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(1970).

(40) J. E. Prue and P. J. Sherrington, Trans. Faraday Soc., 57, 1795 (1962).

(41) P.G. Sears, E. D. Wilhoit, and L..R. Dawson, J. Phys. Chem., 59, 373
(1955); E. G. Taylor and C. A. Kraus, J. Am. Chem. Soc., 89, 1731
(1847); M. J. McDowell and C. A. Kraus, J. Phys. Chem., 80, 129
(1956).

(42) M. L. Jansen and H. L. Yeager, J. Phys. Chem., 77, 3081 (1973).

(43) Absorption bands have been numbered from high to low frequency. In a
few cases, there are sufficiently large frequency shifts so that some
band positions are out of normal order. These occasions will be noted
as they arise.

(44) Wrlting out explicit expressions for K,: K, = [SW]/[S][W]; [SW] =
[cW] + [AW]; [CW] = K,[C][W]: [AW] = K.[A][W]. Substituting
these quantities into the expression for K, we find Ky = K.Co/[S] +
KaAo/[S], where Cy and Aq are the stoichiometric concentrations of
the ions. Consider the limiting case of a small degree of hydration of the
salt. Then [S] — Sq, the stoichiometric salt concentration, and K, =
nK. + mK,, where n and m are the moles of catlons and anions per
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mole of salt. Thus, under the special conditions of low water concentra-
tion (e.g., only monohydrate formation) and low salt concentration, we
expected K, to be the weighted sum of the independent ion equilibrium
quotients.

(45) This assumption is not unreasonable for weakly perturbed systems.'”

(46) One can ratlonalize the difference in sensitivity to counter-ion since an-
ions, in general, are much more polarizable than are cations. The OH
stretching frequency is presumably responsive to the (small) changes in
electron distribution induced via such polarization effects.

(47) In our experiment, these species would be more correctly designated
"'solute shared’’.

(48) We note In passing that these bands move to lower frequency as the
catlon polarizing ability increases. Bands arlsing from water molecules
associated with anions in contact ion pairs would be expected to show
an increasing frequency because the cations would remove electron
density from the vicinity of the protons of the -water/methanol mole-
cules. This behavior has not been observed in our experiments. Nor is
the concentration of contact ion pairs expected to be significant in the
aprotic solvents we used.
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Abstract: The addition of salt (KI) to solutions of the free anion radical of 2,6-di-tert-butylbenzoquinone, anthraquinone, or
naphthaquinone results in a decrease in the observed g value due to the formation of ion pairs. The observed g value for the
anion radical in solution containing a given amount of KI has been found to be a weighted average between that for the ion
pair and that for the free ion in pure hexamethylphosphoramide. The equilibrium constant for the dissociation of the ion pair
to form the free anion radical has been algebraically related to the observed g value leading to the first determination of ion
pair dissociation constants by the use of g values. Further, the enthalpy of ion pair dissociation has been related to the rate of
change of the g value with respect to temperature (dg/dT). To use the time averaged g values the rate of ion pair dissocia-
tion and formation must be fast on the ESR time scale. This has been found for semiquinones, for which the INDO calculai-
ed electron density on the oxygen atoms available for ion pair formation is less than 6.459. When the oxygen electron density
is larger than this value the free ion and ion pair are observed simultaneously. Not only are the kinetics of ion pair dissocia-
tion affected by the INDO calculated charge densities, but the K.q decreases with increasing charge density. However, the
anthrasemiquinone system yields a K4 that is too small according to this trend. This suggests a greater polarizability of this

system.

The thermodynamic parameters controlling the dissocia-
tion of ion pairs have been determined by the use of three
basically different ESR techniques. These include methods
based upon ESR coupling constants,? line widths (relaxa-
tion times),> and line intensities (spin concentrations).*”
Here we describe a new technique that can be used for the
determination of the thermodynamic parameters control-
ling the dissociation of ion pair () to form free ion («) and
the solvated cation, eq 1. This technique is based upon the
use of g values.

