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Effects of Counterions in Heteropoly Electrolyte Chemistry. 1. Evaluations of Relative
Interactions by NMR on Kozik Salts

James F. Kirby* and Louis C. W. Baker*
Department of Chemistry, Georgetown University, Washington, D.C. 20057
Receied October 31, 1997

Evidence is accumulating for the major influence of the identities of counterions on syntheses and properties of
various heteropoly anions. An easy and convenient NMR method is presented for evaluating the extent of significant
association between heteropoly tungstate species and monoatomic metallic counterions (e.g., alkali metal cations).
In diamagnetic io-P,W17061— Th*T—0-Oe1W17P,] 167, the Th linkage is a flexible conducting bridge between

the two substituted WelisDawson entities. A Kozik complex is a heteropoly species containing added delocalized
“blue” electrons exchanging rapidly among several atoms (the belt W atoms of one-\Wallson unit in this

case) while the same electrons exchange at a much slower rate through a conducting bridge. If a solution of the
parent oxidized complex is reduced by 2 electrons per anion, the added electron pairs are distributed among the
Wells—Dawson entities present, yielding an equilibrium mixture of oxidized, 4-electron-reduced, and 2-electron-
reduced complexes. TH&P NMR spectrum of this mixture consists, for each of the two structural types of P
atoms, of three lines: one for each kind of complex. The signal for the 2-electron-reduced species, which contains
a pair of electrons in one heteropoly entity and none in the other, is a coalesced exchange peak located between
the other two signals. These Th complexes have anti and syn conformations. When large firmly hydrated Li

is the only counterion, the complex remains in the anti conformation and the exchange peak is always exactly
midway between the peaks for the oxidized and 4-electron-reduced species. When even small amounts of other
alkali metal cations are present, they coordinate in a pocket between the heteropoly lobes of the Th complex,
holding it in the syn conformation. In the syn conformation, the P atoms in one heteropoly lobe can sense
whether or not the other lobe contains added electrons. This is manifested by the exchange peak moving off-
center between the signals from the oxidized and 4-electron-reduced species. The more concentrated the non-Li
counterion, the greater the displacement of the coalesced signal. The order of effectiveness in the displacement
is Rb> K > Na. These observations are explained, as are small changes in chemical shifts for all the species
when K(H:0)" progressively displaces Lig®),™ attached to the surface of the heteropoly entities. It is suggested
that electron exchange through the Th and the K coordinated in the pocket adds to the stability of the syn-K

Kozik complex.

Prior to about 1977 and most commonly thereafter, the be carefully considered in a sizable proportion of heteropoly
identities of counterions in the reaction chemistry of heteropoly reactions. Furthermore, elucidation of fundamentals of reactions
anions were essentially ignored, provided a given counterion of heteropoly species can be enhanced by identification and use
did not cause precipitation of a reactant or product. In that year, of counterions that exhibit minimal interactions.

Contant and Ciabrif? reported the important observation that Knoth and Harlow showed that [PVs0,3]%~ forms in the
a4-[P2W17061] 1%~ can be prepared in solution when'Lis the presence of Cswhile [PWeO34®~ results when K is the
counterion, whereas thie-isomer forms when other alkali metal  counterion under identical conditions, and the use ofleads
cations are used. Since that time, scattered additional exampleso [PW;103q]”~ salts. Similarly, Contant and Z&* showed that
of the importance of the counterions in determining which KT is essential to the formation of §/450184%%~. Canny et
products form have been reported. Such accumulating al® found that K", Rb", or Cs" stabilizes [SiWOs¢® in
evidence now makes it clear that the roles of counterions mustsolution, while its LI and Na salts convert readily to
B-[SiW1103¢]®~ salts. Jorris et d&l. observed that fluoro-
* Addressee for correspondence and reprints. substituted 17- and 18-tungsto species having the Wells
*Current address: Department of Chemistry, Quinnipiac College, Dawson tungsten framework could form only in the presence
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in which added delocalized “blue” electrons are exchanging
rapidly (e.g., about 0—10" s~1) among several atoms (the
belt W’s of one of the Wells Dawson entities in these cas®s
while the same electrons exchange much more slowly (e.g.,
about 16—10* s71) through a conducting bridge.In these
cases, when the number of added electrons is even, they are
always completely spin paired.

