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Pulse Radiolysis: Fast Reaction 

Studies in Radiation Chemistry 

Direct observation of transient species has provided 

new insight into mechanisms of radiation chemistry. 

Leon M. Dorfman 

A complete empirical understanding 
of the mechanism of any chemical re? 
action rests on three items of informa? 
tion. These are (i) the identity of the 
reactive transient species which partici- 
pate in the overall process, (ii) the 
definition of the elementary reactions 
which they undergo, and (iii) the mag- 
nitude of the specific rate constants for 
these elementary reactions. This in? 
formation is no less a requirement in 
the case of reactions which are induced 

by ionizing radiation than for any other 

type of chemical reaction. Indeed, the 

very complexity of reactions induced by 
radiation can make the usual method of 

speculative inference in the construction 
of mechanisms a hazardous mental ex- 
ercise. 

Over the past decade or more there 
have been dramatic advances toward 

obtaining this information as directly as 

possible by the development and use of 
a variety of fast reaction techniques in 
chemical kinetics (1). There have been 
some notable successes, particularly in 
the determination of absolute rate con? 
stants. The general approach in these 
methods is to impose upon a system at 
rest a short-lived perturbation and to 
observe the subsequent time dependence 
of the changes which occur in the sys? 
tem as it returns to equilibrium or to a 
state of quasi equilibrium. The fast de- 
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tection of these changes is accomplished 
with electronic aids having a time res? 
olution appropriate to the specific ele? 

mentary reactions. 
Three years ago these techniques 

were first successfully applied (2-4) to 
the study of radiation chemistry, and 

they have provided new insight into the 
reaction mechanisms in the liquid state. 

Moreover, many of the absolute rate 
constants which have been determined 
are of importance in other branches of 
chemical kinetics. These developments 
have been made possible by the avail- 

ability of electron accelerators which 
can deliver a highly intense electron 

pulse of microsecond duration. The 

pulse current is high enough so that, in 
most systems, the instantaneous con? 
centration of transient species formed 
is in the range 10"5 to 10"4M. At such 
concentrations the reactive species, such 
as free radicals or ions, may be ob? 
served directly by the recording of their 

optical absorption spectra, which gen? 
erally show a frequency shift and some? 
times show a higher extinction coeffi- 
cient compared with the parent com? 

pound. The spectra of these short-lived 

species are observed by synchronized 
flash absorption spectrophotography. 
The kinetics are then observed directly 
by fast spectrophotometric recording. 

A detailed description of the experi- 

mental technique in use at Argonne Na? 
tional Laboratory was presented in the 
first of a series of papers (5-8) that 
dealt principally with aquo-organic and 

organic systems, and I need not repeat 
all the details here. I do, however, 
indicate the characteristics of the elec? 
tron pulse and the physical arrangement 
for irradiating the sample and detecting 
transient species. 

The accelerator in use at Argonne (9) 
is a linear accelerator built by the Ap? 
plied Radiation Corporation. A beam 

energy of 15 Mev has been used, partly 
because this energy is in the region of 

optimum performance of the instrument 
and partly because the higher penetra? 
tion is advantageous in that the desired 

large number of species is not contained 
in an excessively small volume, where 
the rate of decay through second- 
order processes would be high. The 

longest pulse used has a duration of 5 
microseconds and a current of 0.12 

ampere. The shortest pulse, used pri- 
marily in kinetic studies where the effec? 
tive observation time of a fast process 
may be less than 2 microseconds, has 
a duration, or pulse width, of 0.4 micro? 
second and a maximum current of 
about 0.2 ampere. It is an important 
characteristic of the pulse that its time 

profile is very nearly rectangular, show- 

ing a decay time to zero current of less 
than 0.2 microsecond. This character? 
istic is extremely helpful in the fast 
kinetic studies as well as in the de? 
termination of molar extinction coeffi- 
cients from the optical absorption, since 
it facilitates the definition of a "time 
concentration" when the rate of forma? 
tion of transient species may be repre- 
sented by a step function. 

