
On the Radiation Chemical Kinetics of the Precursor to the Hydrated Electron

Simon M. Pimblott* and Jay A. LaVerne
Radiation Laboratory, UniVersity of Notre Dame, Notre Dame, Indiana 46556

ReceiVed: December 11, 1997; In Final Form: February 25, 1998

Comparisons of the predictions of stochastic diffusion kinetic calculations using electron track structures
with experimental scavenger data show that the precursor to the hydrated electron, epre

-, plays a role in
determining the total yield of electrons scavenged in a number of systems. The significance of epre

- scavenging
on yields depends on the scavenger of interest and on the rate coefficient of the scavenger’s reaction with the
hydrated electron, eaq-. For Cd2+, where the reaction (eaq- + Cd2+) is fast, the consequences of epre

- scavenging
are experimentally not apparent, for NO3-, a less efficient eaq- scavenger, the effects of epre

- reaction are
apparent in concentrated solutions, and for SeO4

2-, an inefficient eaq- scavenger, epre- scavenging is obvious
even in dilute solution.

1. Introduction

The contribution of the precursor to the hydrated electron,
henceforth denoted epre-, to the radiation chemistry of water
and aqueous solutions has been a topic of interest for some
time.1-4 A great deal of information is known about the
hydrated electron, eaq-, and about its chemistry.5 However, in
contrast to eaq-, very little is known about epre- and its
chemistry.4

The decay kinetics of eaq- in the electron pulse radiolysis of
deaerated water has been observed by direct absorption spec-
troscopy over the30 ps to microsecond range.6-10 There is a
reduction in the yield of eaq- from 4.8 at 30 ps to 2.6 at 1µs,11
primarily due to the reactions of eaq- with Haq

+ and OH.12

(Radiation chemical yields,G-values, are given in units of
molecules/100 eV.) In addition, extensive complementary
studies have documented the effects of added solutes.13-16 The
yield of eaq- scavenged by the various solutes rises from 2.5 to
>4.4 as the scavenging capacity of the solution is increased
from 105 to 109 s-1.17 Further studies have measured the yield
of molecular hydrogen, H2. Hydrogen is predominantly formed
by the reactions eaq- + eaq- f H2 + 2 OH- and eaq- + H f
H2 + OH-. 12 Over the scavenging capacity range of 105-
109 s-1, the yield of H2 drops from 0.45 to∼0.2.18 No published
studies have clearly addressed the effects of scavenging epre

-

on the yields of eaq- and of H2.
Recent femtosecond pulsed laser experiments have shown

that epre- is short-lived19

having a lifetime,τpre, on the order of 240 fs. Because of the
short lifetime of epre-, direct observation is difficult. In addition,
distinguishing between the reactions of epre

- and eaq- with
solutes is not straightforward. Nevertheless, epre

- is believed
to be significant in determining the observed radiation chemistry
of concentrated solutions of (some) electron scavengers.4,20

The yield of eaq- at short (∼30 ps) times in scavenger
solutions has been measured relative to that in neat water by
Hunt and co-workers21,22and by Jonah et al.4 Both groups found
that the fraction of eaq- surviving at∼30 ps is a function of
scavenger concentration, [S], and is described by the empirical

equation

with the parameterC37 being dependent on the scavenger. In
the scavenger systems studied by Lam and Hunt,C37 tracked
the inverse of the high concentration rate coefficient of the
scavenger for eaq- (with the exception of Haq+). However, Jonah
et al. 4 found several scavengers whereC37was not proportional
to the rate coefficient. The additional decay in the yield of eaq

-

was attributed to the scavenging of a precursor to eaq
-, i.e., to

epre-. Alternative explanations using a time-dependent rate
coefficient for the scavenging of eaq- 23 or the instantaneous
scavenging of eaq- 24 have also been postulated.
The short-time chemistry in electron radiolysis is character-

istic of the competition between the diffusive relaxation of the
spatially nonhomogeneous distribution of reactants produced by
the radiation and their encounter-limited reaction.25 The
observed kinetics provide the only direct access to the physical
and the physicochemical processes; however, to extract useful
information about these processes, an accessible model for the
chemistry is necessary. Clearly, it is necessary to elucidate the
significance of epre- in determining the observed outcome. This
study describes an analysis of the contribution of epre

- to the
radiation chemistry of water and of several (concentrated)
scavenger systems. A diffusion-kinetic methodology is used
to examine the scavenging of eaq

- and to derive parameters
appropriate for modeling the energetic electron radiolysis of
water. Track structure and stochastic diffusion-kinetic simula-
tions are then used in conjunction with the available experi-
mental data to elucidate, and to quantify, the ultimate importance
of epre- chemistry in radiation chemical kinetics.