Electrolytic reduction of a solution of any one of the parent
complexes cited in the previous paragraph (at a constant
potential determined by its cyclic voltammogram) leads to
formation of a 4-electron-reduction product containing two
delocalized paired electrons in each heteropoly eftiBeduc-
tion by half as many coulombs results in an equilibrium mixture
containing nearly statistical proportiddof three species: the
fully oxidized complex, the 4-electron-reduced complex, and a
2-electron-reduced (Kozik) complex containing, at a given
instant, two delocalized paired electrons in one heteropoly end
and none in the other. Intermolecular electron exchange among
the three species is negligibly slow owing to the low concentra-
tions of the complexe®

When the bridge is diamagnetic and rigid (e.g., in the @n
Cd, complexes cited above), the 2-electron-reduced mixture

anti syn gives, in the NMR fast exchange region existing at room
Figure 1. (a) Structure of the rigid complexessi¥1s0ss—(M4OreHa) — temperature, &P NMR spectrum consisting of two sets of three
OuWisP] 16~ (Zn2+, Cce*, Ni2t, Ce?t). Each vertex locates the center  lines each. The downfield set is for the inner pair of structurally
of an oxygen atomA W atom is within each white octahedron, off-  identical P atoms, and the upfield set is for the outer pair. In
center toward the unshared vertex of the octahedron. The féir M each set of three peaks, one line corresponds exactly to the signal
atoms are within the hatched octahedra. P atoms are located in thefrom the fully oxidized complex and one line exactly coincides

interior tetrahedra shown. The circles represent terminal water molecules, it the line from the 4-electron-reduced complex. The third
coordinated to M" metal atoms. (b) Perspective views sjfn[o-

P06~ Th* —0-OgWa7P5] 16~ and itsanti isomer, showing only ~ lin€ is & coalesced exchange peak arising from the 2-electron-
the O atoms, the Th atoms (hatched), and(Klack) holding the two reduced species. That species, of course, contains equal amounts
heteropoly lobes in the syn conformation. of reduced and oxidized heteropoly entities, exchanging the
added electrons through the bridge. Line width analysis reveals
based on the Keggin structurs-(NHz)o[KCoW11035(05)4] that exchange rate. For a rigid diamagnetic complex, the

5H,0. In its crystal structure, the 11-tungsto entities are joined chemical shift of each coalesced exchange peak is exactly
into chains by coordination of one*Kper complex, located = midway between those for the signals from the corresponding
between adjacent complexes. Thé § not in the lacunary  P’sin the fully oxidized and 4-electron-reduced forfimcause
hole. When the NHI" salt dissolves, one Kevidently remains the equal-intensity signals that become coalesced are at exactly
attached to each heteropoly entity, so that the K-linked chains the chemical shifts of those two forms. That &P in one
re-form on crystallization. Wassermann et aked the presence  heteropoly entity cannot sense whether the well-separated other
of Li* to improve the preparation of {fA- o-SiOsW1,035Cr- heteropoly entity in the same complex contains an added pair
(H20)]-9H,0 B while K* or Cs' is necessa#f for the formation of electrons. As we have showrthis last condition does not
of y-[SiOW1003,Cr(OH)(OOCCH;)z(H20),]%~. They also hold when the bridge contains paramagnetic atoms (e.g., in the
concluded that a mixture of Gsand Lit cations is essential  Nis" or Co?" species cited above). In such a case, the
for the preparation of various new heteropoly speéies. coalesced exchange peak in each three-line sadtimnidway

The present paper presents an easy and convenient NMRbetween those of the parent fully oxidized and the 4-electron-
method to evaluate the extent of significant association of reduced forms. That is, each coalesced exchange peak is “off-
various counterions with particular heteropoly tungstate species.center” in its three-line set.
The present examples involve'LiNat, KT, and RI ions, but
it appears that the method should also be applicable to otherGeneral Results and Interpretations

monoatomic cations. . .
In the case of the mixture formed by the 2-electron reduction

