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The use of soluble salts of polyoxometalatésddrly-transition 01
metal oxygen-anion clusters or POMSs) as selective oxidation or

electron-transfer catalysts, as probes in physical-organic and 0
biological chemistry, and in the study of electron- and energy-

transfer phenomena constitutes a substantial and rapidly growing

literature! While rarely addresseddhowever, POM solutions
contain equilibrium distributions of free anions and ion-paired
structures of variable stoichiometry. Thus, although studies o

crystalline POM salts used in heterogeneous catalysis clearly, > r . a result that establishes a correlation between
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Figure 1. Plot of E;z vs [M*]: M+ = Li* (O), Na" (a), and K" (O);
[M*] = total cation concentration from MCI, POM countercations, and
f buffer.

indicate that cationanion interactions dramatically alter POM
properties in these static ideal caddise influence of ion pairing

on POM reactions in solution is often ignored. Even in reports

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

that document the influence (typically on reaction rates) of added \;+ the reduction potentiaE, of the solution moves to more
cations, the relationship between observed effects and thepqsitive values. Foy = 1, the increase ifE is described by a

properties of specific solution-POM structures is left to conjec-

rectangular hyperbolic functiéifeq 2; derived by linear combina-

ture? Partly to blame is the difficulty encountered in determining oy of molar Gibbs free energy terms aA@ = —nFE). In eq
the extent and stoichiometry of ion-pair formation, a necessary

prerequisite for assigning physical properties to specific solution-

POM structures.
We herein report that by carefully controlling POM size,

E= (EPOM + EMPOMKMPOM[M +])/(1 + KMPOM[Nl +]) (2)

2, Epomis the formal 1e-reduction potential of the unpaired anion

structure and charge, solvent, temperature, buffer and electrolyte(ile_ the (X*VYWi11040) @V /(X™VVW,1,0401% "~ couple)

composition, and concentration, we have prepared a series of nin

1:1 association complexes between alkali-metal cations ",
and K") and three representative vanadium(V)-substitatéteg-
gin heteropolytungstatesy-(X""VW1,04)@ "~ (X = P(V),
Si(lIV), and Al(ll)) (eq 1;y = 1). As a result of these efforts,
(Xn+VVW11040)(9_n)_ + yM+ —

{(MF), (X" VYW,0,0} "7 (1)

formal 1e-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 orB&ipom < E*'napom
< E°kpom- At the same time, the effective hydrodynamic radii,
r, of the association complexes decrease in the arges >
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&, poum is the analogous reduction potential of the 1:1 ion pair,
Kupom = [{ (MF)(X™VW11040)} EV-J/[M *][(X VW 11040) V"],

and [M'] is the equilibrium concentration of the alkali-metal
cation. Pure samples of the nine POM salts studéedV) - r)-
(X"VW11040) (X = P(V), Si(IV), and Al(lll); M* = Li*, Na",

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) HO: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 60C 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 KCI® The data in Figure 1 were fit to eq

2 (fitted curves) by nonlinear regressiarsing 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 in eq 1. Second,
as [M*] values decrease, the nine curves in Figure 1 converge to
threeEpon 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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E12 = (Ecathodict Eanodid/2, are reported vs Ag/AgCI. Nearly electrochemically
reversible behavior observed in the “plateau” regions in Figur&B \alues
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Figure 2. Plot of Empom VS ion-pair charge; M = Li* (O), Na* (&),
and K" (O).

The third line of evidence is obtained by recourse to Pope’s
observatioft that reduction potentials of isostructural Keggin
anions in solution decrease linearly with whole-number increments
in anion charge. Similarly, the reduction potentials of identically
charged ion pairst-{ (MT)(X""VW1,0,40)} &, i.e., M* = LiT,
Na', or K, should decrease linearly with overall complex-anion
charge in the ordgf(M)(PVW1040)}3~ > {(MM)(SIVW11040)}*~
> {(M*)(AIVW 11040)} 5. Ewpom values associated with the nine
curves in Figure 1 (fit to eq 2) are plotted as a function of overall
anion charge in Figure Z. The linear decrease in reduction
potential as the heteroatom, X, is varied from P(V) (upper left)
to AI(III) (lower right) directly establishes the stoichiometry in
eg 1 and confirms the applicability of eq 2. As a result, we can
now compare the reduction potentideon, Of the nine unique
1:1 ion pairs: For each heteroatom, X, {fM™*)(X"VW ;-
040)}®"~, 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 ordet M Li* > Na" > K*.
Relative sizes (molecular volumes) were approximatezifastve
hydrodynamic radii using the StokeEinstein equatior) = KT/
6mrnr, whereD is the diffusion coefficient of a sphere of radius
r in a solvent of viscosity;.!® Diffusion coefficients,D, were
determined using single-potential-step chronoamperometry ¥CA).
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1957 61, 1567-1569. Application of StokesEinstein to nonspherical (but
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hydrodynamic data (diffusion coefficier, values: (c) Edward, J. T. Chem.
Educ. 197Q 47, 261-270) and for visualizing the relative molar volumes
associated with specifib values.

