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Abstract: Conventional carbonium ion reaction mechanisms provide a basis for measuring yields of carbonium

ions in suitable radiolytic systems, e.g., hydrocarbon-alcohol liquid mixtures.

Small yields of products expected

from carbonium ions have been found: anisole from benzene-methanol; cyclohexyl ethyl ether from cyclohexane-

ethanol; #-butyl ethyl ether from neopentane-ethanol; ethyl acetate from acetone-ethanol, all at ca. 20°.

Com-

plicating ion-molecular processes may include proton transfer from ¢-CeH,, + and +-C,H,* to C,H;OH as well as com-

petition between RH* — R+ 4 Hand RH* + R’‘OH - R: + R’OH,*.

from ¢-C¢H,t to ethanol, but not from neo-CsH,. ™.

There is evidence for proton transfer

The structure of the parent molecule has a marked effect on

yields with G(carbonium ion) ranging from ~ 0.03 for benzene to greater than 1.2 for neopentane.

Rather more than 100 ionic species have been identi-
fied, or partly characterized, and various ionic
processes demonstrated in ~y-irradiated organic solids
using optical and epr spectroscopy.® Ionic pro-
cesses have also been reliably inferred in liquids to a
very limited extent by correlations between chemical
analysis of such samples with physical measurements of
corresponding solids.* Typically these measurements
have been concerned with reactions of electrons and the
resulting anionic species, e.g., identification of a free
radical, R, formed via dissociative electron capture

e+ RX —> R + X~

accompanied by determination of the yield of products
arising from reactions of the resultant anion X—. There
has been little study of the reactions of the positive ions.
The radiation chemistry of liquid hydrocarbons has been
studied extensively with respect to formation of free
radicals and their reactions, but there are few instances
in which any attempt has been made to correlate the
ultimate products with positive ion precursors.>™

The total ion yields in condensed phases can be
measured with some reliability from electron yields
through dissociative electron attachment, and these
have been found to approximate values for the gas
phase.® The extent of positive ion fragmentation in
condensed phases is not known but is presumably small
because the process RX* - R+ + X is, in practically
all instances, endothermic for ground-state radical ions,
and deactivation of excited states by the medium will
compete with dissociation, Even when dissociation
occurs, the geminate pair (R+,X) will probably recom-
bine efficiently except for X = H.?

On thermochemical grounds, recombination of a radi-
cal ion with an electron should lead to decomposition.
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tions cited.

(5) S.Z. Toma and W, H. Hamill, ibid., 86, 4761 (1964).
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Reactions of electrons with suitable reagents, such as
RClI or RONO, can dissipate as much as 3-4 ev of this
recombination energy, thereby enhancing the possibility
that the radical ion may survive charge recombination.
Even in a low dielectric medium, or prior to relaxation
of high dielectrics, about 2 ev per ion pair is dispersed
by polarization of the medium. Coulombic energy of
the separated ion pair partially converts to kinetic
energy during recombination and is expended to over-
come viscous drag, dissipating an additional ~2 ev.
If electron attachment occurs in a polar medium, this
will still further moderate the charge-recombination
process by slowing the rate of recombination and pro-
viding time for dipole relaxation.

The same device of electron attachment could be used
to convert carbonium ions to the corresponding free
radicals, and thereby measure yields, but there will
usually be a large concomitant decrease in the yields of
radicals from charge recombination for reasons just
given. These two effects could not be reliably dis-
tinguished and carbonium ion yields cannot therefore be
correlated simply with radical yields. A plausible, di-
rect approach to the measurement of fragment ions is
through established reactions of carbonium ions. Thus,
in mixed cyclohexane-ethanol one expects c-CeHu™ to
form cyclohexyl ethyl ether. The yield of the latter
measures the yield of the ion if the competing elimina-
tion process and other modes of forming the same
products (e.g., from C¢H; - and C:H;0-) can be ex-
cluded. It is the aim of this work to examine the feasi-
bility of this procedure.