2. Methodology

2.1. Fast Scavenging of Electrons.It should be noted that
the calculations presented here do not take into account the wave
nature of the electron but employ a classical description. While
a classical treatment of the properties of epre

- is not entirely
satisfactory, this approximation is unlikely to affect the validity
of the discussion of its diffusion-limited kinetics. The classical
treatment used here faithfully reproduces the experimental
relationship given by eq 1.

eqf
-98

110 fs
epre

-98
240 fs

eaq
-

f ) exp(-[S]/C37) (1)
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The measurements of Hunt and co-workers were made on
the 30-ps time scale and those of Jonah et al. were performed
on the 50-ps time scale. This experimental time scale is short
compared to that usually considered in radiation chemistry; very
little chemistry occurs at subnanosecond times.11,26 To a first
approximation, the observed decay in the yield of eaq

- might
be attributed to two components, the “instantaneous” scavenging
of epre- at very short times and the subsequent time-dependent
reaction of eaq- with scavenger.
The scavenging of epre- must take place on a subpicosecond

time scale as the lifetime of epre- in neat water is only of the
order 240 fs. Two models for the scavenging kinetics are
suggested: a static process in which reaction is by initial overlap
or a dynamic process with the scavenging reaction in competi-
tion with hydration. If the scavenging of epre- is assumed to
be static, then the probability of reaction,W, is the probability
that an epre- overlaps a scavenger. The probability of a
scavenger being within a sphere of radiusRpre is given by a
Poisson distribution; consequently, the probability of static
scavenging by initial overlap is

whereLA is Avogadro’s number. If the reaction of epre
- with

the scavenger is in dynamic competition with hydration of epre
-,

then pseudo-first-order competition kinetics suggests that the
probability of scavenging is

wherekpre is the rate coefficient for the scavenging reaction
(epre- + S). In both models, the probability of epre- being
hydrated to give eaq- is the complement ofW.
The time-dependent survival probability of an isolated eaq

-

in a solution of scavenger is given by the diffusion reaction
equation

whose solution is

Here Ω(t) is the survival probability at timet, Ω(0) is the
instantaneous survival probability, andk(t) is the time-dependent
rate coefficient for the reaction (eaq- + S).
For a diffusion-controlled reaction, the time-dependent rate

coefficient is27,28

wherekobs is the limiting steady-state rate coefficient,Reff is
the effective reaction radius, andD′ is the relative diffusion
coefficient of the scavenger and eaq

-. As reaction occurs on
encounter

If the scavenger is uncharged, the effective reaction distance
and the Smoluchowski encounter distance,R, are equivalent.
However, when the scavenger is charged, they are related by

whererc is the distance at which the Coulomb potential energy
between two ions of chargeq1 andq2 equalskBT, that is,rc )
q1q2/(4πε0εrkBT). It is negative for oppositely charged ions and
positive for similarly charged ions.

When reaction between eaq- and the scavenger is only
partially diffusion-controlled, the steady-state rate coefficient,
kobs, has two components representing the diffusion controlled
encounter of the reactants,kdiff , and their activation controlled
reaction,kact29

and the time-dependent rate coefficient is30

with kobs ) kdiff /(1 + δ), whereδ is the ratiokdiff /kact andâ is
4πD′LA(D′)1/2/(kobs δ). While the parameters in eq 5 for
diffusion-controlled scavenging reactions can be uniquely
defined, this is not the case for partially diffusion-controlled
reaction. An acceptable estimate forδ (actuallyReff) has to be
made.31,32

The formulations fork(t) described above are for dilute
solutions. The effects of ionic strength on the time-dependent
rate coefficients for the reaction of ions have been discussed
previously.30 The Coulombic distance scaling of eq 6 is
replaced by a scaling appropriate for a screened potential. The
scaling

is a sum of exponential integrals,Ei(x),33 and is straightforward
to evaluate as the series rapidly converges.30 Here rD is the
Debye screening length, and the parameterγ is conventionally
taken to beR/2. In the limit of low ionic strength eq 9 reduces
to eq 6.

The time dependence of the rate coefficient,k(t), can have a
significant effect on the survival probability of an eaq

- in
concentrated solutions of scavengers with largeReff/xD′ such
as nitrate. Under steady-state conditions, there is a depletion
of solute molecules near eaq-. However, at short times this
condition has not yet been achieved and there is a higher
concentration of solute molecules, which is taken into account
by a larger, time-dependent rate coefficient. At high concentra-
tion, ∼0.1-1 M, the time dependence ofk(t) increases the
amount of hydrated electrons scavenged over what would be
expected from a steady-state analysis; however, at the lower
concentration,<10-3 M, the scavenging reactions take place
on a time scale over whichk(t)/kobs ∼1, and there is no
observable effect of the time dependence.

