] values® is the first line
of evidence in support of the stoichiometry shown ineq 1. Second,
as [M+] values decrease, the nine curves in Figure 1 converge to
three Eqou Values, the reduction potentials of the three unpaired
anions (X = P, Si, and Al) on the left side of eq 1.
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KPVYW 104 and KSIVYW 1040, (b) Weinstock, I. A.; Cowan, 1. J.; Barbuza,
E. M. G, Zeng, H.; Hill, C. L. J. Am. Chem. Soc. 1999, 121, 4608—4617.
Li* and Na* salts were obtained by ion-exchange chromatography (Li* or
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(8) A BAS CV-50W was used with glassy-carbon (working), Pt (auxiliary),
and AgfAgCl (3 M NaCl) (reference) electrodes; formal reduction potentials,
Eip = (Ecaotic + Eunodic)f2, tre reported vs Ag/AgCl: Nearly electrochemically
reversible behavior observed in the “plateau” regions in Figure 1 (AE values
near theoretical of 66 mV at 60 °C; 100 mV/s sweep rate) provides precise
Eupom values (from eq 2) despite uncestainties in Epoym at low [MCH (AE
values of 133 (X = P, §i) to 220 mV (X = Al). .

(%) [M*] values shown in Figure 1 and used (o fit the data to eq 2 are the
sum of [M*] from initially added MCl, POM countercations, and buffer.
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Figure 2. Plot of Eypom vs ion-pair charge; M* = Lit (O), Na* (),

and K* (O).

The third line of evidence is obtained by recourse to Pope's
observation*that reduction potentials of isostructural Keggin
anions in solution decrease linearly with whole-number increments
inanion charge. Similarly, the reduction potentials ofidentically
charged ion pairs a-{(M*)(X™*VWu0sx0)}&-, ie., M* = Li,
Na, or K+, should decrease linearly with overall complex-anion
charge in the order {(M)(PVWu0,0)}> > {(M?)(SIVW.,0,)}+
> {(M*)(AIVW,,0,0)}>. Eweon Values associated with the nine
curves inFigure 1 (fitto eq 2) are plotted as a function of overall
anion charge in Figure 2.2 The linear decrease in reduction
potential as the heteroatom, X, is varied from P(V) (upper left)
to AI(HIT) (lower right) directly establishes the stoichiometry in
eq 1 and confirms the applicability ofeq 2. As aresult, we can
now compare the reduction potentials, Eveon, 0fthe nine unique
1:1 ion pairs: For each heteroatom, X, in {(M*)(X*VW,;-
O.)}en-, reduction potentials increase with countercation size
in the order M+ = Li* < Na* < K-.

As reduction potentials increase, the solvated ion pairs them-
selves decrease in size in the order M+ = Li* > Na+ > K-.
Relative sizes (molecular volumes) were approximated as effective
hydrodynamic radii using the Stokes-Einstein equation, D = KT/
6phr, where D is the diffusion coefficient of a sphere of radius
r in a solvent of viscosity h.zs Diffusion coefficients, D, were
determined using single-potential-step chronoamperometry (CA).
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(13) The hydrodynamic radii of Keggin anions determined from diffusion
coefficients by use of the Stokes—Einstein equation are the same as those
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Educ. 1970, 47, 261—270) and for visualizing the relative molar volumes
associated with specific D values.

(14) Starting with 1.0 mM solutions of (X**VW;049)®~"~ (Li*, Na*, and
K salts) in pure water (25 °C) and in H,O:rert-butyl alcohol (60 °C), quantities
of LiCl (137 mM, X = P; 202 mM, X = Si), NaCl (110 mM, X = P, Si) and
KCl (90 mM, X = P; 85 mM, X == Si) associated with 93% 1:1 jon-pair
formation in HyO:rers-butyl alcohol were added (i.e., 93% saturation based
on egs 1 and 2, see Figure 1). Due to solubility limits, 90% saturation (160
WM LiCL, 121 M NaCl, and 92 M KC) was used for {(MEXAIVW ;0.
Diffusion coefficients were determined from the plateau values of it vs ¢
plots (from i = nFAD'XC*/aV%'2, the Cottrell equation), with C* =
[(XtVW11040)® ™ Jiouar; the area, A, of the horizontal electrode was determined
using [Ka(Fe(CN)slsq in 2.0 M KCI (Adams, R. N. Electrochemistry at Solid
Electrodes; Marcel Dekker: New York, 1969; pp 213—219).
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. Table 1. Diffusion Coefficients, Effective Hydrodynamic

(Stokes—Einstein) Radii, and Reduction Potentials of
{MHXVW11040)}E7- (X = P(V), Si(IV), Al(III); M* = Li*,
Na*, K*) Ion Pairs®

ion pair

X M 10%;, P 108D, cm?/s rett, A Emrom, mV?®
Li 141+£001 2.38+0.05 72+02 446 + 14

P Na 1414001 246007 69103 470 & 13
K 1.394+0.01 278 £0.11 62+£03 487 £ 17
Li 140+0.0! 2.08:0.10 83+04 348 +£ 19

Si Na 13440.01 233%+005 7.7+£02 364 £ 13
K 1.37£0.01 2.56 = 0.09 68103 393 £ 13
Li 143+£001 164005 10304 252 £ 11

Al Na 139£001 1.74%0.05 98+03 277+18
K 139£001 179£0.05 9603 317+16

a H,O:tert-butyl alcohol (2:3 v/v) at 60 °C.® Ag/AgCIl (3 M NaCl)
reference electrode. = Due to adsorption on the electrode surface, the
actual D value may be larger (and r.s value smaller) than that listed.

In pure water, diffusion coefficients of the three Keggin anions
(MCI concentrations corresponding to the plateau regions in
Figure 1; nine agueous solutions) are the same for added LiCl,
NaCl, or KCl and give Stokes—Einstein radii (5.7 £0.3,5.6 £
0.2, and 5.9 + 0.2 8, for X = P(V), Si(IV), and Al(lll)) of
unpaired anions (cf. 5.6 A for (PW,,0.,)* and (SiW,,0,)".1=
However, upon induction of 1:1 ion-pair formation by use of 2:3
v/v H,O:tert-butyl alcohol at 60 °C, diffusion coefficients and
effective Stokes—Einsteirradii now vary with the nature of M+
(Table 1). For each heteroatom, X, diffusion coefficients of the
{(M")(X"VW,,0,)}en- ion pairs increase with alkali-metal
cation size in the order M+ = Li+ < Na* < K-, while effective
radii (D pu 1/r) decrease accordingly. Although the effective
crystallographic (Shannon and Prewitt) radii of hexacoordinate
Li+, Na*, and K+ ions increase respectively from 0.90 to 1.16 to
1.52 A the solvated radii ofthese ions decrease with charge
density, e/r, in the same order.s Thus, the effective sizes of the
solvated cations in the 1:1 ion pairs (and hence, cation—anion
distances) decrease as the '‘naked™ alkali-metal cation radii
become larger:*solvated Li+ forms the largest ion pairs and
solvated K+ the smallest (most intimate) association complexes.
These data provide a structural basis for the greater electron-
transfer+ (substrate oxidation) rates associated with larger alkali-
metal cations. The larger and less extensively solvated alkali-
metalcationsformsmaller(moreintimate)associationcomplexes
that possess larger electron affinities.
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