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discussions of their implications. 

V. Experimental Section 
The PMMA sample provided by Fudo Chemical Co. 

(Japan), with viscosity average molecular weight 10 000, 
is the same one used for solution measurements by one of 
us6 with a Twin-T a.c. bridge method to 150 MHz. The 
sample of PVAc, with weight average molecular weight 
150000, was made available to us by Professor W. J. 
McKnight (1Jniversity of Massachusetts, Amherst). The 
sample of PMA, with number average molecular weight 
63 200 and weight to  number average molecular weight 
ratio 3.1, was obtained from Aldrich Chemical Co. Benzene 
and toluene were reagent grade. All composition$ are 
expressed as weight, percent. 

Measurements of PMMA and PVAc in toluene were 
made at  23 :k 0.1 “ C  and of PMA in benzene a t  6.6 f 0.3 
“C;  both temperatures were maintained by a simple water 
bath surrounding the cell and adjusted coaxial line. 

Numerical calculations from output data of the signal 
analyzer were made wiLh the Brown University IRM 
360/370 computer The numerical Fourier transforms, 
based on eq 10,11, or 12, were made with a Fortran pro- 
gram written by D. G. Hall. 

VI. Discussion 
The TDR methods we have described and illustrated 

have proved to be useful for measurements from 1 MHz 
to several GHz. Suitable choice of cell lengths in the basic 
design permits measurements of a wide range from 
strongly polar liquids to dilute solutions with small dis- 
persion. In the latter case, it has been possible to  define 
small relaxation processes, with maximum absorption cm” 
of order 0.02, satisfactorily by use of the difference method 

of comparison against pure solvent or other known refer- 
ence liquid. 

The methods used for time referencing, stabilization, 
and control have proved satisfactory and easy to use, but 
could probably be improved, as could some details of the 
cell construction to reduce minor effects, of small impe- 
dance mismatches for example. The performance realized, 
however, is in several respects close to limits imposed by 
the tunnel diode pulse generator and sampling oscilloscope. 

The basic methods have been discussed primarily for 
liquids with negligible ohmic conductance, but their use- 
fulness is not restricted to them. For appreciable specific 
conductance 6, the methods and working equations are still 
applicable as they stand with the proviso that the derived 
values of e* include the corresponding loss contribution. 
Thus a value et* = E* t- a / i w e  is obtained, where E is the 
appropriate conversion factor for self-consistent units of 
E* and 0. Quite high specific conductances can be handled 
without undue loss in sensitivity as shown by recent results 
for HzS04.10 In such cases modifications of the basic 
working equations to take explicit account of conductance 
6 are useful. These will be discussed elsewhere. 
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The kinetics and thermodynamics of ion pair dissociation involving the anion radicals of ninhydrin, nitrobenzene, 
and trialkyl-substituted nitrobenzenes ion associated with Na+, K+, Cs+, or (BuI4N+ in hexamethylphosphoramide 
(HMPA) were studied via ESR spectroscopy. The large alkyl groups on the (BU)~N+ cation were found to sterically 
inhibit the close approach of the positive nitrogen to the anion radical. However, this loose ion pair dissociates 
less exotherniically and exoenergetically than tighter ion pairs involving the other cations due to the poorer 
solvation of this large cation by the HMPA. The alkyl groups in the ortho positions of the nitrobenzene anion 
radical also prevent close approach of a solvated cation to yield intimate ion pairs. These loose ion pairs have 
lower free energies of activation for ion pair dissociation. The observed rates and thermodynamics of ion pair 
dissociation and formation are explained in terms of ion solvation and steric inhibition to ion association. 