The incident beam has a diameter of 
about 15 millimeters and is slightly di- 

vergent. It may, of course, be focused 
to a smaller diameter if desired. The 

physical arrangement is shown in Fig. 
1. The electron beam enters the quartz 
irradiation cell from the left. Since the 
electron range is approximately 6 centi- 

meters, cell lengths of 4 centimeters or 
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less are generally used. The beam of 

analyzing light enters collinearly with 

the electron beam from the opposite di- 

rection. There is a fourfold reflection 

of the beam of analyzing light, between 
a plane mirror at the front of the cell 

and a concave mirror at the rear; thus, 
the detection sensitivity is increased. 
The beam of analyzing light is then 

brought over to a spectrograph for 

either photographic or fast photometric 
detection. For photographic detection, 
a xenon spectroflash lamp is used as the 

light source. This may be fired at any 
preselected interval after the pulse of 

the electron beam. For kinetic studies 
the flash lamp is replaced by a steady 
line source, and the time change for the 
transmitted intensity at a specific wave- 

length is displayed on an oscilloscope. 
More or less similar arrangements are 
in use in other laboratories where such 
work is in progress (3,4,10). The 
reader who is familiar with the flash 

photolysis technique (11) will recognize 
the method described here as the direct- 
radiation chemical analog, although 
there are some important differences. 

In the few years during which this 

technique has been in use there have 
been a very considerable number of im? 

portant and interesting observations. 

Among these are the primary species in 
irradiated water, a variety of aromatic 
and aliphatic free radicals in both water 
and organic liquids, and one of the 

primary species formed in the radiolysis 
of polar organic liquids. 
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Fig. 1 (top). Experimental arrangement for optical detection of transients in pulse radiol- 
ysis. (M1-M4) Mirrors; (L1-L3) lenses. Fig. 2 (bottom). Rate curve for the formation of 
the (OH)CeHe ? radical in deaerated aqueous solution, observed at 313 millimicrons. 
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Primary Species in Irradiated Water 

Chemical effects induced by radiation 
in water and aqueous solutions have for 
the most part been fairly successfully 
explained (12) in terms of two types of 

primary reactive species formed in the 
water by the ionizing radiation. One of 
these exhibits oxidizing properties and 
is considered to be the free hydroxyl 
radical, OH. This view continues to be 

supported by a body of indirect but 
varied experimental evidence. The hy? 
droxyl radical is presumed to be formed 
in the processes 

H20 + e~ = H20+ + 2e~ (1) 

H20+ + H20 = HaO+ + OH (2) 

For y-rays and electrons of energy 
greater than 0.3 Mev, in neutral water 
and aqueous solutions, approximately 
2.4 OH radicals are formed for every 
100 electron volts of absorbed energy. 

The other type (or types) of primary 
species exhibits reducing properties and 
was for a number of years thought to 
be the free hydrogen atom, H. It was 

thought to be formed in the process 

H20 + e~ = OH" + H (3) 

The total yield of reducing species in 
neutral water and aqueous solutions is 

approximately 2.9 per 100 electron 
volts. 

As long ago as 1953, however, it was 

pointed out (13) that the fate of the 
electron would be greatly influenced by 
the polar-liquid environment in which 
it found itself. As the electron reaches 
thermal energies, its lifetime is longer 
than the dielectric relaxation time of the 

liquid (~ 10_11sec), and thus it polar- 
izes the surrounding water molecules. 
The electron, although not completely 
localized within the surrounding hydra- 
tion sphere, is bound in stable quantum 
states. 

This hydrated electron, eaq, thus has 
a considerably longer natural lifetime 
than a free electron, decaying in pure 
water according to the process 

H20 + eiq = OHaq + H (4) 

It was pointed out (13) that this effect 

upon the reactivity would be of con- 
siderable importance in the chemistry 
of irradiated aqueous solutions. 