Background of the flexible diamag_netic _'Fﬁ-bridged gom_plex, cited ab(_)ve,
o ) when the only metallic cation present is'lieven at the high
In a recent papetwe presented applications of Kozik salts  concentration usedhia 1 Mlithium acetate buffer (pkk 4.7),
for determination of the rates of electron transfer through various the chemical shift of each exchange peak always remains exactly
molecular bridges between heteropoly entities. Among the midway between the corresponding chemical shifts for the

parent complexes surveyed were substituted Wdéllawson  oxidized and 4-electron-reduced forfhslespite changes in
tungstodiphosphate derivatives linked by coordination to mono-

atomic or polyatomic conducting bridge.s,' e.g. flexible-| (10) (a) Kozik, M.; Hammer, C. F.. Baker, L. C. W. Am. Chem. Soc.
P,W17061— Th*T —012-O61W17P2] 26~ and rigid [RW15049— 1986 108 2748. (b) Kozik, M.; Baker, L. C. W. IPolyoxometa-
(M4O16H4)—O40W15P> 16~ where M = Zn?*, Cd®*, Ni2t, or lates: From Platonic Solids to Anti-Retrmal Activity; Pope, M. T.,

Miiller, A., Eds.; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 1994; p 191 ff.

(11) Kozik, M.; Baker, L. C. W.J. Am. Chem. S0d.987, 109 3159.

(9) Kirby, J. F.; Baker, L. C. WJ. Am. Chem. Sod.995 117, 10010. (12) Kozik, M.; Baker, L. C. W.J. Am. Chem. Sod.99Q 112, 7604.

Co?t. See Figure 1. A Kozik complex is a heteropoly species
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Figure 2. 3P NMR spectra of the mixture formed by 2-electron
reduction of a 2.0 mM solution of LTh(o-P,W17061)2] in 1 M
lithium acetate buffer (pH= 4.7) containing 20% (by volume) O ] . i . —
for lock, at (a) 300 K, (b) 314 K, (c) 326 K, and (d) 339 K. (The 8.0 100 -12.0 -14.0
apparent downfield shift of the whole spectrum with increasing PPM

temperature is an artifact caused by the difference in temperature effect
on the sample and on the externaP@, standard, as substantiated by
the constancy of the relative position of the small impurity line-a@

to —11.5 ppm.)

(a)

SFigure 4. Comparative exchange peak displacements caused by various
K*™:Th complex ratios3'P NMR spectra of mixtures resulting from
2-electron reduction of 5.0 mM L Th(a-P2W170s1)2] in 1 M lithium
acetate buffer (pH= 4.7), containing 20% BED for lock. Various
amounts of KCI/LiCl mixtures were added in order to maintain constant
chloride ion concentration while producing the following ko total

(e heteropoly ion ratios: (a) 0:1; (b) 1:1; (c) 2:1; (d) 4:1; (e) 8:1; (f) 10:
1.

displacements of the chemical shifts of the coalesced exchange

)
peaks from the midpoints of their respective three-line sets. The
higher the concentration of added N& ™, or Rb", the greater
| such displacement. For effecting the displacement,iRmnore
U | @ effective than K, which is more effective than Na Consider
WJ. Figures 3 and 4.

Models indicate that th%P2W17051_Th4+_(12-061W17P2]16_
complex can have two general conformations: anti and syn.
© See Figure 1b. In the syn conformer, the two heteropoly parts
are folded into close proximity, forming a pocket between them

suitable for accommodating a metal ion that joins the two
tungstodiphosphate entities by coordinating to the exterior of
®) each. See Figure 1b. In the anti conformer, the heteropoly
entities are well-separated. An X-ray crystallographic study has
A l A A (a)

been reporteld for the potassium salt of thexp-P,W17061—
Ce* —a-OpW17P,] 16~ isomorph of the Th complex. Only the
positions of the Ce and W atoms were determined, but these
prove that the K salt of this Ce complex is in the syn
30 ST TTTaze T 140 conformation.