(14) Starting with 1.0 mM solutions of (XVW1,040)®"~ (Li*, Na*, and
K* salts) in pure water (25C) and in HOtert-butyl alcohol (60°C), quantities
of LiCl (137 mM, X = P; 202 mM, X= Si), NaCl (110 mM, X= P, Si) and
KCI (90 mM, X = P; 85 mM, X = Si) associated with 93% 1:1 ion-pair
formation in HO:tert-butyl alcohol were added (i.e., 93% saturation based
on egs 1 and 2, see Figure 1). Due to solubility limits, 90% saturation (160
mM LiCl, 121 mM NacCl, and 92 mM KClI) was used foM)(AIVW 1,040)} 5.
Diffusion coefficients were determined from the plateau value&'6fvs t
plots (from i NFADY2C*/ 7212, the Cottrell equation), withC*
[(X™VW 110407101, the aread, of the horizontal electrode was determined
using [Ks(Fe(CN)]aqin 2.0 M KCI (Adams, R. NElectrochemistry at Solid
Electrodes Marcel Dekker: New York, 1969; pp 21219).
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Table 1. Diffusion Coefficients, Effective Hydrodynamic
(Stokes-Einstein) Radii, and Reduction Potentials of
{(MD)(X™VW11040)} &~ (X = P(V), Si(IV), Al(lll); M T = Li,
Na', K*) lon Pairg

ion pair

X M 10%, P 10D, cn#/s Feft, A Enpom, MVP
Li  1.41+001 238005 72402 446+ 14

P Na 141+0.01 246+007 6.9+03  470+13
K 1.39+001 278011 6.2+0.3  487+17
Li 1.40+001 208:0.10 83+04  348+19

Si  Na 1.34+0.01 2.33-0.05 7.7£0.2 364+ 13
K 137+001 256+009 6.8+0.3  393+13
Li 1.43+001 164005 10.3+04 252411

Al Na 1.39+001 1.74£0.05 9.8+0.3  277+18
K 1.39+001 179005 96+0.3 317416

aH,O:tert-butyl alcohol (2:3 v/v) at 60C. ® Ag/AgCI (3 M NaCl)
reference electrodé Due to adsorption on the electrode surface, the
actualD value may be larger (ands 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 aqueous solutions) are the same for added LiCl,
NaCl, or KCl and give StokesEinstein radii (5.7+ 0.3, 5.6+

0.2, and 5.9+ 0.2 A for X = P(V), Si(IV), and AI(lll)) of
unpaired anions (cf. 5.6 A for (PY040)*~ and (SiWz040)* ). 112
However, upon induction of 1:1 ion-pair formation by use of 2:3
viv HO:tert-butyl alcohol at 60°C, diffusion coefficients and
effective StokesEinstein radii now vary with the nature of M
(Table 1). For each heteroatom, X, diffusion coefficients of the
{(MH)(XMVW 1,040} 8"~ ion pairs increase with alkali-metal
cation size in the order M= Li* < Na' < K*, while effective
radii (D O 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 A5 the solvated radii of these ions decrease with charge
density,e/r, in the same ordéf€ Thus, the effective sizes of the
solvated cations in the 1:1 ion pairs (and hence, catamion
distances)decreaseas the “naked” alkali-metal cation radii
become larget’ 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-
transfef (substrate oxidation) ratfsassociated with larger alkali-
metal cations. The larger and less extensively solvated alkali-
metal cations form smaller (more intimate) association complexes
that possess larger electron affinities.
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