After 1958, several independent pieces 
of evidence relating to the reactivity of 
the reducing species (14) suggested that 
there were two different forms, one of 
which was the hydrated electron. In 
1962 it was established in an important 
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quantitative investigation, in which the 
kinetic salt effect upon a set of reac? 
tions of the reducing species was studied 

(75), that the species did in fact have 
unit negative charge and was probably 
the hydrated electron. It appears that 
there is a small independent yield of 

hydrogen atoms. 
To obtain information about the re? 

activity of these primary species, and 
indeed about their very existence, is 
one of the main objectives of research 
on the chemistry of irradiated aqueous 
systems. The pulse radiolysis technique 
has met with some notable success in 
this regard. 

The first observation of a rate curve 
for the reaction of one of the primary 
species in water was reported in an 

investigation of aqueous benzene solu- 
tions (5, 16). The reaction of the hy- 
droxyl radical with benzene, 

OH + C?H? = (OH)C?H?- (5) 

was recorded with a time resolution of 
about 0.2 microsecond. The rate curve 
for this reaction is shown in Fig. 2. This 
curve was obtained by recording the 
rate of formation of the adduct, the 

hydroxycyclohexadienyl radical, which 
has a peak absorption at 313 millimi- 
crons with a molar extinction coeffi? 
cient (5) of 3500 molar*1 per centi- 
meter. The significance of the spectral 
observations to the interpretation of the 

chemistry of irradiated aqueous solu- 
tions of aromatic molecules is discussed 
later in this article. 

The rate curve with the relative con- 
centrations of the reactants [CeHeJ/tOH] 
> 30 was observed. Under this condi? 
tion the reaction is a pseudo-first-order 

2 3 4 
TIME, microseconds 

Fig. 3. Test of first-order rate law for 
the curve for the formation of the 
(OH)CeHo ? radical. Solid circles, [C6H?] = 
1.8 X 10~4 mole; open circles, [Cdie] = 
1.1 X 10~4 mole. 
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Fig. 4. Rate curve for the reaction of the hydrated electron with the hydrogen ion in 
deaerated water, observed at 578 millimicrons. [H+] = 6 X 10-5 mole. A simultaneously 
recorded time profile of the electron pulse is shown just above the 0-percent transmission 
trace. 

reaction, the self-recombination reac? 
tion of the hydroxyl radical does not 

compete, and the differential rate ex- 

pression 

d[(OH)CJi.-] = ^ [OH][CJI<] (I) 

becomes 

d[(OH)G,H,-] 
dt 

= K [OH] (II) 

where ki is the pseudo-first-order rate 
constant. The integrated form of this 

equation, expressing concentrations in 
terms of the optical density, D, of the 
absorber is 

iog.o 
(-^ro) 

= 
23M 

' (Hi) 

where Dl and D00 are the optical densi- 
ties at times t and oo, respectively. A 
somewhat similar form of Eq. III is 
obtained if the reactant, rather than a 

product, is the absorber, or if both the 

reactant and a product are absorbers. 
Of course, if the absorption of reactant 
and product coincides in both wave? 

length and intensity, the method cannot 
be used. I have presented this rather 

elementary analysis here simply because 
it represents the general method of ob- 

taining, with the pulse technique, abso? 
lute rate constants for bimolecular re? 
actions of a transient species with a 

stable species. 
A plot of Eq. III (Fig. 3) shows that 

the rate curves for reaction 5 do fit 

closely to a first-order rate law. From 
the slopes of straight lines such as those 
of Fig. 3, the absolute rate con? 
stant (5, 16) for reaction 5 is found to 
be 

k5 = (4.3+0.9) X 109 molar1 see"1 

at 23 ?C. The rate constant for the re? 
action of a hydroxyl radical with 
benzene-do was found to be 4.7 X 109 
molar-1 see-1. The value of ks indicates 
that the reaction is controlled by diffu? 
sion. 