PPM The displacements of the coalesced NMR exchange peaks
Figure 3. Comparative exchange peak displacements caused byfrom the centers of their respective threejli'ne sets in the spectra
different alkali metal cationg!P NMR spectra of mixtures, at 296 K,  Of the 2-electron reduced mixtures containingNei*, or Rb*
resulting from 2-electron reductions ofi{iTh(o-P2W170s1)2] solutions prove that in such solutions each heteropoly entity in the
in 1 M lithium acetate buffer (pH= 4.7), containing 20% BD for 2-electron reduced syn specidsessense whether the other
lock: (a) 5.0 mM total heteropoly complex with Liconcentrations  one contains added electrons. This is a result of the close
provided ly 1 M lithium acetate buffer; (b) 5.0 mM total heteropoly proximity (essentially contact) of the two heteropoly lobes of

complex concentration simultaneously 80 mM in NaCl; (c) 5.0 mM the svn complex and their bridaina coordination to the non-
total heteropoly complex concentration simultaneously 80 mM in KClI; Yy piex : 1aging inati

(d) 2.0 mM total heteropoly concentration 32 mM in KCI: () 2.0 mm  Li ™ alkali metal counterion. _

total heteropoly concentration simultaneously 32 mM in RbCI. The fact that the off-center displacements of the exchange
] . peaks increase with increasing concentration of the 2-electron

concentrations and temperature. See Figure 2, and spectrum geduced Ke[P,W1-Og1— Th—Og:W17P5] solution (see Figure 5),

in Figure 3. when no other K was added, shows that'Ks in equilibrium

In striking contrast to the Lonly cases, small concentrations \yith a potassium complex of the 2-electron reduced heteropoly
of Na, KT, or Rb" (at from one to several times the total

concentration of the Th species present) added to the Li Kozik (13) Molchanov, V. N.; Kazanskii, L. P.; Torchenkova, E. A.; Simonov,
salt solution in tke 1 M lithium acetate buffer result in V. l. Sa. Phys. Crystallogri979 24, 96.
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Figure 5. 3P NMR spectra taken at 296 K for the mixtures formed
by 2-electron reduction of ] Th(a-P.W17Oe1)2] solutions of various
concentrationsn 1 M lithium acetate buffer (pH= 4.7), containing
20% DO for lock: (a) 0.5 mM; (b) 2.0 mM; (c) 5.0 mM.
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Kirby and Baker

Preparation of Solutions of Reduced Heteropoly Complexes.
Cyclic voltammograms were used to select the constant potential at
which the solution of [Th(RV17061)2]*¢ would be reduced—-0.56
+0.03 V vs Ag/AgCl standard reference electrode). After addition of
chlorides of other alkali metal ions, if any, the solutions were completely
reduced (4 electrons per complex) at this potential using a BAS CV27
voltammograph with a carbon cloth working electrode, a platinum
counter electrode, and an Ag/AgCl double-junction reference electrode.
The coulombs used were measured with an ESC 630 coulometer. The
sample, under inert atmosphere, was reoxidized completely at an applied
potential of 0.00 V. Then it was rereduced under inert atmosphere by
half of the number of coulombs used for the reoxidation. The resulting
2-electron-reduced mixture was transferred under an inert atmosphere
to an NMR tube.

Discussion

The easily observed extents of the off-center displacements
of exchange peaks in their three-line sets in*ifeNMR spectra
of the 2-electron reduced mixtures formed fromgTh(c-
P,W17061)2] solutions containing other cations provide a sensi-
tive method for assessing the interaction of those counterions
with the heteropoly complex. The method would appear to be
applicable to numerous monoatomic metal cations capable of
coordinating into the pocket between the heteropoly lobes of
the Th complex in its syn conformation. The experiment is
simple: A known amount of counterion, in lithium acetate buffer
solution, is added (before or after the reduction) to an aliquot
of a stock solution containing the lithium salt of the Th complex
in the same buffer. The 2-electron reduction is carried out as
described, and th&P NMR spectrum of the resulting solution
is taken. Noncationic noncomplexing impurities should not

species. As overall concentration increases, the following affect the results.

equilibrium shifts to the left:syn[K(P2W17061)2Th]*"~ == K*

+ [(P2W17061)2Th]*8~ (primarily anti conformation).

It has been common to attribute the different behaviors of
heteropoly species in the presence or absence ofthia

The absence of exchange peak off-center displacement whersupposed greater ability of the “smaller”*Lion to become
Li* is the only metal cation leads to the conclusion that in such coordinated into the lacunary holes or other heteropoly pockets.
solutions the complex remains in the anti conformation, with For example, such reasoning provides the widely accepted
the two heteropoly lobes well-separated so that neither lobe’s explanation of the original observation by Contant and Cia-
P atoms sense whether the other lobe contains delocalizedorini®? thatay-[P2W17061)% forms when the counterion is ti
electrons. The large, firmly hydrated Li§8)," cannot produce  but its ax-isomer results when other alkali metal counterions
a coordinate link to hold the two lobes in syn conformation. In are used because they are too large to fit into the hole so easily.
such circumstances, the high negative charges on the heteropoly.i ™ coordinated into the complex has been thought to stabilize
lobes repel each other, maintaining the anti conformation. the o, configuration. There is, however, no reliable evidence
that the lithium is in the lacunary holé.