8 = o+ M (1)
L

Since the first accurate measurements of g values for or-
ganic anion radicals in solution, several workers have no-
ticed changes in g values with temperature.5-8 Recently it
has been reported that the g value dependence upon tem-
perature is at least partially due to ion pairing.? The g
values for the ion pair and free ion of durosemiquinone in
dimethoxyethane have been accurately determined for a se-
ries of counterions, and for all cases the g value for the free
ion is larger than that for the ion pair.4

1t has been shown for a series of substituted nitrobenzene
anion radicals®%? and for benzosemiquinones3®-2¢ that the
free ions exist simultaneously with the ion pairs in hexa-
methylphosphoramide (HMPA) containing a small amount
of alkali metal salt. Further, the equilibrium between the
ion pair and the free ion can be described by the two-site
model expressed in eq 1. In the absence of the alkali metal
salt many of these anion radicals are free of ion pairing in
HMPA 2¢3.510 For the substituted nitrobenzene systems
the equilibrium constant for eq | increases with the ¢ value
of the para substituent.®® This indicates that the ability of
the ion pair to dissociate is inversely proportional to the
charge density on the NO; group. For the semiquinone
anion radicals ion pairing takes place at the site of the oxy-
gen atoms.2¢38.7.11 Here we wish to report upon the rela-
tionship between the charge density on the oxygen atoms
determined by INDO open shell calculations and the ther-
modynamic parameters of ion pair dissociation. This work
should allow new insight as to the importance of coulombic
attraction between the anion radical and the cation in ion
pairing. Other factors, such as solvation and polarization of
the anion, will also be discussed.
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The appearance of the ion pair in solution with the free
ion can result in two completely different effects upon the
observed ESR pattern. If the time between ion association
and dissociation events is short on the ESR time scale, the
resulting spectrum is that for the time averaged species.
This is the case for the p-dinitrobenzene anion radical in
HMPA 32 However, if the time between ion association and
dissociation events is long on the ESR time scale, both the
ion pair and the free ion are observed simultaneously. In
HMPA this seems to be the case for the majority of the
anion radicals, and it is the case for the p-benzoquinone
anion radical.®® A qualitative relationship between the rate
of ion pair formation and dissociation and the INDO calcu-
lated oxygen charge densities will also be discussed.

For the formation of any weak molecular complex (x’),
eq 2, a most useful expression has been developed for the
case when only the spectroscopic parameters for the time
averaged species can be observed. After the determination

X +y =% (2

of the spectroscopic parameter (I'°) for uncomplexed x in
the absence of y, a small amount of y can be added to the
solution and the time averaged spectroscopic parameter (T')
will be observed. The equilibrium constant for eq 2 can then
be determined by the use of eq 3 without direct measure-

ment of the spectroscopic parameter for the complex
(I‘/)ZC,3.12.13

1/AT - TY = 1/{k,(T" - T9¢,%} + 1/(T" - T9 (3)

where C,0 represents the initial concentration of y. Keq can
be determined from the slope of a plot of 1/(T" — T'?) vs.
1/Cy0. The intercept is 1 /(I — I'°). The only experimental
condition is that the concentration of y is large in compari-
son with that for x. In this report the spectroscopic parame-
ter to be inserted into eq 3 is the g value determined by
ESR spectroscopy.

Results and Discussion

The equilibrium constant for the dissociation of 2,6-di-
tert-butylbenzosemiquinone ion pair in HMPA (eq 4) has
been previously determined by the use of time averaged
coupling constants.2® For this reason the use of time aver-
aged g values was first applied to this system in order to test
the use of g values on a known system.

o~M”* (O

O O

The reduction of 2,6-di-tert-butylbenzoquinone in
HMPA by potassium metal yields the free anion radical,>®
which is characterized by the coupling constant given in
Table I and a g value'4 of 2.004814 £ 0.000008. Successive
additions of potassium iodide, which is essentially fully dis-
sociated in HMPA, 1516 (o this solution result in a decrease
in the observed g value, Figure 1. This decrease must be due
to an interaction between the anion radical and the added
salt, most likely the formation of the ion pair, which exists
in rapid equilibrium with the free ion.