Introduction 
For a number of years it was generally thought that ion 

pair formation in solutions of ionophores (electrolytes 
which form ionic lattices in the solid state) was a conse- 
quence of electrostatic interactions exclusively. From these 
ideas the very useful equations of Bjerruml and Fuoss2 for 
estimating ion pair dissociation constants were derived. 
However, as we learned more about ion association i t  be- 
came apparent that there exists a number of exceptions 

to the electrostatic models. The most notable aolvent, 
which forms solutions of ionophores not obeying these 
models, is hexamethylphosphoramide (HMPA). HMPA 
has a relatively low dipole moment (4.48 D) and dielectric 
constant (29.6)3 but, still dissolves many salts to form the 
unassociated solvated ions.4 The explanation of this lies 
in the fact that HMPA is one of the most powerful cation 
solvating agents known,S and electrostatic theory is not 
able to predict the formation of such tightly solvated ions.* 
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In agreement with this is the fact that the donor number 
for HMPA is very large (38.8).' This, of course, rationalizes 
the deviation of HMPA solutions from electrostatic models 
but does not account for the qualitative or quantitative 
effect it has upon ion pair dissociation. Here, we report 
a systematic study of the thermodynamic and kinetic pa- 
rameters controlling the ion pair dissociation for the nin- 
hydrin anion radical-cation ion pairs and some symme- 
trical trialkyl-substituted nitrobenzene anion radical-po- 
tassium cation ion pairs coupled with some previously 
reported data to give a relatively complete picture of the 
ion association and ion-solvent interaction in this solvent. 
However, first it is necessary to indulge in some brief 
discussion of the nitrobenzene systems to be studied. 

The fact that steric interactions between the ortho 
substitutents on the nitro-aromatic compounds and the 
NO2 group can result in twisting of the NOz group from 
the plane of the aromatic ring with consequent decoupling 
of the p orbitals involved has been recognized for almost 
40 yeama NMR, UV, and dipole moment studies of this 
effect in neutral nitro aromatics have been reviewed over 
20 years The effect was first observed upon the ESR 
spectra of anion radicals in 1961 when Geske and RaglelO 
examined the ESR spectra of a series of methyl-substituted 
nitrobenzene anion radicals and observed a very large 
nitrogen hyperfine coupling constant of 17.8 G for the 
anion radical of 2,6-dimethylnitrobenzene in acetonitrile. 
For PhN02-. A N  is only 10.3 G in this solvent. The effect 
of the ortho substituent upon the spin densities far exceeds 
any mesomeric effect and is interpreted in terms of the 
twisting of the NO2 group with consequent localization of 
the charge and spin densities on the nitro group. 

Meisel and Netalla have noted that the one-electron 
reduction potential becomes more negative as the nitrogen 
coupling constant increases. In a recent report,llb these 
same workers have shown that the rate constant for the 
transfer of an electron from (CH&COH to a nitro-aromatic 
neutral molecule decreases in a linear fashion with in- 
creasing A N .  This latter work was carried out in water 
where hydrogen bonding to the anion radical is an im- 
portant factor in controlling its thermodynamic stability. 
However, their kinetic data reflect the lower stability of 
the twisted nitro-aromatic anion radicals despite their 
increased ability to act as a hydrogen bonding acceptors. 

Hydrogen bonding and ion pairing are two of the most 
important solvation effects controlling the thermodynamic 
stability of anionic species in solution,12 and for a variety 
of anion radicals the localization of charge density has been 
noted to stabilize the ion pair and hydrogen bonded species 
relative to the unassociated anion radical in hexa- 
methylphosphoramide (HMPA) and in HMPA with added 
proton donors.13J4 

From the above, one might conclude that the degree of 
ion pairing of the anion radicals of 2,4,6-tri-tert-butyl- 
nitrobenzene and 2,4,6-triisopropylnitrobenzene in HMPA 
would be greater than in the anion radical of PhNO,. This 
conclusion, however, is made without consideration of the 
possible steric inhibition to ion pair formation. In this 
report we discuss the free energies and free energies of 
activation for ion pair formation and dissociation involving 
the anion radicals of PhN02, t-Bu3PhN02, and i-Pr3PhN02 
as well as the relative intimacy of the ion pairs among the 
different anion radicals. 