Contrary to the foregoing widespread simplistic interpretation,
the results presented in this paper strongly indicate that the Li
ion doesnot easily coordinate to heteropoly complexes. This
suggests that differences in behavior wheh isi used instead
of other counterions, such as observed in the and oy-
[P2W17061]10- cases cited above, may be better explained as
depending upon Ui not coordinating to the complex. In this
view, it is theay species with a vacant lacunary hole that is

NMR Spectra. These were recorded on a Bruker AM-300 WB stabilized \.Nhe.n Lf is the counterion. . . .
spectrometer equipped with an Aspect 3000 computer. The spectrom- [N considering a heteropoly complex’s interaction with
eter operated at a magnetic field of 7.05 T (300.13 MHz for protons). counterions, one must examine the whole process. While the
An 85% HPQ; solution was used as an external chemical shift standard. ionic radii of Li*, Na", K*, Rb*, and C§ are respectively 0.60,

The spectrometer's variable-temperature unit was used with external0.95, 1.33, 1.48, and 1.69 A, the hydrated radii differ in solution
temperature calibration by the proton signal of methanol (low temper-
ature) or ethylene glycol (high temperature).

Experimental Section

Preparation of Compounds. The potassium salt of [Thé-
PW17061)2]*¢ was prepared by the method described by Towzme
Tourne* The cyclic voltammogram agreed with the polarographic
data of those authors, and the IR afi# NMR spectra agreed with
those previously reported® The lithium salt of this complex was
prepared by ion exchange using a column of Dowex 50W-X8
regenerated in the Licycle! The solid was obtained by vacuum
evaporation of the effluent.

(18) The fact that addition of Kto a solution of the lithium salt of the;
complex yields a precipitated potassium salt thatrecrystallized
contains close to one Li atom per compléx no way proves that Li
is in or attached to the complex. Rather, it is about what would be
expected if the L remains merely a counterion. Similarly, other
evidence such as small changes in polarograms or absorption $pectra
are unconvincing as evidence for incorporation of Iito the anion
structure.

(14) Tourrie C.; Tourrie G. Rev. Chem. Miner1977, 14, 83.

(15) Marcu, G. H.; Botar, Alnorg. Synth.1985 23, 186.

(16) Fedotov, M. A.; Molchanov, V. |.; Kazanskii, L. P.; Torchenkova, E.
A.; Spitsyn, V. |.Dokl. Chem.1979 244, 122.

(17) Baker, L. C. W.; Loev, B.; McCutcheon, T. B. Am. Chem. Soc.
195Q 72, 2374.



Heteropoly Electrolyte Chemistry Inorganic Chemistry, Vol. 37, No. 21, 1998541

in the reverse order: 3.40, 2.76, 2.32, 2.28, 2.28 AThe must progressively displace the Li8),™ from positions close
smaller the simple ion, the more firmly it attaches water to the complex because hydrated radii of the other alkali metal
molecules. The tiny Liion attaches kD’s muchmore strongly ions are so much smaller than that of the Li(h,". The order
than any of the others. lonic hydration energies far through of displacement ability would be Rb> K* > Na* > Li™ on

Cs" are in the ratios 123:97:77:70:63, and transference datathe basis of size. This interpretation is supported by an
consequently indicate decreasing ratios of hydration nuniBers, additional detailed examination of the data obtained from spectra
e.g., 25.3:16.6:10.5:...:9.9. Each factor markedly differentiates such as those illustrated in Figure 4.