Experimental methods have been described.*

Results

Mixtures of benzene and methanol, alone and with
added iodine and methyl iodide, were vy-irradiated at
~20°  Results appear in Tables I and II. Phenyl
carbonium ions, if present, would form the correspond-
ing methyl ether, anisole. The cross product of CsHs;-
and CH;O - can yield the same product but this reaction
should be suppressed by iodine.** Conversion of e~ to
I~ by addition of CH;l, known to be an efficient reac-
tion,?® delays recombination and may thereby increase
formation of the adduct (CgH;OCH)H*; it also moder-

(9) (a) This has been confirmed by J. P. Mittal for 2% CsH;Cl and
0.005 M 1: in cyclohexane, CsH; being formed efficiently by dissociative
electron attachment. (b) D. W, Skelly, R. W, Hayes, and W. H. Hamill,
J. Chem. Phys., 43,2795 (1965).
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Table I. Radiolysis of Benzene-Methanol at ~20°¢

Mole % G(anisole) Mole % G(anisole)

methanol X 102 methanol X 102
4.2 0.5 4.1b 0.3
19.7 3.5 9.7 3.0
48.6 6.6 17.7 4.7
59.6 6.9 41.9 11.2
66.8 9.5 43.1 10.9
68.6 9.1 47.6 10.4
68.6 8.6 67.6 11.5
70.8 8.7 82.5 10.3
83.7 6.2 94.5 5.5
95.6 3.5

2 Dose = 20 X 108 ev/ml. ® Samples contained 0.3 M CH,l.

Table II. Radiolysis of Benzene-Methanol-I, at ~20° >
Mole 7 Mole %,
methanol G(anisole) methanol G(anisole)
1.10 0 83.7 0.29
4.24 0.31 95.6 0.10
9.97 0.57 4.13¢ 0.05¢
18.1 0.64 9.72 0.23
19.7 0.57 17.7 0.50
48.6 0.48 47.6 0.44
66.8 0.43 67.9 0.38
68.6 0.40 82.5 0.28
70.8 0.39 94.5 0.17

2 Dose = 20 X 1018 ey/ml. °® All samples contained 5 X 103
M 1.. < The following results are for systems containing 0.3 M
CH;l.

ates the exothermicity of the charge recombination. In
mixtures containing 319 CeHe and 699, CH;OH,
G(anisole) was 0.09, 0.40, 0.59, 0.86, and 1.18 when the
concentration of I, was 0, 0.005, 0.02, 0.1, and 1.00 M,
respectively.

Cyclohexane—ethanol mixtures were analyzed for
cyclohexyl ethyl ether, the product expected from
Ce¢Hy™ or, of course, from C¢Hjy- and C:H:O:. Re-
sults appear in Table III. Cyclohexene is an alternate

Table III. Radiolysis of Cyclohexane-Ethanol at ~20°¢
Mole % G(cyclohexyl Mole % G(cyclohexyl
ethanol ethyl ether) ethanol? ethyl ether)?
0.91 0.04 0.84 0.02
3.3 0.10 3.2 0.04
8.4 0.13 7.8 0.15
15.5 0.11 14.4 0.17
26.9 0.12 25.3 0.15
64.8 0.04 86.5 0.03
90.2 0.04
97.3 0.00
@ Dose = 20 X 1018 ev/ml. ® The following systems contained
0.8 M CH;,l.

product for both mechanisms, either by proton transfer
or by disproportionation of radicals, but these reactions
cannot be examined because Ce¢H;o is also a major
product of the radiolysis of CeHp. If reaction 1 occurs

C-C5H12+ + QH50H —_ C-CaHu -+ C2H50H2+ (1)

efficiently in this system, then products arising from
¢-C¢Hy,t and e~ will be suppressed accordingly. The
results in Table IV show that yields of ¢-CsH; and
(c-CsHyy): behave in this way. The corresponding
proton transfer to methyltetrahydrofuran is to be ex-
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Table IV. Radiolysis of Cyclohexane-Ethanol and
Cyclohexane-Methyltetrahydrofuran at ~20° @

Mole % G(cyclo- G(bicyclo-

Solute solute hexene) hexyl)
None 0 2.70 1.60
Ethanol 0.91 2.23 1.47
8.43 1.37 1.38

15.5 1.41 0.60

26.9 0.69 0.33

64.7 0.41 L.