A-.,M+ A-. + M+ (1) 

Since A-.,M+ and A-. + M+ have different coupling 
constants and g values, these ESR parameters were used 
to monitor the free energy of eq 1. ESR relaxation times 
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were used to study the kinetics of this reaction. This 
information will lead to insight into the effect of steric 
interaction upon ion association thermodynamics and 
kinetics. 

After the very first ESR investigations of ion pairing by 
Adam and Weissman16 and Atherton and Weissman,16 only 
a scattering of reports have appeared of actual rate con- 
stants of ion pair rearrangement to form solvent-separated 
ion pairs and just a single report of a sate constant for ion 
pair dissociation to form the free solvated i0ns.17 Rate 
constants for ion pair formation and dissociation are vital 
to the understanding of the mechanism of ion pair for- 
mation and dissociation. This report represents the first 
kinetic study of ion pair dissociation and formation for a 
variety of anions. Further, a new experimental technique 
is described for monitoring ESR line positions with a 
single-cavity EPR spectrometer. 

Results and Discussion 
The ninhydrin anion radical can be generated free of ion 

association in HMPA via the reduction of the neutral 
molecule in HMPA with sodium metal.l8 The coupling 
constants for this solvated anion radical are 0.93 and 1.18 
Gal8 The addition of ionophoric perchlorates results in the 
formation of the ion pair between the anion radical and 
the added ~ a t i o n . ' ~  This ion pair exists in rapid equilib- 
rium with the unassociated ions, eq 2, and the ESR 

0 0 

spectrometer records only the time-averaged spectrum for 
the two species.lg Since the site of ion pair formation is 
the oxygen atoms on the ninhydrin anion, ion association 
results in the pulling of both spin and charge density away 
from the protons. This results in both proton coupling 
constants decreasing upon ion association. 

It has been demonstrated that the weighted average total 
line widths (A&) vary to a greater extent than do the 
individual coupling constants upon ion association, and 
they can be used along with eq 2 for the determination of 
the ion pair dissociation c o n ~ t a n t : ~ ~ J ~  
l / ( A W , O  - Ami,) = Kid/[M+](Aw: - A w l )  + 

l / ( A w t  - Aw,') (3) 

where Aw( represents the spectral width for the ion pair, 
and Aw,O represents that for the free ion. 

Equation 3 has been utilized a number of times to de- 
termine ion pair dissociation but there exists 
only a few examples of a measured enthalpy of dissociation 
for an ion pair that exists in rapid (on the ESR time scale) 
equilibrium with the free solvated ions.22 As it was our 
intention to determine the enthalpy and entropy changes 
for the reaction depicted in eq 3, it was necessary to gen- 
erate plots of l / ( A w t  - Aw() vs. l/[M+] at several different 
temperatures for each of the cations to be studied. Ac- 
cording to eq 2, these plots should be linear and have slopes 
of Kid/(Aw? - Aw;) and intercepts of l / (Aw?  .- Aw(). 
Such plots turned out to be linear (Figures 1 and 21, and 
the thermodynamic data taken from them and the re- 
spective van't Hoff plots are given in Table I. The same 
values for Keq can be obtained by the use of weighted 
average g values.18 

The addition of NaC104 to the ninhydrin anion radical 
solutions does not yield a change in the spectral parameters 
(g value or coupling constants) for the anion radical. Thus 
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Figure 1. Plots; of l/(Aw,O - AWJ vs. the reciprocal of the K' con- 
centration In that HMPA solution of the ninhydrln anlon radical at various 
temperatures. 
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Figure 2. Plots of l/(Aw,O - AW,) vs. the reciprocal of the Cs' and 
(Bu),N' concentration In the HMPA solution of the ninhydrin anlon radical. 