Utilizing the free anion radical as a standard, the differ-
ence in the observed g value for a sample containing a
known concentration of KI and that of the standard is Ag.
AgP is the difference in the g value for the free ion and that
of the standard, which is clearly equal to zero. Ag/, the dif-
ference in the g value for the free ion and ion pair, can only
be obtained by extrapolation. Substituting these parameters

Table I. ESR Parameters for the Semiquinones in HMPA
with Added KI

Concentration

Semiquinone of K*', M Ag X 108 Al G
o’ 0 0 2.346
0.051 3.18 2.260
0.080 3.95 2223
0.150 5.29 2.182
0 0.328 6.94 2,122
o’ 0 0 0.97, 0.22d
0.020 0.68
OO0 s e
0.104 2.36
3 0.225 3.31 0.97,0.22
) 0 0 3.28,0.64,4
) 0.23
0.050 1.64
@ 0.075 2.57
0.121 3.25
5 0.357 6.30 3.28, 0.64,
0.23

@ The data given for this compound were taken at 28°. & The data
given for this compound were taken at 25°. ¢ The data given for
this compound were taken at 20°. @ These coupling constants remain
constant with changing K* concentration.

in for T, I, and % in eq 3 and writing it in terms of a weak
complex dissociation yields

1/ag = K /Ag'[K*] + 1/6g" (5)

From eq 5 a plot of 1/Ag vs. 1 /[K*] should be linear and
have a slope of K.q/Ag’ and an intercept of 1/Ag’. Treated
in this manner our data did yield a straight line, Figure 2.
Table I shows a representative set of ESR parameters for
various concentrations of potassium ion.

At 28° the equilibrium constant determined from Figure
2 is 0.076 £ 0.009. The equilibrium constant previously de-
termined for this reaction by the use of ESR coupling con-
stants is 0.094 £ 0.01 at 28°.2¢:17 The equilibrium constant
obtained here by the use of g values and eq S is clearly
equal to that previously obtained within experimental error.

Anthraquinone (1072 to 1074 M) in HMPA will dissolve
small amounts of potassium metal to form the free anion
radical, which exhibits an ESR spectrum consistent with
proton coupling constants of 0.97 G (2 H’s) and 0.22 G (2
H’s). Addition of potassium iodide to this solution results in
some line broadening but does not result in a detectable
change in the coupling constants up to 0.4 M in K*. Based
solely on coupling constants there does not appear to be any
ion pair formation. However, utilizing the anthrasemiqui-
none free ion as a standard, Ag smoothly increases with in-
creasing potassium ion concentration. Clearly an ion pair is
formed. A representative set of g value changes is given in
Table I.

A plot of 1/Ag vs. | /[K*] for this system is linear, Fig-
ure 2, and the calculated equilibrium constant is 0.14 at
25°. Since the enthalpy can be obtained from the rate of
change of the equilibrium constant with temperature, there
must exist a relationship between the enthalpy of dissocia-
tion of the ion pair and the rate of change of Ag with tem-
perature (dAg/dT). Since Ag is a weighted average be-
tween Ag’ and zero

ag = ag'(®) /(@) + (B} (6)
and

K., = [K'](ag" - aF)/68 (7
thus

A = ag' /{1 + K /IK']} (8)

Journal of the American Chemical Society | 97:17 | August 20, 1975



2.004808

2.004792 },

2.004776 \O

2.004760

4..r‘_.4.“
°/ o

2.004744

L .
0 0.1 . 0.2 0.3

(x7)

Figure 1. Plot of the observed g value for the system 2,6-di-tert-butyl-
benzoquinone-HMPA-K with added KI vs. the potassium ion concen-
tration (M).

Taking the In of both sides of eq 8 and differentiating with
respect to 1 /RT yields

d(in 87)/d(1/RT) = aH'/{1 + [K']/K.} (9
From this a plot of In Ag vs. 1/RT should yield a curve, and
the slope of the curve at T = 25° is equal to AHO/{l +
[K*]/Kcq}. The slope of the curve at this point was obtained
graphically,!® and knowing Keq at 25°, AH® was found to
be about —1.1 kcal/mol.

Naphthasemiquinone was treated in a similar manner.
The equilibrium constant for the dissociation of the
naphthasemiquinone ion pair was found to be 0.28 at 20°,
Figure 2. Representative data for this system can be found
in Table I. AH® was determined in the same manner and
found to be about —1.8 kcal/mol. Since the enthalpies de-
termined in this manner are taken from only one point on a
curve, they are subject to large error. However, the values
obtained for AH? can be checked using the integrated form
ofeq9.