Assuming that the survival probability of the eaq
- is given

by eq 3b withΩ(0) ) 1 - W, then, for a diffusion-controlled
reaction, the scavenging radius for epre

- is

W) 1- exp(-4πLA[S]Rpre
3/3) (2a)

W) τprekpre[S]/(τprekpre[S] + 1) (2b)

dΩ/dt ) -k(t)[S]Ω (3a)

Ω(t) ) Ω(0) exp(-[S]∫0tk(u) du) (3b)

k(t) ) kobs(1+ (Reff + rc)/(πD′t)1/2) (4)

kobs) kdiff ) 4πLAD′Reff (5)

Reff ) -rc/(1- exp(rc/R)) (6)

1
kobs

) 1
kdiff

+ 1
kact

(7)

k(t) )
kdiff

(1+ δ)(1+ 1
δ
exp(â2 t) erfc(âxt)) (8)

Reff
-1 ) ∑

n)0

∞ (γrc

R )n En+2(nR/rD)

Rn!
(9)

Rpre) {3(C37
-1 - kobs(t + 2(Reff + rc)t

1/2/(πD′)1/2))/

(4πLA)}
1/3 (10a)
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and the rate coefficient for the (epre- + S) reaction is

For a partially diffusion-controlled reaction of eaq- with a
scavenger

and

In eqs 10 and 11,t is the time at which theC37 value is
measured, i.e.,∼30 ps. Equations 11 suggest thatkpre is
dependent on scavenger concentration, which is not aesthetically
pleasing. Calculations, however, show that this dependence is
small, except at extremely high scavenger concentration,>1
M.
2.2. Simulation of the Electron Radiolysis of Aqueous

Solutions. A number of different techniques have been
developed for modeling the fast chemistry of the electron
radiolysis of water.12,17,31,34-39 Many recent studies have
focused on the use of simulated track structures40-42 in stochastic
modeling of the kinetics using either a random flights36,37or an
independent reaction times12,38,39(IRT) methodology. This type
of analysis has the advantage over more conventional deter-
ministic methods in that it correctly incorporates reactants in
their actual nonhomogeneous spatial distribution.43,44 The
following calculations are based on the independent reaction
times diffusion-kinetic model and make use of simulated 10-
keV sections of 1-MeV electron tracks produced using liquid
water cross sections.41,42,45,46

The tracks are simulated by following the path of the primary
electron collision-by-collision until its energy is attenuated from
1 MeV to 990 keV, and paths of the secondary daughter
electrons until their energy is attenuated to thermal. The
distance between collisions is obtained by sampling from a
Poisson distribution with a mean free path, which is dependent
on the electron energy. The nature of each collision is
determined by the relative cross sections for the ionization,
excitation, vibration, and elastic processes. The energy loss in
inelastic collisions is calculated from the differential inelastic
cross section in energy, and any trajectory deviations are
evaluated either from the kinematics (inelastic events) or by
sampling from the differential elastic cross section in angle
(elastic events). The energy of every electron is followed until
a suitable predefined cutoff is reached. In the following
calculations, secondary electron trajectories are simulated to a
final energy of 25 eV, and then an analytic method, derived
from techniques presented in ref 47, is used to determine the
probability of further terminal low-energy ionization and
excitation events. This simulation methodology and the cross
sections employed are described in detail in ref 12.
The diffusion kinetic modeling using the IRT method begins

from the initial spatial distribution of the reactants given by

the track structure simulation. The relative separations of the
particles are determined and then used to evaluate which
reactants are in a reactive configuration. Reaction times are
generated for those pairs not overlapping. The minimum of
the ensemble of times represents the reaction time of the first
pair. After this pair has reacted, new reaction times are
generated for the reactive products using the “diffusion ap-
proach” of Clifford et al.48 and the simulation proceeds in the
same manner until a predefined cutoff time is reached. The
simulation of many different tracks (usually>100) is necessary
to obtain adequately averaged chemistry. The IRT methodology
has been described in detail,48-50 as has its application to
electron track structures.12,38,39

The reaction scheme for the radiolysis of water used in the
calculations is essentially that due to Schwarz.34 The reaction
radii (RandReff) and the diffusion coefficients (D) were derived
from the compilations of Buxton, Elliot, and co-workers51,52 in
ref 50 and are summarized in Tables 1 and 2. The only
exception is the rate coefficient for the solvation of epre

- to eaq-,
which was assumed to be 7.6× 1010 M-1 s-1, as suggested by
the lifetime measurements of Gauduel and co-workers.19

Calculations have shown that the simulated kinetics of the
first 10-keV sections of 1-MeV tracks are statistically different
from the kinetics of the complete tracks, but the differences
are smaller that the errors in the available experimental data
with which the calculations can be compared.53

3 Results and Analysis

The kinetics of epre- and of eaq- predicted for the energetic
electron radiolysis of neat water are shown in Figure 1. The
ionization yield predicted by the track structure simulation is
4.9. At 1 ps the yield of epre- is about 0.1, while that of eaq-

is 4.8. The rapid solvation of epre-, measured in femtosecond
laser experiments,54,55 occurs before any significant chemistry
with other spur reactants has occurred. Detailed examination
of the simulated kinetics shows that epre

- does not participate
in the intratrack reactions of pure water resulting in observable
chemistry. The experimental decay kinetics of eaq

- obtained
from direct absorption measurements6-10,26and from the inverse
Laplace transform analysis of scavenger data are also included
in the figure.11,17 There is good agreement between calculation
and experiment over the whole time range. The eaq