With respect to the reducing species, 
an important observation of the hy? 
drated electron (10, 17), which is of 

far-reaching significance in the chemis? 

try of irradiated aqueous solutions, has 

recently been made at Mount Ver? 
non Hospital in England. A broad, 
strong, short-lived absorption extending 
throughout the visible and the near- 
infrared regions has been observed in 
irradiated water. The absorption spec? 
trum, which is relatively structureless 
but exhibits a strong peak at about 700 

millimicrons, has been assigned to the 

hydrated electron. The molar extinc- 
tion coefricient at 577 to 579 milli? 
microns has been determined (7) to be 
9.7 X 103 molar1 cm"1. 

The important consequence of this 
work is that knowledge of the absorp? 
tion spectrum makes it a relatively 
straightforward matter to study the 

specific reactivity of many reactions of 
this species. Thus, for example, the 
absolute rate constant has been deter? 
mined for the reaction of the hydrated 
electron with a hydrogen ion, 

eaq + Ha+a = H (6) 

A rate curve for this reaction is shown 
in Fig. 4. A first-order test of a typical 
curve is shown in Fig. 5. The method 
is capable of giving results of a high 
degree of accuracy; the data shown (7) 
led to the determination of an absolute 
rate constant of 

ke = (2.26+0.21) X 1010 molar1 see"1 
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TIME (microseconds) 

Fig. 5. Test of the flrst-order rate law for 
the disappearance of the hydrated elec? 
tron in deaerated acidic aqueous ethanol 
solution; em~ + H+ = H; [H+] = 1.90 X 
10** mole; k = 2.14 X 1010 molar?1 see"1 
(23 ?C). 

at 23 ?C. A large number of such rate 
constants (7,18) have been determined 
at Argonne; some of these are shown 
in Table 1, 

The table, which lists some of the 

experimentally measured absolute rate 
constants for the primary species in 
irradiated water, contains, for the sake 
of completeness, two absolute rate 
constants obtained by a repetitive 
pulsing method (19) analogous to the 

rotating sector technique of photochem- 
istry (20), which is quite different in 

principle from the technique described 
here. 

An important specific reactivity of 
the hydrated electron is its decay in 

pure water according to reaction 4. The 

limiting value for the rate constant for 
this first-order decay process has been 
determined (7) as 

k, < 4.4 x 104 see"1 

at 23 ?C. That is, the half-life of the 

hydrated electron is at least 16 micro? 
seconds, This makes it clear that the 
electrons do escape from the parent 
spur. 

Organic Free Radicals 

Reactions of a number of organic 
free radicals in water (5-7) and in or? 

ganic liquids (5, 6, 21-23) have been 
studied by pulse radiolysis, Spectra of 
free radicals have been observed in both 
aromatic and aliphatic systems. 

The first transient species to be ob? 
served (2,3) with the pulse radiolysis 
technique was the benzyl radical; its 

spectrum had previously been identified 
in flash photolysis (24). The kinetics 
of the reactions of the benzyl radical 
and the a-ethanol radical have been 
studied (J)? but the absolute rate con? 
stants reported appear to be in error 
because of an oversight on the part of 
the investigators (3) in neglecting the 
role of the glyceryl radical in their solu- 
tions. The solutions contained 67 per? 
cent glycerol to increase the viscosity. 
These workers estimated the molar ex? 
tinction coefficient of the benzyl radical 
in 33 percent ethanol, 67 percent glyc? 
erol, at 3175 angstroms, to be 1100 
molar1 cm"1. 

Pulse irradiation of deaerated cyclo- 
hexanol (21) produced a transient ab? 

sorption in the region 2900 to 3400 

angstroms which was assigned to the 

a-cyclohexanol radical 

Ooh 

The assignment was supported by elec- 

tron-spin-resonance observations as well 
as by product analysis. The bimolecular 
rate constant for the reaction of two 

a-cyclohexanol radicals was found to be 

(3.4 ? 1.5) X 10s molar1 see"1 at 25?C. 
This rate constant is, of course, the sum 
of the rate constants for association and 

disproportionation of the radical. The 

a-cyclohexanolperoxy radical, CeH*> 

(OHJOs*, was also observed in this 

Table 1. Absolute rate constants for some reactions of the primary species in irradiated water. 

