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Time Resolved Electron Spin Resonance Spectroscopy. 
III. Electron Spin Resonance Emission from the 
Hydrated Electron. Possible Evidence for Reaction to 
the Triplet State1 

Sir 

In time-resolved ESR experiments carried out on pulse 
irradiated aqueous solutions we have found that the pres­
ence of certain other radicals causes the ESR line of the hy­
drated electron, e a q

_ , to appear in emission. The radical-
pair theory of CIDEP2 '3 which is used to explain abnormal 
ESR intensities in systems of homogeneously reacting radi­
cals, is capable of explaining emission for one radical of an 
unlike pair (and corresponding enhanced absorption for the 
other) as a result of differing g factors for the two kinds of 
radicals. In the present case, however, the sense of the ef­
fect—emission for the radical (eaq~) with the lower g fac­
tor—is opposite to that expected on the basis of the usual 
assumptions (see below). It is the purpose of this paper to 
describe the experimental results and to offer a tentative ex­
planation for the observed effect. 

The ESR spectrum of the hydrated electron was first re­
ported by Avery et al. who found a single ESR line at g = 
2.0002 ± 0.0002 in basic methanol solutions.4 In the course 
of similar time-resolved ESR studies5-6 we have examined 
the ESR signal of e a q

_ in a number of chemical systems. 
Because the radiolysis of water produces approximately 
equal yields of eaq~ and OH7 it is necessary to study eaq~ in 
a mixed radical system. In addition to pure water where 
OH is the "counter radical" to eaq~, it is possible to find a 
number of reactants for OH which do not react rapidly with 
eaq~ and so can be used to change the nature of the counter 
radical. As will be described, the behavior of the ESR signal 
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Figure 1. Time dependence of the ESR signals 'of eaq
_ and p-benzo-

semiquinone ion in a solution of 2 mAf hydroquinone (pH 11.9). The 
lower trace gives the signal for eaq

_ in N2 saturated solution while the 
center trace shows the central line of the semiquinone ion for the same 
conditions. The upper trace gives the signal for the semiquinone ion in 
N2O saturated solution where the yield is roughly twice as great. Most 
of the decay of the central trace is relaxation of an enhanced absorp­
tion and not chemical decay since the long term level is nearly 50% that 
in the N2O solution. 

of eaq~ varies considerably depending on the counter radi­
cal. 

ESR experiments were carried out with an improved ver­
sion of the fast-response ESR spectrometer described ear­
lier.5,8 Initial experiments used the OH scavengers metha­
nol and SO3 2 - , and in each case a strong ESR signal was 
found at g = 2.00033 ± 0.00003. This signal is clearly that 
of eaq as is shown by its absence when the solution was sat­
urated with N2O.9 The time profile at the center of reso­
nance showed a rise to a maximum at ~ 4 jtsec and a subse­
quent exponential decay with a half-life of ~ 6 ^sec.10 The 
disappearance of eaq~ can be the result of reactions with 
impurities," radiation induced products, and radicals. That 
radical-radical reactions are probably involved is shown by 
the fact that at lower doses (per pulse) both the rise and the 
decay are somewhat slower.12 After the ESR signal of e a q

_ 

had been located it was found possible to observe it in basic 
water with no OH scavenger. Under these conditions the 
signal maximum was only about 20% as intense. 

A number of other reactants for OH were tried with 
varying results. Methanol and sulfite gave nearly identical 
curves for e a q

_ under the same dose conditions. Ethylene, 
formate, and tert- butyl alcohol also behaved similarly but 
gave a 40% larger maximum height than sulfite or metha­
nol and a somewhat faster decay. Bromide and ferrocyanide 
gave smaller signals than sulfite. With the systems of car­
bonate (counter radical C03- - ) , phosphite (P032~), hypo-
phosphite (HPO2 - ) , phenol (pH 11, phenoxyl), and hydro­
quinone (pH 11, benzosemiquinone ion) the ESR signal of 
the electron appeared in emission. With C03 2 ~ the maxi­
mum amplitude of the emission occurred at 2-3 ,usee (a 
shorter time than for the absorption signals) and was 60% 
stronger than the signal with sulfite at the same dose rate. 
The amplitude of the emission curve was approximately lin­
early dependent on dose rate. Even at the lowest dose rates 
the curves did not cross into absorption out to at least 20 
/tsec where the signal was comparable to the noise level. A 
typical emission curve is shown in Figure 1 for hydroqui­
none as OH scavenger. Here it was possible to detect the 
lines of the semiquinone ion counter radical formed by OH. 
The initial peak and subsequent decay of this radical (cen­
ter trace) show that, as required by the theory, this ESR 
signal experiences an enhanced absorption13 which is com­
plementary to the emission of e a q