- yield on

TABLE 1: Reaction Scheme for the Short-Time Radiolysis
of Water

reaction k/1010M-1 s-1 Reff/nm Ra/nm

epre- f eaq- 7.6 (t ) 240 fs)
eaq- + eaq- f H2 + 2 OH- 0.55 0.16 0.42
eaq- + Haq

+ f H 2.3 0.23 0.50
eaq- + H f H2 + OH- 2.5 0.29
eaq- + OHf OH- 3.0 0.54
eaq- + H2O2 f H2 + 2 OH- 1.1 0.22
Haq

+ + OH- f H2O 14.3 1.35 0.96
H + H f H2 0.78 0.15
H + OHf H2O 2.0 0.27
H + H2O2 f OH+ H2O 0.009 0.001
OH+ OHf H2O2 0.55 0.26

aWhere anR is not given, the reaction is taken to be close to
diffusion-controlled andR is the same asReff.

TABLE 2: Diffusion Coefficients for the Reactants Involved
in the Short-Time Radiolysis of Water

reactant D/× 10-8 m2 s-1 reactant D/× 10-8 m2 s-1

eaq- 0.45 OH 0.28
Haq

+ 0.90 OH- 0.50
H 0.70 H2O2 0.22

kpre)

exp((C37
-1 - kobs(t + 2(Reff + rc)t

1/2/(πD′)1/2))[S]) - 1

τpre[S]
(11a)

Rpre) (3{C37
-1 - kobs(t + 1- δ

δâ2
(exp(â2 t) erfc(âxt) -

1+ 2âxt/π)}/(4πLA))1/3 (10b)

kpre) {exp([S]C37
-1 - kobs[S](t + 1- δ

δâ2
(exp(â2 t) ×

erfc(âxt) - 1+ 2âxt/π))) - 1}/τpre[S] (11b)
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the picosecond time scale is∼4.9, and this drops to∼2.6 by 1
ms, while the majority of the intratrack reaction takes place on
the 0.1-10 ns time scale.
Figure 1 demonstrates that epre

- is not significantly involved
in the observed intratrack radiation chemistry of pure water;
however, in concentrated aqueous solutions scavenging reactions
may take place at early times. Two types of scavenging reaction
may contribute to the observed chemistry, scavenging of epre

-

and of eaq-. The scavenging radii for a number of eaq
-

scavengers calculated using the experimentalC37 values of Jonah
et al.4 in eq 10a are listed in Table 3. The table also includes
effective radii of the neutral molecules56 and the hydrated ions,57

and the effective reaction distances and the encounter distances
for (eaq- + S). TheRpre of H2O2 is ∼0, while theRpre’s of
acetone and the hydrated anions are considerably larger than
the corresponding effective radii, effective reaction distances,
and encounter distances. For the cations, Cu2+ and Cd2+, the
scavenging reactions cannot be treated as diffusion-controlled
sinceReff < rc. When reaction is only partially diffusion-
controlled it is necessary to make “an educated guess” for the
encounter radius, which then gives the ratioδ ) kdiff /kact.
The sizes of theRpre obtained using eq 10a suggest that epre

-

may play a role in determining the chemistry of a number of
scavenger solutions. To determine this effect, it is necessary
to consider the particular scavenger of interest as theC37 values
do not correlate with the steady-state rate coefficients for the
eaq- scavenging reactions. Of the scavengers considered only
one, H2O2, hasRpre∼ 0 and does not appear to scavenge epre

-.
3.1. Nitrate. The experimental value of C37 for the nitrate

is 0.42 M. Nitrate is a very efficient scavenger of eaq
- with a

scavenging rate coefficient of 9.7× 109 M-1 s-1. Figure 2a
considers the effect of nitrate concentration on the survival
probability of eaq-. The curve for theC37 values of Jonah et
al. 4 shows significant scavenging (at 50 ps) at high scavenging
capacities and cannot be explained in terms of scavenging of
hydrated electrons; the curve differs significantly from the
predictions of eq 3b withΩ(0)) 1. The quantityΩ(t)/Ω(0) is
equivalent to the time-dependent survival probability (at 50 ps)
if there is no instantaneous scavenging of epre

- or eaq-. For

theΩ(t)/Ω(0) curve to match the experimental data for NO3
-,

a time of 100 ps, not 50 ps, is required. A time scale in error
by a factor of 2 is not experimentally justifiable.
The fraction of epre- surviving instantaneous scavenging is

obtained by dividing eq 1 by eq 3b (withΩ(0) ) 1) and is
included in the figure. In nitrate solutions, the surviving fraction
of electrons at 50 ps is determined by both the scavenging of
epre- and the time-dependent scavenging of eaq

-, with the two
components being of similar significance. According to eq 10,
the C37 value of 0.42 suggests an epre

- scavenging radius of
0.74 nm for nitrate. This radius for the epre

- scavenging reaction
is about twice the effective radius of the hydrated NO3

- anion
and twice the Smoluchowski encounter radius for the scavenging
of eaq- by NO3