the Li* ion from the others. Each of the3P NMR spectra in Figures-25 shows six
The extraordinarily strong attachment of tiny'lto the HO’s nonimpurity lines, forming, in nearly all cases, two well-
in its first hydration layer results primarily from the large ion-  separated three-line sets. (In the upfield sets of Figures 3c and
induced dipole term in the attraction between'land the  5c, two of the resonances overlap, yielding the appearance of
negative and polarizable oxygens of the waters. In contrast tojust two lines.) The upfield set arises from the two identical P
those of the waters, the oxygen atoms of the heteropoly speciesatoms farthest from the Th. That assignment is based on two
have highly positively charged addenda{\atoms as nearest  observations: (1) In the oxidized complex, the environment of
neighbors. The heteropoly oxygens are therefore not only far each of those P atoms is very nearly that @ P in
less negative than those in water molecules, but more signifi- a-[P,W1406,]¢~, and the resonances of that upfield set are all
cantly, they are very much less polarizable toward &ince within 1 ppm upfield from the resonance far[P;W1g0s2],5~
they are already very polarized toward the addenda. The which is at—12.7 ppm?4 (2) It is only the downfield set that
attraction of Li* for heteropoly oxygens is thus very much s extremely broadened when the bridge contains paramagnetic
weaker than its attraction for waters. It is decidedly energeti- atoms? The downfield set, of course, arises from the inner P
cally unfavorable for a Lfi to leave its hydration sphere to enter atoms near the Th.

into coordination to a heteropoly complex. The very stable  1he most downfield line of the downfield set and the most

hydrated lithium ion is of course too large to enter intact into | nfie|d line of the upfield set arise from the oxidized complex,

aDeteropon pocket that_would be of suitable size for a simple \;hijle the most upfield line of the downfield set and most

K™ or other alkali metal ion. I downfield line of the upfield set arise from the 4-electron
For the alkali metal cations other than*l.ithe situation is reduced species. The following comparisons will be made in

quite different. Their hydration energies, the stabilities of their 1, ather than ppm since the former, being smaller units, more

hydrated cations, and their hydrated radii are much smaller thanclearly illustrate the small changes being discussed. For these

those of Li, and these factors decrease with increasing size of spectra each ppm is 121.496 Hz.

the simple ions. That K can readily coordinate in solution Consider first the downfield three-line set. As theKh

Into a heteropoly pocket is demonsrated, for example, by the complex ratio steadily increases from 0:1 to.16:1 (seé Figure

results of Bas-Serra et aldescribed above in the second 4), four effects are observed: (1) the frequency of the downfield

e o Shmy ¥ can e e o s (9260) gl decreasesstadl [0 2 poidD 2 el
’ y g P Y from that in the 0:1 ratio spectrum; (2) the frequency of the

enter into polydentate coordination in a heteropoly pocket. This upfield (4-electron reduced) signal steadily increases, ending

i + + i i
explains the Rb > K* > Na* order of effectiveness in ~18 Hz downfield from that in the 0:1 ratio spectrum; (3) the

displacing the exchgnge peaks _(Flg_ure 3). . frequency of the midpoint between these peaks consequently
The pronounced inward polarization of the exterior oxygen changes by only about 4 Hz; and (4) the frequency of the

1 ) .
e o e o bovest e aa ey ofSaeSEed exchange peak stcady creases (sits down:
P y 9 . . Y ield) by about 28 Hz for the reasons discussed in previous
oxygens makes H-bonding to heteropoly species extremelySections
weak. This is shown by their very low solvation energies and ' . .

The fact that the coalesced peak is off-center in each three-

by the fact that heteropoly anions characteristically have i NaK+ bt i .
hydrodynamic radii corresponding to their crystallographic radii, i€ Set in the presence of NaK™, or Rb" is not attributable

as shown by viscosity measurements and diffusion coef- to different extents of ion pairing with those cations for the
ficients22.23 oxidized and reduced heteropoly lobes of the complex. The

Besides the relative tendencies of counterions to coordinateexc,hange c;f tﬂe added eleptron pair between th? Iobe.s. IS SO
into heteropoly pockets, one must consider the general tenden aPid (-10°°s™) that any shift attributable to such ion pairing
cies of the hydrated cations to associate with the exteriors of 'émains effectively the same for each lobe. This is demonstrated

experimentally by (1) the fact that the rigid Zmnd Cd

| complexes, with lobes and electron exchanges very similar to
those of the Th complex, never (under a variety of conditions
of concentrations and temperature) produce coalesced peaks that
are off-center in the respective three-line $g) the fact that,
when Lit is the only cation present evem1 M lithium acetate
buffer, the flexible Th complex always shows no off-center
(19) Stern, K. H.; Amis, E. SChem. Re. 1959 59, 1. See also: Cotton,  displacement of the coalesced signal, and (3) independently by