Integrating both sides of eq 9 yields

C + Inag = aAH'/RT - In {1 +

[K*] exp(aAH’/RT — AS°/R)} (10)

where C is a constant of integration. Now knowing Kq and
AHO at 20°, C can be calculated from eq 10. Once C is de-
termined the temperature can be varied, and a plot of In Ag
vs. |/RT can be made from eq 10. We can now compare
this expected plot for any value of AH? with the experimen-
tal plot. Utilizing —2.0 kcal/mol for the naphthasemiqui-
none system a resonable fit was obtained, Figure 3. The
thermodynamic parameters for all of the semiquinones
studied are given in Table II. It should be noted here that
the parameters obtained for p-benzosemiquinone were ob-
tained by simultaneous observation of the free ion and ion
pair. That is, for this system the time between ion pair dis-
sociation and association events is long on the ESR time
scale, and the ESR line intensities were used.5® This is in
contrast with the 2,6-di-tert-butylsemiquinene, naphtha-
semiquinone, and anthrasemiquinone systems where only
the time averaged spectra were obtained.

4861

1.0 —T T T i 1

8 1t . 16 20
0 ¢ VKD

Figure 2. Plots of 1/Ag vs. the reciprocal of the potassium ion concen-
tration in moles/liter. The 2,6-di-zert-butylbenzoquinone system is
represented by ®, the naphthaquinone system by O, and anthraquinone
system by a.
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Figure 3. Plot of In Ag vs. 103/RT for the naphthaquinone-HMPA-K
system with added KI. The plot represented by the circles is calculated
from eq 10 using —2.0 kcal/mol for AH®. The squares represent real
experimental points.

Table 1I. Thermodynamic Parameters Controlling
the Ion Pair Dissociation and Ag' for the Potassium Salt
of the Following Quinones

AH®, Ag' X
kecal/mol 10%

-1.52:0.10 7.75

Quinone Keg?

0.076 * 0.0094 (28°)

2,6-Di-tert-butyl-
benzoquinone

Naphthaquinone

Anthraquinone

0.28 = 0.05 (20°) —2.0 £ 0.4¢ 11.1
0.14 £ 0.03 (25%) -1.1 £+ 0.4¢ 5.50

@ The errors in Keq were calculated from propagating the errors in
the slopes and intercepts in Figure 2. The enthalpy for the 2,6-di-
tert-butylbenzoquinone system has been determined by the use of
time averaged coupling constants.'® ¢ These errors are estimated.

The reason for the longer time between ion association
and dissociation events for the p-benzoquinone system is
probably due to a larger charge density on the oxygen
atoms in this anion radical. Apparently the effect of the two
tert-butyl groups in the 2,6-di-rert-butylsemiquinone is to
lower the charge density on the carbonyl oxygen that is
available to participate in ion pairing. It has been shown
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Table III. Calculated and Experimental Coupling Constants
for the Following Semiquinone Free Ions
1.54 x
Semiquinone An, G Position AR, cal AR cal
0—<D)—o 242 1 ~1.59 ~2.45
o]
3.28 1 ~-2.13 -3.28
0.64 2 ~0.38 ~0.59
o 0.23 3 +0.29
o]
’ 0.97 1 ~0.635 ~0.98
0.22 2 +0.415
o]
0 1.75 (CH,) +2.68
2.14 1 ~1.536 -2.37
2.05 2 -1.320 -2.03
2.39 3 ~1.658 ~2.55
2.35 1 -1.77 ~2.73
1.71 (CH,) +1.36
6]
2.35 1 ~1.92 -2.96

0

@ Calculations on this semiquinone were carried out as described in
the Experimental Section.

previously that the oxygen atom that is sandwiched between
the two tert-butyl groups is too sterically hindered to par-
ticipate in ion pairing with the potassium ion.2¢ In order to
see if methyl groups would cause a similar effect upon the
oxygen charge density and thus upon the ion pairing kinet-
ics the anion radicals of 2,6-dimethylbenzoquinone and
methylbenzoquinone were investigated.

Reduction of 2,6-dimethylbenzoquinone in HMPA with
potassium results in a solution of the free anion radical
characterized by coupling constants of 2.35 G (2 H’s) and
1.71 G (6 H’s). Addition of KI to this solution results in the
formation of the ion pair that is further split by the potassi-
um nucleus by 0.29 G. This ion pair is observed simulta-
neously with the free ion.

The free anion radical of methylbenzoquinone in HMPA
is characterized by coupling constants of 1.75 G (3 H’s),
2.14 G (1 H), 2.05 G (1 H), and 2.39 G (1 H). Addition of
KI to this solution also results in the formation of an ion
pair that is observed simultaneously with the free ion. The
ion pair is further split by the potassium nucleus by 0.33 G.