Reaction 
Absolute rate 

constant 
(molar-1 sec~J) 

References 

OH + C6H6 = (HO)C6H6 

e^ +' O2 - Oi 
e.rm + H2O2 = OH + OHa~; 
?C? + CuS = Cw^ 
<?, + H2O - H + OH? 
OH i- H2 = H + H2O 
OH f OH = H2O2 

(4.3 * 0.9) X 109 
(2.3 * 0.2) X lOio 
(1.9 ? 0.2) X 10i? 
(1.2 * 0.1) X 1010 
(3.3 * 0,3) X lOio 

<8.0 X 102 
(4,5 db 0.4) X 10?* 
(8.0 * 2.0) X 109* 

(5) 
(7, 18) 
(18, 33) 

(18) 
(18) 
(7) 

(19) 
(19) 

* The experimental method used in the determlnation of these hydroxyl rate constants is a repetitive 
pulsing technique quite different in principle from the pulse radiolysis method. The rate constants for 
the radical-radical reactions, in this case OH + OH, are presented as 2fe? in terms of the rate of dis- 
appearance of the radical. 
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system. The bimolecular rate constant 
for the disappearance of this radical was 
found to be (1.8 ? 0.8) X 10" molar1 
see'1 at 25 ?C. 

I should point out that the determina- 
tion of rate constants for radical-radical 

reactions, which cannot be observed un? 
der pseudo-first-order conditions, is sub- 

ject to a considerable experimental un- 

certainty, since it is required that one 
know the concentration of species at 

any time t, say at t = 0. Although this 
value may be obtained from the ap~ 
propriate product concentrations or from 
a knowledge of the concentrations of 
the precursors at zero timef it is diffi- 
cult to determine to an accuracy of 
better than ?20 percent. 

For radical association in a one- 
radical system, the differential rate ex- 

pression is 

~^^ 
= 2kR[R*f (IV) 

and the integrated form, expressing 
concentration in terms of optical den? 

sity, is 

1/Di sz ? t + constant (V) st 

where D! is the optical density at time 

t9 e is the molar extinction coefficient, 
and l is the length of the optical absorp? 
tion path. For a two-radical system 
where the three reactions may be 

concurrent, linear or near-linear plots 
of VDr as a function of time may be 

obtained. In some cases, as in the ex? 

ample that follows (22), the individual 
rate constants have been obtained by a 

graphical approximation in which the 

initial and final slopes of the curve are 

utilized. 

Oxygenated cyclohexane solutions ex? 

hibit (22) a transient absorption in the 
far ultraviolet. The spectrum has been 

assigned to the cyclohexylperoxy radi? 

cal, C0H11O2*. From the observed decay 
curves, absolute rate constants were de? 

termined for the reactions 

CflHuO'2* 4" CgHii02* == 

C?HwOH + CoH100 + 02 (7) 

h = (1.6 ? 0.6) X 10e molar1 secr1 

at 25 ?C, and 

CJHitOa- + H02* = CoHnOOH + 02 (8) 

h = (3.0 ? 1.0) X 106 molar1 see"1 

at 25?C. The rate constants h and h 

are lower than the diffusion-limited 
value by a factor of approximately 10~4. 
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The investigators (22) determined the 

temperature coefficient of reaction and 
reached the interesting conclusion that 

the low rate constant is primarily the 

result of a low steric factor, rather than 
an activation-energy effect, estimated to 

be 10-4 by comparison with the calcu? 