94.8 0.13 N

Methyltetra- 0.52 2.52 1.30
hydrofuran 2.26 2.09 0.87
5.46 1.45 0.52

10.3 0.97 0.32

18.7 0.65 0.15

53.6 0.37 0.08

85.2 0.11 ..

2 Dose = 50 X 108ey/ml. ® Too small to measure.

pected by analogy with effects observed in glasses, and
results are consistent with this assumption, as shown in
Table IV,

The ¢-butylcarbonium ion is of particular interest and,
on the basis of mass spectral cracking patterns, neopen-
tane is an excellent source. The yields of #-butyl ethyl
ether from mixtures of neopentane and ethanol, which
appear in Table V, are remarkably large and addition of

Table V. Radiolysis of Neopentane-Ethanol at ~20°2

Mole %  G(- (G X 10/ Mole % G- (G X 10%%
ethanol BuOEt) 9% C:Hy: ethanol BuOEt)) % C:Hy
1.03 0.34 0.34 0.25 0.09 0.09
1.18 0.30 0.30 1.11 0.90 0.91
10.7 0.39 0.42 5.26 1.16 1.23
18.0 0.35 0.43 9.56 1.18 1.46
22.2 0.42 0.54 18.9 0.82 1.02
30.2 0.50 0.72 349 0.60 0.92
61.4 0.33 0.86 62.4 0.46 1.22
71.9 0.27 0.96 91.4 0.08 0.9

81.4 0.20 1.1
88.9 0.21 1.9
95.6 0.07 1.6

@ Dose = 50 X 108 ev/ml. ? Systems contained 0.8 M CH;l.

CH;l increases them considerably. The mass spectral
abundance of C;Hp,™ from neopentane is negligible;
some indication of its stability in mixtures with ethanol,
which should act as proton acceptor with C;Hy,*, is
given by yields of H, and CH, which appear in Table V1.

Table VI. Radiolysis of Neopentane-Ethanol at ~20° ¢
Mole 7
ethanol G(Hz) G(CH4)obsd (;(CI-Idr)calcd‘9
0 1.87 3.76
22.9 3.37 2.83 2.88
35.2 4.16 2.31 2.62
70.4 3.84 1.58 1.47
100 4.20 0.35
(0 b 3.8
1004 4.85 0.61
2Dose = 6 X 10 ev/ml. *® G(H») is dose dependent. [Initial
G(H:) = 2.6. ¢R. A. Holroyd, J. Phys. Chem., 65, 1352 ¢1961).

4G. E. Adams and R. D. Sedgwick, Trans. Faraday Soc., 60, 865
(1964). ¢From G = 3.76 X + 0.5(1 — X), where X is mole frac-
tion of (CH3)4C
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The possible carbonium ion products from mixtures
of 3-methylpentane and ethanol were not measured,
but gaseous products were examined for evidence of di-
minished yields of products which might arise from in-
terference with recombination of C¢Hy,t and e~. The
results appear in Table VII.

Table VII. Radiolysis of 3-Methylpentane-Ethanol Mixtures
at ~20°«
Mole 7
ethanol G(H.,) G(CH,) G(C:Hy) G(C.Hy)
0 3.87 0.35 1.01 1.08
0.22 3.97 0.36
1.07 4.35 0.47 0.47 1.21
4.16 4.76 0.38 0.58 1.26
9.80 4.76 0.46 0.54 0.97
100® 5.53 0.80 0.27 0.30

@ Dose = 6 X 108 ev/ml.
2144 (1961).