TABLE I: Thermodynamic  Parameters Contro l l ing t h e  
Ion Pair Dissociat ion Depic ted in Eq 2 

M+ Kid (25  "C) AH", kcal/rnal A s " ,  eu A w i  
I__--- 

K+ 0.018 f 0.002 - 1.6 i 0.1 - 13.4 4.07 
CS' 0.020 f (4,004 -2.6 f 0.1 -16.5 4.02 
( B u ) ~ N *  0.052 i 0.002 -0.12 ?. 0.01 -5.9 4.20 
Na' very large 

the Kid for thie sodium ion pair dissociation must be larger 
than about 40. The lithium system also yields a very large 
value for Kid. 

The equilibrium constants reported in Table I were 
reported earlier,lQ but these are the first enthalpies of ion 
pair dissociation for these systems. The negative values 
for the entropy and enthalpy terms were expected and are 
due to the greater ordering of the solvent by the unasso- 
ciated ions than by the ion pairs. Since the tetra-n-bu- 
tylamnionium ion is solvated by 6 to 7 HMPA molecules 
and the potassium cation by 4,1Q it is surprising that this 
larger cation yields less negative entropy and enthalpy 
values. Evidently there is very little solvent reorganization 
upon the dissociation of this larger ion pais, and the cation 
and its solvation sheath must remain essentially intact 
upon ion pair formation. In contrast to this the potassium 
and cesium cations probably loose a solvent molecule in 
their solvation sheath upon ion pair formation. In support 
of this is the fact that Aw'is smaller for the (Bu)~N" ion 

Flgure 3. Van't Hoff plots for the ion pair dissoclation of the ninhydrin 
anion radlcal Ion pair In HMPA. 

I 
Centril l i n e  for 
ninhydrln" 

Flgure 4. ESR spectrum of the nlnhydrln anion radlcal In HMPA wlth 
0.062 M added KCIO,. The spectrum is superlmposed wlth that for 
the cyclooctatetraene anlon radical also In HMPA. The cyclooctatetraene 
anion radical was contalned In a capillary tube within the ESR tube 
contalnlng the nlnhydrin anlon radlcal. Only the six hlgh-fleld lines for 
the nlnhydrln anlon radical are shown. See Experimental Section. 

pair, indicating that this cation causes a weaker pertur- 
bation upon the anion upon association with it. 

The reorganization of the solvent sheath should sharply 
affect the rate constant for ion pair formation. I t  is ex- 
pected that slower rate constants would be reflected from 
greater solvent reorganization. It turns out that the kinetic 
measurements are particularly convenient due to the large 
line width changes that take place upon ion pair formation 
(Figure 3). 

Utilizing the measured coupling constanb, g values, and 
Kid's one can calculate the rate constant for the ion pair 
formation (kif) and that for ion pair dissociation (kid).17 
This kinetic study is carried out by making use of the 
relaxation theory as applied to the two-site model, which 
has been derived in detail by FraenkeLz0 His expression 
has been modified so that the kinetic parameters can be 
determined from the line heights, which change more 
rapidly than line widths with the lifetime of the spin state, 
eq 4. In eq 4 h-6 and h6 are the heights of the low-field 

and high-field lines, respectively, ye is the gyromagnetic 
ratio for an electron, 6O is the line width in the absence of 
ion pair formation, and X, is related to the probability 
of finding the anion radical in the free state (Pf) or in the 
complexed state (Pc) as shown in eq 5, where wfF, q,,, and 

(5) 

a, are the resonant frequencies of the mth line for the free 
ion, complexed ion, and the time-averaged species, re- 
spectively. These values can be easily measured from the 

x, = P d W f , ,  - carny + P C ( W , ,  - amp 
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Figure 5. Plots of k,,&, vs. the concentration of added KCIO4 or CsCIO, 
for the ninhydrin anion radical in HMPA at 25 OC. 