lated diffusion-limited value. 
The observation of the hydroxycyclo- 

hexadienyl radical in aqueous benzene 
solution (5) not only made it possible 
to determine the rate constant for the 

hydroxyl radical reaction in this system 
but answered a basic question concern- 

ing the role of this primary transient 

species. The chemistry of irradiated 

aqueous benzene solutions had gener? 
ally been interpreted (25) in terms of 

the phenyl radical, CelL-, presumed to 

be formed in a hydrogen-abstraction re? 
action by the hydroxyl radical. The ob? 
served spectrum was, however, assigned 
to the (OHJCeHe- radical on the basis 
of spectral evidence in which a family 
of spectra consistent with substituted 

cyclohexadienyl radicals had been ob? 

served, and on the basis, also, of kinetic 
evidence. Thus it was concluded that 
the hydroxyl radical enters the ring, as 
had been suggested in recent radiation 
chemical studies (26). This conclusion 
also indicated that earlier studies (27) 
with Fenton's reagent were open to re- 

interpretation. Recent studies of the 

electron-spin-resonance spectra (28) in 

aqueous benzene solution, in which 

chemically produced hydroxyl radicals 
were used, confirm the conclusions of 
the pulse radiolysis studies (5). 

The reaction of the hydroxycyclo- 
hexadienyl radical with oxygen 

(OH)C6H6- + 02 = (OH)C?H?(V (9) 

was observed. The absolute rate con? 
stant (5) was found to be 

k? = (5.0 ? 0.6) X 108 molar1 see"1 

at 23?C. 
The pulse radiolysis of ethanol and 

of aqueous ethanol solutions has been 

investigated (6, 7). In both systems a 
transient ultraviolet absorption was ob? 
served which has been assigned to the 
a-ethanol radical, CJLCHOH. The ki? 
netics observed at 297 millimicrons in 

aqueous solution appear to represent 
just this one-radical system, since both 

precursors, the OH radical and the H 
atom are "instantaneously" scavenged 
by the ethanol at 0.5M concentration. 

Thus, the bimolecular disappearance of 
a-ethanol radicals alone has been ob? 
served. The absolute rate constant was 
found to be (1.4 ? 0.4) X 109 molar1 
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2/i. see. 
TIME 

Fig. 6. Simultaneous rate curves for (i) the disappearance of the solvated electron 

(upper curve, observed at 546 m/*) in deaerated ethanol containing diphenyl, and (ii) 
the formation of a transient species of diphenyl (lower curve, observed at 313 mfi). 

see"1 at 23 ?C. Again, the reaction ap- 
pears to be diffusion-controlled. 

The molar extinction coefficients de? 
termined for some of the organic free 

radicals observed by pulse radiolysis 
are listed in Table 2. The absolute rate 
constants for a number of bimolecular 
reactions of organic free radicals are 
shown in Table 3. 

Solvation of the electron in polar 
liquids is by no means limited to water. 
The theoretical considerations (13) ap- 
ply to polar liquids in general, the oc- 
currence of the phenomenon depending 

upon parameters such as the dielectric 
constant of the liquid. 

Some information concerning the role 
of the electron in organic systems has 

been obtained in experiments in the 
solid state (29, 30) at low temperatures. 
Evidence for electron solvation in or? 

ganic glasses has been obtained in 

photochemical experiments in which 
the electrons were introduced into the 
matrix from alkali metals in solution or 

by the photo-oxidation of organic sol- 

utes (29). A broad absorption band in 

the visible region, with a peak at about 

Table 2. Molar extinction coefficients of some organic free radicals determined by pulse radiolysis. 

Table 3. Absolute rate constants for some reactions of organic free radicals determined by pulse 
radiolysis. 

Reactant pair Solvent Tempera? 
ture (?C) 

Rate constant 
(molar-1 see-1) 

References 

(OH)C6Hi0 ? + (OH)C6Hio ? 

(OH)C6H,o02 ? + (OH)C6Hio02 
C6Hii02 ? + C6Hn02 ? 

C6Hu02 ? + H02 ? 