From the fact that the rate of ion pair formation and dis-
sociation is slow on the ESR time scale it appears that the
charge density on the oxygen involved in ion pairing may be
larger for the methylbenzoquinone and 2,6-dimethylbenzo-
quinone anion radicals than it is for the anion radicals of
2,6-di-tert-butylbenzoquinone or the polyaromatic qui-
nones.

In order to obtain a context for comparison of the relative
charge densities on these oxygen atoms, INDO open shell
calculations were carried out on each of the anion radicals
studied. The bond lengths were adjusted to optimize agree-
ment with the observed ESR coupling constants for the ben-
zosemiquinone free anion radical. These bond lengths were
then kept constant for the entire series of compounds. It is

Table IV. Ion Pair Dissociation Equilibrium Constants,
INDQ Calculated Electron Densities, and Relative Rates
of lon Pair Formation and Dissociation

for the Following Semiquinones

Semiquinone Go— 6 Keq(25°) Relrate

Benzosemiquinone 0.465 0.036 Slow

2,6-Di-terr-butylbenzosemiquinone 0.457 0.075 Fast

Naphthasemiquinone 0.449 0.29 Fast

Anthrasemiquinone 0.434 0.14 Fast

2,6-Dimethylbenzosemiquinone 0.4594a Slowbd
0.456

Methylbenzosemiquinone 0.457a Slowb
0.474

a This electron density is for the oxygen furthest from the methyl
groups. b Spectra for these systems were too complex to allow
the determination of Kegq-

noted in Table III that if the negative calculated coupling
constants are multiplied by a factor of 1.54 they give excel-
lent agreement with the empirical values.

This excellent agreement between the experimental and
adjusted theoretical values for the negative ring proton cou-
pling constants suggests that the trends characterizing other
ground state electronic properties are also well elucidated
by the INDO calculation for comparison of the charge dis-
tribution on these molecules. Accordingly, the capacity of
the quinoid oxygen for ion pairing ought to be reflected in
the relative charge density on the oxygens as calculated
using the INDO technique. From Table IV we see that the
calculated electron density in excess of the oxygen atom va-
lence density on the oxygen available for ion pairing is gen-
erally greater in those cases where the rate of ion pair for-
mation and dissociation is slow on the ESR time scale. Fur-
ther, the smaller electron densities (go) found for the an-
thrasemiquinone, naphthasemiquinone, and 2,6-di-tert-
butylsemiquinone correlate with rapid rates of ion pair for-
mation and dissociation, Table IV.

It is noticed from Table IV that the difference in go — 6
for the 2,6-di-tert-butylbenzoquinone and the 2,6-dimethyl-
benzoquinone anion radicals is only 0.002 with the system
of lower charge density being, as expected, in the fast ex-
change limit and the system of higher charge density in the
slow exchange limit. However, the INDO calculation is not
reliable to such an accuracy as to make this difference
meaningful. Further, it must be remembered that whether
the ESR spectrum is in the fast or slow exchange limit de-
pends not only upon the rates, but also on the differences in
the ESR parameters (proton and alkali metal splitting and
g values) of the free ions and ion pairs.

In order to be more specific as to the effect of charge
density upon the rate constants of ion pair formation and
dissociation, k; and k, are defined as the forward and re-
verse rate constantsineq 11.

Ky = k/ky = [][K]/[8]

The rate of ion pair formation is, and is expected to be, very
close to a diffusion controlled process.!® Thus k is not ex-
pected to vary from one system to another. On the other
hand, k, is the dissociation constant of the ion pair and is
strongly affected by the coulombic interaction between the
cation and anion. A relatively high charge density on the
available oxygen should result in a stronger coulombic at-
traction with consequent tighter ion pairs and smaller
values for k;. Since k; should not vary appreciably from
one system to another, K¢q is proportional to k; and should
be a good measure of the strength of the coulombic interac-
tions.

From the discussion above a correlation is expected be-

(11)
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tween the equilibrium constants and the INDO calculated
charge densities. It can be seen from Table IV that the
equilibrium constant for the ion pair dissociation decreases
with increasing charge density. This is consistent with the
fact that the larger coulombic attraction favors ion pairing
(lowers k). The anthraquinone system, however, seems to
have a smaller equilibrium constant than would be predict-
ed purely on the basis of free ion charge density. This devia-
tion is due to the fact that we really should be comparing
the charge densities in the ion pairs, but using the INDO
program described here it is impossible to carry out calcula-
tions on ion pairs. Therefore, we are assuming that the
charge density in the ion pair is proportional to the charge
density in the free ion. The deviation of the anthraquinone
system is evidently due to this assumption. Another way of
stating this is that the anthrasemiquinone is more polariza-
ble, which is not accounted for in the INDO calculations.
Thus the cation induced polarization is probably of greater
importance in controlling the dissociation of the anthrasem-
iquinone ion pair than it is in the other ion pairs of the se-
ries.