® R. H. Johnsen, J. Phys. Chem., 65,

The expected product of CH3;CO™ from acetone in
ethanol is ethyl acetate, which was found in small yields
(see Table VIII). This system provides a second ex-
ample of a fragment ion with CHj; as the neutral prod-
uct.

Table VIII. Radiolysis of Acetone-Ethanol at ca. 20°¢

Mole % (G X 10%)/
ethanol G(ethyl acetate) % (CH,).CO

0.62 0.11 0.11

2.44 0.28 0.28

5.88 0.27 0.29

11.1 0.22 0.25

19.9 0.17 0.21

55.5 0.13 0.30

e Dose = 50 X 108 ev/ml.

Very limited, but significant, evidence of a quite dif-
ferent approach to the measurement of carbonium ions
is provided by irradiation of 3.7 and 7.1 mole ¥ benzyl
acetate in cyclohexane for which G(cyclohexyl acetate)
was 0.12 and 0.13, respectively.

Discussion

The energy released by recombination of electrons
with protonated adducts arising from carbonium ion
addition to alcohols, ROR'H*, can be estimated. Re-
moval of the proton requires 7 to 8 ev, i.e., the proton
affinity of ROR’, while the recombination energy of
Ht is —13.6 ev, both in vacuo. In polar liquids prob-
ably more than 4 ev of the remaining 6 ev is dissipated
to polarization and coulombic effects, and the net exo-
thermicity may be ca. 2 ev or less. In fact, unless the
proton affinity of the ether product exceeds that of
alcohol (~8 ev), the proton will transfer to the solvent.
The product of interest should therefore survive, even
when e~ rather than I~ is involved, and the effect of add-
ing CH;l serves as a partial test of this assumption.

In benzene-methanol systems, Tables I and II, anisole
can be produced by three conventional mechanisms.

H+
CH;* =+ CH;0H —> C¢H:OCH; (2)
C¢H;s: 4+ CH;0: —> C¢H;OCH; (©))

CaHs + CHaO- —_ CsHaOCHa —_— CGHEOCHa (4)

If reaction 2 is very efficient, as seems probable, G(ani-
sole) should maximize at ca. <109 methanol, barring
other ion-molecule reactions. It can be seen, however,
that G(anisole) attains maximum yields at high con-
centrations of methanol. Mechanism 3 would be ex-
pected to give maximum yield at ~509%, but would be
strongly suppressed by I, and also by CH,l through the
reaction

C5H5' + CHaI —_ CaHsI =+ CHa (5)

The corresponding reaction between c¢-CsHp- and
CHl is known to be efficient,’® Moreover, the yield of
phenyl radicals is small since G(CsH;I) is only 0.27 for
0.05 M I, in benzene. Furthermore C¢H;- and CH;O:
should react with CH;OH to give CH,OH. Radical
combination is very probably unimportant.

Mechanism 4 is apparently involved since iodine de-
hydrogenates cyclohexadiene to benzene,!* which ac-
counts for increased G(anisole) with added I,, and dis-
proportionation of methoxycyclohexadienyl radical
with any radical may very well contribute to the yields
of anisole in Table I. As an approximate upper limit
we suggest G(C¢H;t) =~ 0.03, based on the data of
Table L.

Cyclohexane-ethanol (Table III) is expected to be a
somewhat simpler system although reaction 6 may com-

¢-CeHy* 4+ CH:OH —> ¢-CeHyo + C:H;OH:* 6)
pete with reaction 7. The branching ratio of reactions
H+

C-CaHu+ + CgH;,OH —_— C-CaHuOCgHs (7)

6 and 7 should be independent of composition. The

yield of ¢-C¢H;OC,H; attains maximal values with 8 7

or less of ethanol which is much more nearly consistent

with an ion-molecule reaction than with radical-radical

combination. The efficiency of the carbonium reaction
is also supported by the small effect of added CH;I.