-, 0.34 and 0.46 nm, respectively.
The radiolysis of NO3- solution produces NO2- as an

observable product; however, the chemistry of the system is
not straightforward,58 and the measured yields of NO2- cannot
be related to primary radical yields.59 The production of NO2-

occurs via a multistep mechanism involving the intermediates
NO3

2- and NO2, as follows

In addition to the complex reaction mechanism, the stoichiom-
etry of the conversion of eaq- to NO2

- via NO3
2- is not

assured.59 In fact, Barker et al. have shown that there is a deficit
in the yield of NO2- of about 15%.59 Experimental data
describing the effect of nitrate on the yield of NO2- is shown
in Figure 3. Also included in the figure are the predictions of
stochastic simulations using energetic electron track structures.
The scavenging radius for the (epre

- + NO3
-) reaction was taken

to be 0.74 nm (cf. Table 3), and the (eaq
- + NO3

-) reaction
was assumed to be diffusion-controlled and governed by a time-
dependent rate coefficient.31 The calculated yield of NO2- is
in good agreement with the experimental data of Hyder60 once
the correction of Barker et al. is incorporated.
In solutions of OH scavengers such as CH3OH, C2H5OH, or

HCO2
-, NO2

- is primarily formed by reaction of NO2 with an
organic radical, e.g.

The bimolecular reaction, NO2 + NO2, still provides an alternate
route especially at high NO3- concentrations. Experimental61

and simulated yields of NO2- for NO3
-/HCO2

- solutions are
also compared in Figure 3. With the correction of Barker et
al., the two sets of data agree well. In addition, detailed
examination of the simulated kinetics reveals that NO2

- is
formed almost completely by reaction of NO2 with organic
radicals. For 1 M solution, the bimolecular contribution is only
6% of the NO2- yield.
3.2. Selenate.The experimental value ofC37 for the selenate

is the same as that for the nitrate, 0.42 M, even though the
scavenging rate coefficients of the anions for eaq

- are very
different, 1.1 and 9.7× 109 M-1 s-1, respectively. The two
scavengers have similar reactivity with epre

-; however, NO3-

is a much more efficient scavenger of eaq
- than selenate. Figure

Figure 1. Time-dependent kinetics of the electron radiolysis of
deaerated water. Yields of eaq- measured by direct spectroscopic
absorption are ref 6 (]), ref 7 (3), ref 9 stroboscopic detection method
(4), ref 9 CW laser/photodiode detection method (O), ref 10 (0), ref
26 (bold line). The time dependence of eaq

- obtained by the inverse
Laplace transform of scavenger data is given by the dotted line.11 The
predictions of stochastic diffusion-kinetic calculations using electron
track structures are shown as the solid line for epre

- and the dashed
line for eaq-.

eaq
- + NO3

- f NO3
2- k) 9.7× 109 M-1 s-1

NO3
2- + H2Of NO2 + 2 OH- k∼ 1× 105 M-1 s-1

NO2 + NO2 + H2Of

NO2
- + NO3

- + 2 Haq
+ k∼ 4× 108 M-1 s-1

OH+ HCO2
- f CO2

- + H2O k) 3.2× 109 M-1 s-1

NO2 + CO2
- f NO2

- + CO2 k) 5.9× 109 M-1 s-1
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2b considers the effect of selenate concentration on the survival
probability of eaq-. The curve for theC37 value of Jonah et
al.4 shows significant scavenging at 50 ps at high eaq

- scaveng-
ing capacities and cannot be explained only in terms of
scavenging of hydrated electrons. For the curve ofΩ(t)/Ω(0)
to match the experimental data for selenate, a time of 1 ns is
required, which is in error by a factor of 20. In contrast to
nitrate solutions, the yield of eaq- in selenate solutions is
determined predominantly by the fraction of epre

- scavenged.
The scavenging of eaq- plays only a minor role. According to
eq 10a, theC37 value of 0.42 suggests a scavenging radius of
0.95 nm for selenate. This radius is almost the same as would
be predicted if no scavenging of eaq

- took place (0.98 nm) and
is considerably larger than the Smoluchowski encounter radius
for the scavenging of eaq-, 0.35 nm. Significantly, the encounter
radius is very similar to the effective radius of the hydrated
selenate ion, 0.38 nm.
3.3. Cadmium(II). The reaction of eaq- with Cd2+, unlike

those with NO3- and SeO42-, is not fully diffusion-controlled.
The C37 value for Cd2+ is 0.38 M, slightly smaller than the
corresponding values for NO3- and for SeO42-. However, this
difference is much smaller (∼10%) than the differences in the
scavenging rate coefficients for eaq

- (a factor of∼5 for NO3
-

and∼50 for SeO42-). Experimentally, Cd2+, NO3
-, and SeO42-

cause similar decays of eaq- on the 50-ps time scale, but Cd2+

is much more reactive toward eaq-. This fact suggests that the
scavenging of epre- by Cd2+ is chemically less dominant than
the scavenging of epre- by NO3