_ . 
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CIDEP for systems of homogeneously reacting radicals 
has been successfully explained by the radical-pair model2-3 

which considers the evolution of the electronic wave func­
tion for a pair of radicals during diffusive encounters and 
reencounters. In a single radical system the low field hyper-
fine lines usually tend toward emission13 and this effect is 
explained by the theory if preferential reaction into the 
electronic singlet state of the product occurs. When two un­
like radicals react, the difference in Zeeman energies 
caused by any g factor difference can act in the same way, 
producing emission for the radical of higher g factor. Trifu­
nac and Thurnauer15 seem to have observed such a behav­
ior. A major difficulty arises in the case of eaq

_ in that the 
effect, emission from eaq

_ (and enhanced absorption for the 
counter radical with benzosemiquinone ion), is opposite to 
that described above. All of the counter radicals which lead 
to emission from eaq

_ (and indeed nearly all common radi­
cals) have g factors considerably above that of eaq~ 
(2.0003). Thus if the radical-pair model is to be used to ex­
plain the five cases showing emission it must be under the 
assumption that reaction between eaq

_ and the counter rad­
ical occurs preferentially into the triplet state of the prod­
uct. 

We believe that this proposed preference for the triplet 
state of the product molecule is correct and that it can be 
understood, qualitatively at least, on the basis of the argu­
ments put forth by Henglein.16 He has suggested that reac­
tions of eaq~ involve tunneling and that one must consider 
the matching of the energy levels which the electron will 
leave with those which it will occupy in the acceptor system, 
much as in the Franck-Condon principle. Henglein has 
placed the center of the occupied levels corresponding to 
eaq~ at —1.7 eV with respect to the mobile electron. Be­
cause of the high ionization potential of the products in the 
systems used such as COy--CO?,2- or CeHsO-CeHsO-

the unoccupied ground state levels of the acceptor system 
will be at much more negative energies than —1.7 eV so 
that little reaction into the ground state is likely. If an excit­
ed state of the reactant system exists near the levels of eaq

_ 

then reaction can occur. Differences between various coun­
ter radicals can arise, therefore, because of their differing 
excited states. It would not be surprising if aromatics such 
as phenoxide ion and hydroquinone (the products with 
phenoxyl and benzosemiquinone ion radicals) had triplet 
excited states such that a reasonable match with eaq~ oc­
curred thus giving preferential rapid reaction into this trip­
let state. 

Further work on the ESR of eaq~ is being carried out in 
an attempt to account quantitatively for the time profile of 
the ESR signal using a modified Bloch equation10 and to 
explore further the implications of the model suggested here 
to explain the preference for recombination to the triplet 
state. 
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Correlation of STO-3G Calculated Substituent Effects 
on the Proton Affinity of Benzene with a+ Parameters 

Sir: 

Linear free energy relationships have had an enormous 
impact on the direction which physical organic chemistry 
has taken in the last quarter century. Early attempts by 
Hammett and Taft among others to find a simple means of 
classifying the effects of substituents on chemical reactions 
have led directly to many of the now familiar concepts of 
bonding and structure.1 Most of this multitude of reactions 
that have been correlated successfully by Hammett-Taft 
type schemes are entirely solution processes. Thus, interpre­
tation of linear-free-energy correlations—or deviations 
therefrom—purely in terms of electronic arguments may at 
times be hazardous. With the advent of gas phase ion cyclo­
tron resonance spectroscopy and of reliable nonempirical 
molecular orbital calculations—both of which may be used 
to provide energetic data on molecules and ions in their "di­
lute gas" phase—it should now be possible to separate the 
components of linear-free-energy correlations which are of 
a fundamental electronic origin from those that depend on 
the presence of solvent. Nevertheless, previous attempts to 
interpret electronic effects of substituents in quantitative 
terms by molecular orbital approaches have not been suc­
cessful, undoubtedly because of the severe limitations of the 
semiempirical methods used.2 In this communication we re­
port the preliminary results of our ab initio theoretical in­
vestigations into the effects of meta and para substituents 
on the stability of protonated benzene. 

The minimal basis set STO-3G method34 was used to de­
rive energies for the isodesmic process,5 for comparison 
with the empirical <r+ constants originally proposed by 
Brown and Okamoto6 to correlate electrophilic aromatic 
substitution reactions. The STO-3G basis set has been 
shown previously to describe satisfactorily the energies of 
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