There is, however, a complicating ion-molecule reac-

tion, i.e.

¢-CeHie* + C:H:OH — ¢-C¢Hyy+ 4 C:H;OH:* ®)

which is to be expected a priori and is also indicated by
the data of Table IV. Reaction 8, if it occurs and is
efficient, would suppress products arising from recom-
bination of C¢Hi.™ and e~ at rather small concentrations
of ethanol. Excepting H,, ¢-C¢Hio and (¢-CsHy). are
the principal products, and both are suppressed effi-
ciently (Table IV).!? Methyltetrahydrofuran is also
known to be an effective proton acceptor, and it shows
an even greater effect than ethanol (Table 1V).

It is impossible to say whether or not reaction 8 com-
petes with carbonium ion formation

¢-CeHys* —> -CeHu* + H. O

which requires ¢-C¢Hj2* to have energy of S 1.3 ev above
the ground state. The results do not suggest such inter-
ference, and we conclude tentatively that G(c-CeHpy™)
=~ 0.1.

The two runs with benzyl acetate in ¢-CsHiz which
gave G(CH;CO,C¢Hy) = 0.12 and 0.13 suggest the

(10) R. H. Schuler, J, Phys. Chem., 61, 1472 (1957). More nearly
direct evidence for reaction 3 is an observation of J. P, Mittal that 0.3 M
C¢H:Cl and 0.2 M CHal in benzene gives an appreciable yield of CsHsl.

(11) T. Gaumann, Helv. Chim. Acta, 44, 1337 (1961).

(12) There is independent evidence for reaction 8 from unpublished
results of J. P. Mittal in this laboratory, G(c-C¢Hul) from 0.01 M I:
in c-Ce¢Hy2 increases from 4.0 to 5.4 with addition of 2 mole %, methanol.
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reactions
CHsCOzCsHs + &7 —> CaH5CH2- + CHaCOZ_ (10)
C-C5H11+ + CHaCOz_ —_— CHaCOZCGHu (11)

The large electron affinity of 3.3 ev for CH;CO;!?
moderates the energy of recombination. The instability
of CH;CO;- precludes the possibility of radical-radical
combination. Yields are consistent with those of
Table 1V, and again G(c-CsHy™) == 0.1.

The dominant ion in the mass spectrum of (CH;),C
is C4H,+, presumed to have the tertiary configuration,
while the abundance of C;Hyp* is only ca. 0.175.14 It
appears that electron impact can produce only excited
C;Hy.* since the appearance potential of C;Hiyt from
(CH;)C alone is 12.4 ev, whereas in mixtures with CS,
it is 10.1 ev, and with added C.H, it becomes 10.6 ev.!4
These lower values correspond to the ionization po-
tentials of the additives, and the results show that C;H,*
is produced by charge transfer with good cross section,
but decreasing with increasing energy. Collisional
charge transfer from ions of higher energy gave little or
no C;Hy,t.14 The excess energy must appear as kinetic
energy in the fragments, but only experiment can deter-
mine whether separation or geminate recombination
will prevail in condensed phases. If excited C;Hi.*
were collision stabilized, it would proton transfer to
C.H;OH, thus suppressing the products of C;Hy,* and
e~ recombination, one of which should be CH;. In
fact, the results of Table VI show that G(CH,) is sub-
stantially linear in concentration of ethanol over the
entire range of composition, i.e., simple dilution alone is
involved, and there can be no extensive interaction in-
volving C;Hj;,*. Methane apparently arises from de-
composition to give -C,Hy* and CH;:, or from a non-
ionic process.