- or by SeO42-.
The effect of Cd2+ concentration on the survival probability

of an eaq- at 50 ps is considered in Figure 2. Since the reaction
(eaq- + Cd2+) is only partially diffusion-controlled (Reff < rc),
the Smoluchowski encounter radius is not uniquely defined by
the steady-state rate coefficient,27 and a suitable estimate is
necessary. As the value ofR (and therefore ofδ) is varied, the
calculated surviving fraction of eaq- at 50 ps changes. Curves
are shown forRequal to 0.5, 1.0, 1.5, and 2.0 nm. An encounter
radius smaller than 1.5 nm gives more reaction than is observed
experimentally by Jonah et al.,4 even without including reaction
of epre- with the Cd2+ ion. At R ) 1.5 nm, the experimental
decay is reproduced. This value ofR is about three times the
effective radius of the hydrated Cd2+ ion. Furthermore, the
implied value of the ratioδ is 0.9, compared to 0.2 when the
encounter radius is equal to the radius of the hydrated ion.52

Clearly, the reaction of eaq- with Cd2+ is not diffusion-limited.
The scavenging radius of Cd2+ for epre- is very sensitive toR
for R less than about∼1.8 nm but is insensitive toR for larger
values. In the following simulations,Rwas assumed to be 2.0
nm, givingδ andRpre of 1.28 and 0.64 nm, respectively. (In
fact, the results of the radiation chemical kinetic simulations
are fairly insensitive to the exact value ofRselected.) The effect
of Cd2+ concentration on the probability of scavenging epre

- is
shown in Figure 2c. Using the parameters suggested, the

majority of the observed electron scavenging at 50 ps is via the
(epre- + Cd2+) reaction.
A series of stochastic diffusion kinetics calculations using

simulated electron track structures have been performed for the
radiation chemical kinetics of Cd2+ solutions. The time
dependence of the yields of epre

-, eaq-, Cd+, and Cd22+ in 1 M
Cd2+ are shown in Figure 4. On the picosecond time scale,
epre- is converted into eaq- and Cd+: the yields at 1ps are∼
0.02, 1.5, and 3.5, respectively. By 0.1 ns, all the eaq

- has been
scavenged by Cd2+ giving Cd+, which then decays slowly,62,63

Included in the figure are the experimental measurements of
Wolff et al.3 for the yield of Cd+ at 30 ps and for the yield of
Cd+ equivalents at 30 ps, at 6 ns, and at 100 ns. In their
estimation of the yield of Cd+ equivalents at 30 ps, Wolff et al.
assumed the yield of eaq- in deaerated water is 4.0 at 30 ps64

and 2.8 at 100 ns. The accepted values are now 4.8 at 30 ps
and 2.7 at 100 ns.10,11 Consequently, the expression for the
yield of Cd+ equivalents at 30 ps is modified toG(Cd+) )
1.0G(eaq-) and that for the yield of Cd+ at 100 ns becomes
G(Cd+) ) 1.50G(eaq-). (No modification of the 6 ns integrated
yields is necessary.) An experimental estimate for the yield of
eaq- at 30 ps is also included in Figure 4. This value was
obtained by renormalizing the eaq- data of Wolff et al. to take
account of the fact that the yield of eaq- in deaerated solution
at 30 ps is 4.8 and not 4.0 as assumed in their analysis. The
agreement between the calculated kinetics and the experimental
data is excellent.
The effect of Cd2+ concentration on the yields of Cd+ and

of eaq- is considered in Figures 5 and 6. Figure 5 shows the
concentration dependence of Cd+ and eaq- at 30 ps. The
calculated Cd+ yields at 30 ps are in good agreement with the
stroboscopic pulse radiolysis measurements of Figure 6 in ref
3. In addition, the calculated yields of eaq

- at 30 ps match the
experimental data corrected to the accepted value for deaerated
water, 4.810,11rather than 4.0. Figure 6 considers yields of Cd+

at longer times. Three sets of calculations are shown: the Cd+

yield at 6 ns and at 100 ns and the maximum Cd+ yield attained.
Yields measured by conventional pulse radiolysis at∼100 ns3,14
compare favorably with predicted yields at 100 ns, and the 6-ns
yields obtained by Wolff et al. using stroboscopic pulse
radiolysis are also accurately reproduced by calculation.
3.4. Prediction of the Yield of Electrons Scavenged.