TABLE HI: Dissociation Constants and Kate Constants 
€or the Dissociation and Formation of Ion Pairs 

ion pair Kid kid, s-' k i f ,  M-' S-' 

ninhydrin-.,K* 0.018 1 .5  x 10' (8.4 i 0.2) x 10' 

i-Pr,PhNO;'.,K' 1.5 x l o m 3  1 . 2  x lo6  ( 8  i 1) x l o a  
ninhydrin-.,Cs+ 0.020 3.9 x 1 0 8  (1.9 i 0.2)  x 109 
PhNO,-.,K+ 10-3 slow 

t-Bu,PhNO,-*,K+ 3 X l o n 3  2.4 x lo6  (8  i 1) X 10' 

spectra taken with an internal standard as shown in Figure 
4. 7 is related to the lifetimes Tf and T ,  of the free and 
complexed states as given by 

(6) 

If we know the value for Kid, the rate constants can now 
be determined from T ,  which is calculated from the ex- 
perimental line heights and eq 4. The observed rate 
constants are related to Kid and 7 as given by 

7 = T ~ T , / ( T ~  + T J  

From Figure 5, it is clear that the value for k,,,,bd varies 
with the concentration of added salts. This is attributed 
to a number of factors including viscosity changes of the 
solution upon salt addition and changes in the activity 
coefficients of the ions. All of these problems are circum- 
vented by an extrapolation of the observed rate constants 
to infinite dilution in added salt21 (Table 11). 

The expected result (k, for the K+,N-. being larger than 
that for the Cs+,N-. ion pair) was not realized. In fact, 
substantially faster rates of ion pair formation and ion pair 
dissociation were observed for the less intimate Cs+,N-- ion 
pair. This must mean that the weaker interaction between 
the Cs+ ion and the anion radical allows a more rapid 
exchange between anion radical and solvent molecule for 
the fifth coordination site around the Cs+ ion in HMPA. 
This is consistent with the fact that the C d  ion also forms 
weaker cation-solvent interactions in HMPA than does 

TABLE 111: Dissociation Constants, ESR Parameters, and 
Bates of Ion Pair Formation and Dissociation Relative to  
the ESR Time Scale €or PhNO,-. Ion 
Pairs in HMPA at 25 "C .__I- 

M+ Kid AN' - AN' rel rate 
Na' 0.15 2.4 slow 
K' < i o 4  1.5 slow 
( 1 4  N+ 4.8 x 10-4 1.03 fast 

K+ cation.23 Similar kinetic studies could not be carried 
out on the (Buj4N+ system, because the rates of ion pair 
formation and dissociation were too fast. 

Electrolytic reduction of nitrobenzene (PhN02) directly 
in the ESR cavity yields spectra in which both the ion pair 
and the free ion can be observed simultaneously. These 
spectra of PhN02-. appear similar to those obtained via 
sodium r e d ~ c t i o n , ~ ~ , ~ ~  but here the Na+ concentration is 
known, allowing the determination of the ion pair forma- 
tion constant. By comparing the ESR line intensities for 
the first lines of the ion pair and free ion and knowing the 
concentration of added Na+ ions, one can determine Kid 
= [Na+] [PhNO,.]/[PhNOpNa+] in the manner described 
for the semiquinone systems.25 From solutions containing 
concentrations of Na+ varying from 0.005 to 0.1 M, Kid was 
found to be 0.15 f 0.04. HMPA solutions of PhN02-. 
containing even very low concentrations of KI or KC104 
led to ESR spectra that were entirely due to the ion pair, 
and Kid for the K+,PhN02-. system was found to be too 
small to measure (Kid < 0.001). Since it has been dem- 
onstrated that the salts KI, KC104, and NaC104 are es- 
sentially fully dissociated in HMPA,25 it was assumed that 
the cation concentration is equal to the total salt concen- 
tration. 