Finally it must be mentioned that the conductivity data
in HMPA!5 do not necessarily imply that the KI is fully
dissociated up to 0.3 M. An independent determination of
the ion association constant (K,) for potassium iodide was
carried out in our laboratory, and K, was found to be 4.3 £
2.'6a This small value for K, indicates that KI is essentially
fully dissociated, and corrections for this ion association be-
tween K+ and I~ are small. All of the equilibrium constants
reported in Table IV can now be corrected to include the as-
sociation between the K* and I~. The equilibrium constants
for benzosemiquinone, 2,6-di-terz-butylbenzosemiquinone,
naphthasemiquinone, and anthrasemiquinone are 0.034 +
0.009, 0.087 + 0.009, 0.67 £ 0.38, and 0.23 + 0.08, respec-
tively. These corrections are small (all of the corrected
values are within experimental uncertainty of the values in
Table IV). Also, the corrections introduce more error, mak-
ing the numbers in Table IV more valuable for comparison.

Experimental Section

All of the organic compounds used were purchased from Aldrich
Chemical Co. and recrystallized before use. The potassium iodide
was purchased from Alfa Inorganics and was stored in a vacuum
oven for 48 hr at 100° prior to use.

The method of reduction of the neutral molecule to form the
anion radicals and the purification of the HMPA has been pre-
viously described.1%®

The g values were measured on a Varian E-9 ESR spectrometer
using the dual cavity technique.!® All values for Ag were obtained
by placing a sample of the free ion in one of the two cavities and a
sample containing a known quantity of KI in the other. The g
values reported for the 2,6-di-tert-butylbenzosemiquinone were
obtained by the use of p-benzosemiquinone in rert-butyl alcohol as
a g value standard.%7

The temperature was controlled by a Varian temperature con-
troller calibrated with an iron-constantan thermocouple. Values
for dg/dT were obtained by taking two samples from the same so-
lution and placing one in the variable temperature cell and the
other in the remaining cavity.

Calculations using all-valence electron self-consistent Field
(SCF) molecular orbital formalism2%-2! and the so-called “inter-
mediate” neglect of differential overlap (INDO)?22 were performed
on an IBM 370-145 computer using coordinates derived from geo-
metrical considerations and a double precision version of the
COORD?? computer program.

Bond distances selected were consistent with crystallographic
data,?* though the C-O bond was deliberately assumed to be rela-
tively short in order to optimize the coupling constants calculated
for the semiquinones. All aromatic ring C-C bond distances were
assumed to be 1.080 A. All aryl-alkyl C-C bond distances and all
alkyl-alkyl C-C bond distances were taken to be 1.520 A, All
alkyl C-H bond distances were assumed to be 1.090 A. Aromatic
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ring angles were assumed 120° and normal tetrahedral bond an-
gles (109.467°) were assumed where appropriate.

In the case of 2,6-di-tert-butylbenzosemiquinone, the INDO
program used did not have sufficient orbital capacity to carry out
the calculation. It was felt that an acceptable approximation to the
charge and spin densities on this anion radical would be provided
by 2,6-diisopropylbenzosemiquinone, and the calculations were
carried out on this system. The methyl groups in the isopropyl sub-
stituents were positioned symmetrically out of the plane of the ring
and directed toward the nearest oxygen.

Summary

A new technique has been developed for the determina-
tion of ion pair dissociation equilibrium constants. This
technique is based upon the use of time averaged g values
and has been used to investigate the thermodynamic param-
eters controlling the dissociation.of several semiquinone ion
pairs in HMPA. INDO calculated oxygen charge densities
reveal that ion pair formation is thermodynamically hin-
dered by low oxygen charge densities, but the rate of ion
pair formation and dissociation is increased with decreasing
oxygen charge density. For semiquinones containing ex-
tended = systems, such as anthrasemiquinone, ion polariza-
bility must be considered.
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