Scavenger systems are commonly used to estimate the yield of
eaq- in the radiolysis of water. Consequently, understanding
the effects of scavenging epre- on radiolytic yields is important.
The effect of scavenger concentration on the yield of the reaction
of electrons with scavenger is considered in Figure 7. The figure
compares calculations for a generic eaq

- scavenger (e.g., MeCl

TABLE 3: Reaction Radii for Common Electron Scavengers

S C37/M
kobs/1010

M-1 s-1
D/10-9

m2 s-1
effective
radius/nm Reff/nm R/nm

Rpre/nm
(eaq- rxn)

kpree/1012

M-1 s-1

acetone 1.4 0.65 1.3 0.31a 0.15 0.15 0.48 0.84
H2O2 1.44 1.1 2.2 0.21a 0.22 0.22 0 0
NO2

- 1.6 0.41 1.4 0.09 0.32 0.32 0.35
NO3

- 0.42 0.97 2.0 0.34b 0.20 0.46 0.74 4.5
SeO42- 0.42 0.11 1.0 0.38b 0.03 0.35 0.95 10.0
Cu2+ 0.9 3.9 0.7 0.42b 0.99 pdcc

Cd2+ 0.38 4.8 0.7 0.43b 1.22 pdcc (0.63)d (2.8)d

aDerived from the experimental molar volume.56 b Taken from ref 57.c pdc: partially diffusion-controlled reaction for whichR, δ, andRpre are
not uniquely defined.dCalculated assumingR ) 2.0 nm.eCalculated for 0.1 M solution.

Cd+ + Cd+ f Cd2
2+ (S Cd0 + Cd2+)

2k∼ (3-8)× 109 M-1 s-1
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or H2O2 that does not react with epre-) with experimental
scavenger data taken from refs 13, 15, and 16 and with the
Laplace transform of the decay kinetics of eaq

- in deaerated

water.11 The agreement between calculation and the data is very
good. For scavenging capacities less than 109 s-1, the simulated
yield (of Cl- from MeCl solutions) tracks the measured yield.
At very high scavenging capacities, there is a small discrepancy
between the Laplace transform of the decay kinetics of eaq

-

and the simulated yield of eaq- scavenged, although this
difference is probably due to the empirical function used to fit
the experimental kinetics.65

Calculations for the effect of NO3- concentration on the yield
of electrons (epre- and eaq-) scavenged are also included in
Figure 7. For eaq- scavenging capacities less than 108 s-1, the
(epre- + NO3

-) reaction does not have an effect on the amount
of electrons scavenged. At higher concentrations,
k(eaq- + S)[S] ∼ 109 s-1, the scavenging of epre- has a
statistically (though probably not experimentally) significant
effect on the amount of electrons scavenged. This difference
becomes more distinct as the concentration of NO3

- increases,
with the two calculations converging again at an eaq

- scavenging

Figure 2. Surviving fraction of eaq- at 50 ps. The solid lines are
calculated using the experimentalC37 values of Jonah et al.4 The open
points are calculations ofΩ(t)/Ω(0) for eaq- and the solid points are
estimates forΩ(0) calculated from the experimental values and from
the curves forΩ(50 ps)/Ω(0). (a, top) NO3- (0) t ) 50 ps, (0 with a
vertical bar)t ) 0.1 ns; (b, middle) SeO42- (O) t ) 50 ps, (O with a
vertical bar)t ) 1.0 ns; (c, bottom) Cd2+ (all points for 50 ps) (4) R
) 0.5 nm, (4 with a horizontal bar)R ) 1.0 nm, (4 with a vertical
bar)R ) 1.5 nm, (4 with a central×) R ) 2.0 nm, (2) estimate for
Ω(0) assumingR ) 2.00 nm.

Figure 3. Effect of nitrate concentration on the yield of nitrite in
electron radiolysis. The points refer to experimental data, and the lines
are the predictions of stochastic diffusion kinetic calculations using
electron track structures. Yield of NO2- in the presence of formate,
(O)61 and solid line; yield of NO2- with no organics present, (b)60 and
dashed line.

Figure 4. Radiation chemical kinetics of the electron radiolysis of 1
M Cd2+ solution. The points refer to experimental data,3,10and the lines
are the predictions of stochastic diffusion kinetic calculations using
electron track structures. epre-, solid line; eaq-, (1) and dashed line;
Cd+, (b) at 30 ps, (9) at longer times, and dotted line; Cd+ equivalents,
(9) and dot-dot-dashed line; Cd22+, dot-dashed line.
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capacity of 1011 s-1. The experimentally predicted effect of
nitrate on the yield of electrons scavenged is included in the
figure. Agreement between the calculated yield and the
experimental estimate is very good.
The predicted effect of selenate concentration on the amount

of electrons scavenged is shown in Figure 7. This curve is
shifted considerably from those for the generic eaq

- scavenger
and for NO3-. The shift reflects the primary role the reaction
of epre- with SeO42- plays in determining the amount of
scavenging. Only in very dilute solution is the reaction of eaq