When ( B u ) ~ N C ~ O ~  was utilized as the electrolyte only 
the time-averaged species was observed. Thus, the ratre 
of ion pair formation and dissociation is fast on the ESR 
time scale. The dissociation constant for PhN02-o,(Bu)4N+ 
can be obtained from the use of eq 9 if the two-site model 

(9) 
is correct,26 where AN is the time-averaged nitrogen hy- 
perfine coupling constant obtained from a solution con- 
taining a known quantity of (BU)~NCIO~,  ANo is this con- 
stant for the unassociated anion radical (8.48 G),27 and AN' 
is that for the ion pair. A plot of l / (AN - A N o )  vs. the 
reciprocal of the added ( B u ) ~ C ~ O ~  concentration is linear 
as predicted by eq 9 and yields a value of (4.38 f 0.3) X 

and 1.03 for Kid and AN'  - ANo,  respectively (Table 
111 and Figure 4). This value for Kid would have been too 
small to measure had the rate of ion pair formation and 
dissociation been slow on the ESR time scale, as it is for 
the sodium and potassium systems. 

Electrolytic reduction. of either 2,4,6-tri-tert-buty1- 
nitrobenzene or 2,4,6-triisopropylnitrobenzene in HMPA 
with added KI yields the respective anion radical, which 
exhibits only a three-line pattern due to splitting from the 
14N nucleus. 

Plots of l / (AN - ANo) vs. l/[K'] are linear (Figure 6), 
and the dissociation constants are (3.0 f 0.3) X and 
(1.3 f 0.2) X for t-Bu3PhN02-.,K+ and i- 
Pr3PhN0p,K+, respectively. A$ represents the difference 
in the observed g value for the anion radical with added 
KI and that for the free ion. Thus, a plot of l /@ vs. 
l/[K+] is also linear and has a slope of Kid/&', where Ag' 
is the difference in the g values for the free ion pairz8 
(Figure 6). 

The kinetic study was carried out by utilizing the same 
relaxation theory that was utilized for the ninhydrin sys- 

l / ( A N  - AN') = Kid/[M+](AN'- A N o )  + 1 / ( A N '  -- AN') 
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each other yielding almost the same value for K i d .  Both 
hid and kif are, however, significantly larger for the Cs' ion 
pair. In general, the larger ion pairs dissociate more rapidly 
than the smaller more intimate ones. The loose P h N O p  
ion pair involving the large poorly solvated (Bu)~N+ ion 
traverses a lower barrier to dissociation than do the smaller 
ion pairs. 

From Table I1 one notes that both the rate of ion pair 
dissociation and K i d  are increased by placing large alkyl 
groups in the ortho positions of the nitrobenzene anion 
radical. This is the case even though these groups increase 
the charge density at the site of ion pairing. This can only 
mean that the solvated K+ ion is sterically prevented from 
close approach to the NOz group by the two isopropyl or 
tert-butyl groups. The fact that these ion pairs are less 
intimate than those of PhN02-. is substantiated by the 
small AN' - ANo and Ag' values. The energy barrier to 
dissociation is lower for the trialkyl PhNOz anion radicals, 
since the looser ion pairs involve less solvent reorganization 
upon dissociation. 

Even though the tert-butyl group is larger than the 
isopropyl group, both K i d  and hid are larger for i-Pr3PhNOz 
anion radical. However, the electronic perturbation caused 
by the association with K+ ion is larger for the isopropyl 
system. This may be explained by the larger degree of 
distortion of the NO2 group from planarity in the tert-butyl 
system than in the isopropyl system. In agreement with 
this is the fact that ANo is larger for the i-Pr3PhN02 anion 
radical. 

For the dissociation of nitromesitylene anion radical ion 
pair with a series of cations in dimethylformamide (DMF) 
the dissociation constant was found to increase with the 
increasing size of the cation.29 This trend of increasing ion 
association with decreasing cation size has been observed 
for the vast majority of solvent systems that have been 
~ t u d i e d . ~ ~ ~ ~ '  However, the reverse is the case in HMPA 
(Tables I and 111). This trend in HMPA is explained in 
terms of the poorer solvation of the larger cations with the 
electronegative oxygen atom on the HMPA molecule. 