In (CH;),C-C,H;OH mixtures (Table V), the yield of
t+-CsH,OC:H; per unit concentration of (CHj),C in-
creases with increasing concentration of ethanol to
about G = 1.2 or higher. When CH,l is also present,
the same ratio tends to be constant at ca. G = 1.2.
Since as little as 197 ethanol gives large yields of ether,
combination of (CH;);C-and C,H;O- is probably un-
important, and the effect of CH,I is not attributable to
delayed charge recombination. Dissipation of recom-
bination energy by converting e~ to I~ and increasing
ion dipolar solvation by increasing the concentration of
ethanol can account for these effects.

Loss of (CH;);C* by proton transfer to give i-C,Hj
may be important. More significantly, for solvolysis
of ¢-butyl halides in ethanol at 25°, 1797 of the product
is i-C4Hs, !5 but at 65° the elimination reaction contrib-
utes 36%. Since we expect (CH;);Ct to be vibra-
tionally excited, it may behave similarly. It appears that
G(-But) > 1.2

The results in Table VII are incidental to our main
purpose but supply some further indication of the effects
of proton transfer. Two products, CH; and C,H,, do
not change notably. The increase in G(H;) at small
concentrations of ethanol suggests proton transfer and,
possibly, formation of H following neutralization of
CH;OH,*. The decrease in G(C;H,) indicates that

(13) S. Tsuda and W, H. Hamill, Advan. Mass Spectry., 3, 249 (1965).

(14) N. Boelrijkk and W. H. Hamill, J. Am. Chem. Soc., 84, 730
(1962),

(15) A. Streitwieser, Jr.,, “Solvolytic Displacement Reactions,”
McGraw-Hill Book Co., Inc., New York, N. Y., 1962, p 57.
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C:H, has a positive ion precursor, but no attempt was
made to identify it.

The largest peak in the mass spectrum of acetone cor-
responds to CH;CO*. Also, it may be of interest that
in a matrix of CH;OH at —196°, (CH;).CO forms a
negative ion which abstracts a proton from CH;OH to
give CH;C(OH)CH; and CH;0~.'¢  Since G(CH;CO,-
C.H;)/ % (CH;).CO is practically constant to rather
small concentrations of ethanol, combination of CH;CO-
and C,H;O- is not important. A reaction first order in
concentration of ketone and zero order in alcohol is con-
sistent with the reaction

CH,CO* 4 C.H;O0H —> CH;C(OH)OC,H;* (12)
Reactions 13 and 14 also will give the ester product since
CH;CO* + C:H:0~ —> CH;CO.C.H; (13)

CH;CO* 4 C:H:OH —> CH:CO + C.H;OH,* (14)
ketene will quickly convert to ethyl acetate (eq 15).!%18
CH:CO + CH;OH —> CH;CO.H; 15)

The small yields of CH3;CO* from acetone implied by
Table VIII, G = 0.25, suggest the probability of
CH;CO™ involvement in geminate interactions.

In each of these systems, excepting C¢HsCH;OH,
there is the additional possibility of an exothermic dis-
proportionation between the carbonium ion and the
geminate neutral fragment to form the olefin radical
ion and H, or CH; or, from acetone, to form CH,CO+
and CH,; There is an indication of this effect in
(CH3),C at 20° since addition of 0.03 M I, gave G(CH;I)
= 2.3 and G(CH,) = 1.66%° (¢f. Table VI, G(CH,) =
3.8). The nonscavengeable CH, can be attributed in
part to

(CH):C* 4+ CH; —>» i-CHy* 4- CH, (16)

and is supported by G(-C;Hs) = 1.2. Although in-
herently quite plausible, such reactions are difficult to
distinguish from the corresponding primary processes
and will be formally treated as such here.

The possibility of positive-charge exchange between
primary molecular ions and neighboring molecules has
been invoked, but not demonstrated, for organic
liquids.?® It has been established for alkane, alkene,
alkyl halide, and other glassy and polycrystalline solids.
With suitable additives S, values of G(S+) from 2 to 3
have been measured. An extreme instance is the CCl,
matrix at —196° where positive charge transfer is ob-
served from a CCl, ion (presumably CCl ) to olefins.?