F. A.; Wilkinson, G.Advanced Inorganic Chemistryinterscience the fact that the quantitative shift data cited in the previous
- Féubk"SheLrS(I: NV?/WI::CEK, 1962; pph3'z‘é3ﬁ2- v of the Coordinati paragraph show that for the flexible Th complex the shifts
€0 Cce)lmeprbuﬁdskirsbhnerl,jeg?%s(j.l;nl\/tlaimilISrTS;\tlrgontt'JrE, 1825;?%%%? caused by ion pairing with Kare much Smal_ler%lo and~18
(21) CasérPastor, N.; Gomez-Romero, P.; Jameson, G. B.; Baker, L. C. Hz between 0:1 and 16:1Kheteropoly ratios) than the off-

W. J. Am. Chem. S0d.991, 113 5658. center shift of the coalesced line-28 Hz).
(22) Baker, L. C. W.; Pope, M. T0. Am. Chem. Sod.96Q 82, 4176.
(23) (a) Kurucsev, T.; Sargeson, A. M.; West, B.DPhys. Chenil957,

61, 1569. (b) Pope, M. T.; Baker, L. C. W. Phys. Chenil959 63, (24) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem. S0d.986
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the negatively charged heteropoly species. 11 M lithium
acetate buffer solution, in the absence of other alkali metal
cations, each negative lobe of the Th complexes used in this
research was almost certainly in labile electrostatic association
with several intact Li(HO)," species, in an ion-pairing fashion.
As other alkali metal ions are added, the hydrated forms of these
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The small but steady changes in the signals from the oxidized the main conclusion of this paper: that the off-center shifts
and from the 4-electron reduced species, bringing the peaksof the central peaks provide a sensitive means of assessing
closer together, are attributable to progressive replacement ofthe affinities of various counterions for heteropoly tungstate
Li(H20),* by smaller K(HO)x", electrostatically held on the  species.
surface of the heteropoly lobes. This brings positive charges  while the Kt equilibrium coalescence does not enter into
closer to the exterior of each heteropoly part. In the case of the assessment of electron transfer rates for the Li-only salts or
the 4-electron reduced complex, the added delocalized electrongor rigid complexes discussed in our previous pabitrdoes
have made the environment of the P atoms more negative thanthwart accurate assessment of electron transfer rates in the
in the oxidized complex. The progressively increasing substitu- Th complex when non-Li alkali metal ions are present.
tion of smaller K(HO)m" units for Li(H0),* units on the  Nevertheless, minimum values for the electron transfer rates
exterior of the complex makes the environment of the interior j such cases may be calculated on the basis of spectra such
P's progressively a little closer to that existing in the oxidized as those in Figures-35, to obtain conservative values based
complex, so their chemical shifts move downfield. on very conservative assumptions of corrections for line widths

The environment of an inner P in the oxidized complex differs and chemical shifts. These indicate that the electron transfer
from that ino-[P,W14065]6~ because one neighboring (WO) rates substantially increase as the’h complex ratio increases.
unit has been removed from the shell around thaf replaced When Lit is the only metallic cation present, the electron
by just a half interest in a P#i. Increasing the positive charge  exchange rate (through the “thlink) is, within experimental

of the shell by progressive substitution of attached LL_QDFF“ error, the same for the 2.0 and 5.0 mM 2-electron-reduction
by smaller K(.HzO)mJr units acts in the direction of making that  mixtures (e.g., as calculated from spectrum a of Figure 2 and
inner P’s environment a little more like those inYP15062]°, spectrum a of Figure 4). That only the exchange through Th

which resonate at-12.7 ppm (-1543.0 Hz), which is upfield  exists for the anti conformation is shown by the concentra-
of the signal from the inner P’s of the oxidized Th complex. tion independence of the exchange rate when onlyibins
Therefore the shift of the downfield oxidized resonance is are present. As the KTh complex ratio increases to 10:1,
upfield. the estimated electron transfer rate nearly triples. This is
In the upfield three-line set, the outer P’s resonance from attributable to the availability in the K-syn complex of other
the 4-electron reduced species also moves steadily (upfield)pathways for electron exchange in addition to that through the

toward the signal from the oxidized form as K@®)," Th link. The added delocalized electrons are concentrated in
attachment increases. The signal shifts 20 Hz upfield as thethe belts of the substituted Well®awson units. In the syn
K*:Th complex ratio goes from 0:1 to 10:1. conformation oxygen atoms of those belts, from each lobe of