I t  is instructive to compare the recent ion pair disso- 
ciation constants of Fawcett and c o - w ~ r k e r s ~ ~  with those 
found by Toshima and Itaya3' for the nitrobenzene anion 
radical in DMF. At ambient temperature in DMF the ion 
pair dissociation constants between the nitromesitylene 
anion radical and Li', Na+, and K+ are 7.1 X 2.1 X 
lo4, and 1.5 X respe~tively.~~ When PhN02-. serves 
as the anion, the constants are much larger, 2.9 X lo9, 4.5 
X and 3.3 X r e spec t i~e ly .~~  This suggests that 
any steric hindrance tending to disrupt the ion pair due 
to the methyl groups on the nitromesitylene is more than 
offset by the increased charge density on the NOz group. 

Steric interactions batween the alkyl groups on hydro- 
carbon anion radicals and the approaching cation have 
been known to alter ESR coupling constants for some time 

Studies in tetrahydrofuran (THF) have shown that 
placement of the methyl groups on the 1,5 positions of the 
naphthalene anion radical prevents the Na+ cation from 
approaching the anion as closely as it does the unsubsti- 
tuted anion radical, as evidenced by the smaller ANa value 
for the substituted ion pair.34 In contrast to this, a larger 
sodium hyperfine splitting is observed for the 2,6-di- 
tert-butylnaphthaiene anion r a d i ~ a l . ~ ~ B ~  This was nicely 
explained by Goldberg and B ~ l t o n , ~ ~  wherein they gen- 
erated a complete spin density contour map of the anion 
and showed how the tert-butyl groups force the Na+ ions 
to the positions of higher spin density. 

Although there are several studies concerning steric 
effects upon ion association, this is the first study to our 

6 . 0  1 .4 

- 
50 100 1 5 0  200 

1 / [ K + l  

0 i _IL 
Figure 6. Plots of 1/(AN0 - A,) in G-' vs. [K'] in M-' for the anion 
radicals of 2,4,6-tri-terlt-butyInitrobenzene and 2,4,6-triisopropylnitro- 
benzene and a plot of lo4/& vs. [K']-' for the anion radical of 
2,4,6-triisopropylnitroberizene in HMPA at 25 'C. The g value and 
coupling constant plots yield the same values for Kid. 

tems. The only difference is that eq 4 must be adopted 
to include the heights of the low-field and central lines of 
the nitro group triplet, h-l and ho, respectively, eq 10. 

(10) 
The rate constants were again taken from the intercept 

of a plot of kif,obsd vs. [K'] (Table 11). The variation of 
kaohd for these systems is due to all of the factors that led 
to this variation in the ninhydrin systems plus the fact that 
unresolved proton hyperfine splitting may be present and 
varying with the concentration of added salt (degree of ion 
pairing). This problem is also nicely circumvented by an 
extrapolation of the observed rate constants to infinite 
dilution in E11 (Table 11). 
Conclusionis 

From Table I11 it can be seen that the intimacy of the 
ion pairs involving PhN02-. decreases as M+ becomes 
larger, as evidenced by the larger AN' - AN' values or larger 
electronic perturbation upon the anion due to the smaller 
cations. Thus the tightly solvated Na+ cation with its three 
closely associated HMPA molecules is hundreds of times 
less prone to form ion pairs than is K', Cs', or (Bu)~N+,  
but when the Na+ ion pairs are formed they involve the 
most intimate association between cation and anion. The 
more intimate (tighter) ion pairing of the smaller cation 
is due to the fact that the Na+ is coordinated by only three 
HMPA m~lecules '~  and can approach the anion radical 
more closely than can the K', Cs+, or (Bu)~N+.  Further, 
since the smaller cations that form more intimate ion pairs 
are also better solvated on the right-hand side of eq 1, it 
is the ion pairs involving these cations that dissociate more 
readily. The positive nitrogen in the (Buj4N+ ion is ap- 
parently prevented from coming into close proximity to 
the ninhydrin or PhNOz anion radical due to steric in- 
teractions involving the large butyl groups (Table I). The 
less intimate (Bu)~N+ ion pairs also dissociate with a less 
negative entropy change than do those involving the 
smaller cations. This is true, since the large (Bu)~N+ cation 
creates less ordering of the solvent on the right-hand side 
of eq 1. 