CC14+ =+ S —> CCI.; + St

Because the mass spectral abundance of CCl * is im-
measurably small, it must therefore be even less stable
than (CHj3),C+ by vertical ionization in vacuo. How-
ever, we see no evidence for reactions of neopentane
molecular ions.

In CCl, electron hopping must be rapid while in

(16) T. Shida and W. H. Hamill, J. Am. Chem. Soc., 88, 3689 (1966).

(17) Kuceral!® has seen acetic acid in the radiolysis of acetone con-
taining traces of water. The yields listed in this paper range from 0.3
to 0.9,

(18) S. Kucera, Collection Czech. Chem, Commun., 31, 355 (1966).

(19) R. Holroyd, J. Phys. Chem., 65, 1352 (1961).

(20) J. P. Keene, E. J. Land, and A. J. Shallow, J. Am., Chem. Soc.,
87, 5284 (1965), observed ionic spectra for dilute solutions of biphenyl
and other aromatic compounds in cyclohexane under pulse radiolysis at
20°, but they could not establish whether cations or anions, or both,
were responsible.
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neopentane the rate of positive ion migration is ap-
parently quite slow. The effects in CCl, are explainable
in terms of a series of fast, conservative, vertical transi-
tions. The apparently different behavior of (CHj;),C
and CCl, may be due to the electron vacancies being

well shielded in the C-C bonds, requiring large electron-
hopping distances and, hence, a slow rate. The half-
occupied lone pair of Cl;-Cl+ would overlap much more
strongly with a neighboring chlorine, leading to very
rapid charge migration.

Temperature-Dependent Electron Spin Resonance Studies. 1.
Cyclooctatetraene Anion Radical

F. J. Smentowski and Gerald R. Stevenson

Contribution from the Department of Chemistry, Texas A& M University,

College Station, Texas.

Abstract:

Received April 8, 1967

Ion pairing affects the esr spectra of cyclooctatetraene (COT) anion radical (I), influencing the line

widths of the individual hyperfine splitting, the activation energy of the line-broadening process, and the spin

concentration.
their ion-pair counterparts, eq 6 and 7.

For this reason, the electron transfer (eq 5) and the disproportionation (eq 2) are replaced by
When the concentration of dianion II is greater than 0.03 M for the system

COT-DME-Na from —30 to +10°, the major source of line broadening is that due to electron transfer from

dianion II to anion radical I.
and ion-pairing phenomena, are minor.

he importance of ion pairing in solution chemistry
has long been recognized.! More recently, the
study of ion pairing has received added impetus from

esr,>® conductance, and optical® measurements. The
various stages of solvation of the ion can be exempli-
fied by

RM = R:"M* = R-7IIM* = R-~ + M* )
III v v

where II1, IV, and V are contact, solvent-separated, and
dissociated ion pairs.

Weissman and co-workers? were the first to recognize
the importance of applying electron spin resonance
(esr) to the study of ion pairing. Most of the esr work
on ion-pairing phenomena has recently been reviewed.®
Because of the unfavorable disproportionation equi-
librium (eq 2) for the cyclooctatetraene (COT) anion
radical (1), the concentration of ions in solution is

(1) (a) E. Grunwald, Anal. Chem., 26, 1696 (1954); (b) S. Winstein,
E. Clippinger, A. H. Fainberg, and G. C. Robinson, J. Am. Chem. Soc.,
76, 2597 (1954); (c) S. Winstein and G. C. Robinson, ibid., 80, 169
(1958).

(2) (a) N. M. Atherton and S. I. Weissman, ibid., 83, 1330 (1961);
(b) P. J. Zandstra and S. I. Weissman, ibid., 84, 4408 (1962); (c)
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