As the K*:Th complex ratio increases from 0:1 to 10:1, the the complex, are brought into contact and are coordinated to
signal from the oxidized complex moves steadily but only very K*, so a striking increase in electron exchange rate is not
slightly downfield (1.5 Hz total), as increasing K{Bl)m" surprising.
substitution for Li(HO)," makes the P’s environment more like It is probable that the stability of the 2-electron reduced
that in a-[P2W1s062]%, the peak for which£12.7 ppm) is ~ K-syn complex is enhanced significantly over that of the
downfield from that of the heteropoly species. In this case, oxidized K-syn species or the 4-electron reduced K-syn
the movement is very slight since the outer P’s are far from the species. This interpretation is supported by comparisons

perturbation caused by the Th substitution. of the integrated areas of the peaks as the K:(Th complex) ratio
The spectra in Figure 3, coupled with those in Figure 4, show, is changed. For example, in the upfield sets (Figure 4), the
as expected, that the presence of N&f}g" or Rb(H,O)q" shifts ratio of the area of each central exchange peak to the sum of

the resonances of the oxidized and 4-electron reduced signalghe areas of the corresponding oxidized and 4-electron peaks
in the same directions as those caused by K(H". The effect rises steadily as the K:complex ratio increases: for 0:1 K to

of Na(H:0O)," is relatively slight compared to that of K¢8)n', complex this ratio is 0.112; for 1:1, it is 0.152; for 2:1, 0.190;

and the effect of Rb(kD)y* is more pronounced, in accordance for 4:1, 0.240; for 8:1, 0.410; for 10:1, 0.496; and for 16:1,

with the proposed explanation. 0.659. It has been sho@nthat the two added rapidly
Note that, in support of this interpretation, as theé:kh exchanging electrons in-[Co**W1,04]®" create an energy

complex ratio increases, the chemical shifts for the two kinds barrier to moving this anion’s atoms away from the most
of P atoms in the oxidized complex move in opposite directions favorable orbital overlap locations for the electron exchange,
and the chemical shifts for the two kinds of P atoms in the thereby making the complex more rigid and greatly reducing
4-electron reduced species also move in opposite directions.the thermal vibrations of those atoms, relative to those of
Further, in each three-line set, the chemical shifts of the oxidized oxidized a-[C0>*W12040]%~, while not reducing the thermal
and 4-electron reduced species also change in opposite direcvibrations of the atoms not in the complex. Similarly, we
tions, narrowing the three-line set in each case. propose that rapid electron exchange in the Kozik K-syn species
Close examination of (1) the small differences in chemical Would provide an energy term contributing to stability of the
shifts, which nevertheless change very steadily and consistentlycomplex. Any such effect would be acting to increase the
over the K Th complex range 0:1 to 32:1, (2) the directions Sensitivity of the method with respect to detecting complexation
of these changes, (3) the magnitudes of the changes, and (4pf the alkali metal ions.
the magnitudes of small changes in line widths supports the In each spectrum in Figure 4, and extending to spectra for
foregoing ion-pairing interpretations. It must be pointed out, K*:Th complex ratios of 16:1, 20:1, 24:1, and 32:1, the midpoint
however, that, except for the 0:1 ratio spectrahthe signals between the chemical shifts of the oxidized and 4-electron
are probably to some extent peaks coalesced by exchange ofeduced peaks may be calculated. The difference in Hz between
syn-K-coordinate species with Th complexes containing no that midpoint and the chemical shift of the coalesced signal can
K*. The central signal in each three-line set involves, when thus be obtained. A plot of these differences versusTK
K* is present, coalescence based on this equilibrium as well complex ratios shows that the difference increases linearly to
as the electron exchange coalescence. This in no way changeabout 34 Hz at the 20:1 ratio, after which the difference remains
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