Comparing the Cs" and K+ ion pairs with the ninhydrin 
anion radical, the two parameters (AS" and AH") cancel 

7 = 60(1 - (h-l/ho)1/2)31/zly,l/2(x-~(h-l/ho)-1/2 - X,) 
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Flgure 7. ESR spectra of the nlnhydrln anion radlcal In HMPA, The 
upper spectrum was taken wkhout the addkion of salt and Awf = 4,390 
Q. The lower spectrum was taken after the addltlon of 0.067 M KCIO, 
and A#, = 4,134 Ci. The small caplllary tube contalning the cyclo- 
octatetraene anlon radlcal was removed from the EPR cavlty area to 
rQCOrd these spectra. 

knowledge of the steric effects upon the kinetic and/or 
thermodynamic parameters controlling ion pair dissocia- 
tion to form the free solvated ions. 

Experimental Section 
The ESR line positions were determined by sealing the 

anion radical solutions into ESR tubes that also contained 
a small capillary tube that contained a sample of the anion 
radical of cyclooctatetraene (COT) in HMPA. The nin- 
hydrin anion radical ESR spectra could, thus, be obtained 
simultaneously with that for CQT. or by ibelf by inverting 
the sample tube (Figures 3 and 7).  The ninhydrin anion 
radical ESR relative line positions were taken from the 
distance (d,) from the central line of the COT anion radical 
to the high-field line of the ninhydrin anion radical (Figure 
7). For an anion radical solution that does not contain any 
added salt this distance is d t  = 2.364 G. The change in 
the position of the high-field line relative to that for the 
free ion (02 - Q5) and relative to that for the ion pair (wg/ 
- Q6) are given by eq 11 and 12, where 1 ~ ~ 1  is the gyro- 

(w6' - 08) (dBo d5)l"I',l (11) 

(06' a5) = (d6 - d{)IYel (12) 

magnetic ratio for an electron (1.7608 X 107 rad/& X6 can 
now be taken directly from eq 5 and is equal to 

(13) 
Likewise, X-s was determined from the change in the 

position of the low-field line relative to that for the free 
ion (w-2 - and relative to that for the ion pair (w-{ 
- The value for d-50 is A w t  + dSo = 6.764 G. 

The ESR spectra were run on a Varian E-4 or Varian 
E-9 ESR spectrometer. All of the inorganic salts were 
purchased from Alfa Inorganics and were stored in a 
vacuum oven for at least 48 h at  100 "C  prior to use. The 
HMPA was distilled under vacuum from calcium hydride 

x5 = Pf(Wt - 06)' t P c ( W 5 '  - 05) '  

Kokoslnskl et al. 

and stored over molecular sieves. Portions of this HMPA 
were then distilled directly into the evacuated apparatus 
for anion radical generation from a small piece of potas- 
sium metal. The anion radicals were generated in the 
apparatus previously described.17 

A kinetic study on the ninhydrin-*-(Bu)4Nt system 
could not be carried out due to the fact that the line 
positions did not change sufficiently upon ion pair for- 
mation. 

The plots shown in Figures 1 and 2 are examples taken 
from a set of experiments. Several such plots were gen- 
erated for each of the systems studied; and since the error 
in Kid propagated from the errors in the intercept and slope 
of a single plot is smaller than the standard deviation in 
the Kid(s taken from a number of such ploh, it is this latter 
standard deviation that is reported as the error in the text. 
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