(OH)C6H6 ? + 02 
(0H)C6H602 ? + (0H)C6H602 ? 

CH3CHOH + CH3CHOH 
* The near linearity of the second-order test of the rate curve and the near equality of the initial con? 
centration of the (0H)C6H602- radical and the HO,- radical in water suggest that the actual rate 
constant is approximately 7 X 10T molar-1 see-1 at 23"?C. 
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600 millimicrons, was observed in the 

experiments with alkali metals. It was 

suggested that this absorption band was 
attributable to the solvated electron in 
the matrix, which contained isopentane, 
ether, and various alkyl amines. In a 
more recent radiation-chemistry study 
(30) in hydrocarbon glasses as well as 
in solid ethanol, evidence of electron 
attachment has been obtained from ob- 
servation of the spectra of the mono- 

negative ions of acceptor molecules 
such as biphenyl and naphthalene. In 

pure solid ethanol a visible absorption 
band was suggested to be that of the 
solvated electron. 

In our studies of irradiated alcohols, 
made by means of the pulse radiolysis 
method, we have observed a broad visi? 
ble absorption band of a transient spe? 
cies in both ethanol and methanol (8). 
In ethanol there is a peak at about 696 
millimicrons and a shoulder at about 
520 millimicrons. The nature of the 

spectrum and the similarity of the re- 
activities to those of the hydrated elec? 
tron suggest that this species is in fact 
the solvated electron. An important 
confirmatory experiment was carried 
out in ethanol solutions of biphenyl and 

naphthalene, in which the rate curves 
for the disappearance of the electron at 
5461 angstroms and the appearance of 
transient species at 3130 angstroms 
(where the biphenylide and naphtha- 
lenide ions absorb strongly) were meas? 
ured simultaneously. Such an observa- 
tion is shown in Fig. 6. Analysis of the 
curves shows that the disappearance 
and appearance rates are identical?a 

finding that supports the view that the 

absorption band is attributable to the 
solvated electron. Absolute rate con? 
stants for the following reactions of the 
solvated electron in ethanol have been 
determined at 23 ?C: 

e;Qi + 02 = O; 
ki0 = 2.1 X 1010 molar1 see?1 (10) 

e;Qi + CoHsCHaCl - GJHbCHs- + Cl~ 
fei = 0.53 X 1010 molar1 see"1 (11) 

The role of this species may be of gen? 
eral importance in the chemistry of 
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irradiated polar organic liquids, depend- 
ing on the magnitude of the dielectric 

constants; investigations in this area are 

continuing. 

Direction of Future Research 

It seems clear from the brief survey 
I have presented that the pulse radioly? 
sis method has a broad potential, and 
that many new horizons have yet to be 
seen. 

In water and in aqueous solutions, 
for example, where the hydrated elec? 
tron is the only primary species which 
has been directly observed, it may be 

possible to observe also the hydroxyl 
radical. This species absorbs in the re? 

gion around 300 millimicrons and at 

longer wavelengths in the gas phase, but 
the molar extinction coefficient in the 

liquid may be low. Multiple-reflection 
techniques, together with use of an 

appropriate narrow-line source, may 
make direct observation possible. 

Direct observation of reactions in the 

tracks, which last only about 10?9 sec? 

ond, may be possible if much shorter 

pulses are used, at higher current which 
is necessary in absorption studies. The 

experimental restriction is in the pulse 
itself, for techniques that provide time 
resolution in the nanosecond range have 
been used with great success (31) in 
fast-emission studies where high pulse 
intensities are not a requirement. 

The extension of the pulse technique 
to systems of biological interest is now 
a very direct step. This is particularly 
true with respect to reactions of the 

hydrated electron. 
In organic liquids, free-radical reac? 

tions will be a subject of continuing 
interest. Studies of the solvated electron 
in polar organic liquids will surely pro? 
vide information of interest to kineti- 
cists and may also add to our under? 

standing of the structure of liquids (32). 
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