-

with SeO42- dominant. Unfortunately, experimental data for
the yields in the radiolysis of SeO42- solutions are not available.
The time at which the maximum Cd+ yield is reached depends
on the Cd2+ concentration, with the time decreasing as the
concentration increases. The calculated maximum Cd+ yield

is also included in Figure 7. By coincidence, this curve matches
the curve for the generic eaq- scavenger.
3.5. Yield of epre- Scavenging. The data presented in the

previous sections have shown that the scavenging of epre
- can

have an observable effect on the yield of products in some
scavenger systems. The significance of the effect depends on
the relative rate coefficients for the scavenger reactions with
epre- and eaq-. The relative importance of these two reactions
can be determined by detailed analysis of the stochastic
calculations presented. These calculations give insight into
chemistry that is difficult to obtain directly from the observed
eaq- kinetics.
The fraction of electrons scavenged before they undergo

hydration to eaq- is considered in Figure 8. For a generic eaq
-

scavenger such as MeCl or H2O2, this ratio is obviously zero
for all k(eaq- + S)[S]. For the three scavengers discussed earlier,
the importance of epre- scavenging increases in the order Cd2+

< NO3
- < SeO42- at low scavenging capacity. A concentration

of 1 M scavenges∼90% of the electrons before hydration for
SeO42- and NO3- and∼70% for Cd2+. Despite the significant
contribution of the scavenging of epre- to the scavenged yield
of electrons, the observed chemical outcome is not necessarily
different than if no epre- scavenging occurred. Comparison of
the absolute yield of electrons scavenged in 1 M NO3

- and in
1 M Cd2+ solutions with the predictions for a generic eaq

-

scavenger shows very little discrepancy, cf. Figure 7. Only in
the case of SeO42- is the yield of electrons scavenged
significantly different from that expected for a generic eaq

-

scavenger. The rate coefficients for the scavenging of epre
- are

large for all the scavengers. The different chemistry reflects
the rate coefficients for the (eaq- + S) reactions, which differ
by an order of magnitude.
While the significance of scavenging epre

- may not be
apparent in the yield of electrons scavenged, other radiation
chemical observables may be affected. Molecular hydrogen is

Figure 5. Effect of Cd2+ concentration on the yields of Cd+ and of
eaq- at 30 ps following electron irradiation. The points refer to
experimental stroboscopic pulse radiolysis data,3,10 and the lines are
the predictions of stochastic diffusion-kinetic calculations using electron
track structures. Cd+, (9) and solid line with0; eaq-, (b) and dashed
line with O.

Figure 6. Effect of Cd2+ concentration on the yields of Cd+ at long
times. The points refer to experimental data, and the lines are the
predictions of stochastic diffusion kinetic calculations using electron
track structures. Experiment: conventional pulse radiolysis measure-
ment of Cd+ (0)14; conventional pulse radiolysis measurement of Cd+

at ∼100 ns,0 with a horizontal bar3; stroboscopic pulse radiolysis
measurement of Cd+ at ∼6 ns,0 with a vertical bar. Calculation:
maximum Cd+ yield (solid line); Cd+ yield at 6 ns (dashed line); Cd2+

yield at 100 ns (dotted line).

Figure 7. Effect of scavenging capacity for eaq- on the yield of
electrons scavenged. The open points refer to experimental data. Yield
of Cl- from MeCl solutions: ref 13 MeCl (0), MeCl+ 10-3 M MeOH
(O), MeCl+ 10-2 M MeOH (4), MeCl+ 10-1 M MeOH (3); ref 16
MeCl+ 10-2 M PrOH (]); ref 60 NO3- (+), ref 61 NO3- + MeCOMe
(×). Yield of NH3 from glycylglycine solutions: ref 68 glycylglycine
(] with horizontal slash).). The (b) line is the Laplace transform of
the direct absorption data shown in Figure 1.11 The predictions of
stochastic diffusion-kinetic calculations using electron track structures
are shown as follows: (solid line) yield of (eaq- + S) reaction for a
generic eaq- scavenger, (dashed line) total yield of electrons scavenged
by NO3

-, (dotted line) total yield of electrons scavenged by SeO4
2-,

(dot-dashed line) maximum yield of Cd+ in Cd2+ solution.
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produced by unimolecular (physicochemical) processes and by
intratrack reactions involving eaq- and H. The dominant
chemical reactions giving H2 at neutral pH are eaq- + eaq- f
H2 + 2 OH- and eaq- + H f H2 + OH-. Both of these
reactions have a yield of∼0.1512 and will be affected by the
scavenging of epre- and eaq-. The ratio of the yield of H2
produced in NO3- solution compared to that of a generic eaq

-

scavenger (H2O2) solution is given in Table 4. At a scavenging
capacity of 108 s-1 (∼10-2 M), the scavenging of epre- does
not affect the measured yield of H2, but at 109 s-1 (∼10-1 M)
it results in a decrease in the yield of H2 by an additional 12%.
This decrease, predicted by the stochastic simulations, is found
in experimental data.18,66

It has been suggested that the physicochemical processes
leading to the unimolecular production of H2 involve very low
energy electrons.67 If this is the case, then the H2 produced in
this manner may be scavengable in concentrated solutions of
epre- scavengers. The track structure simulations employed in
ref 12 assumed that the unimolecular H2 is directly produced.
Calculations have been performed incorporating a low-energy
electron precursor to unimolecular H2 that has a lifetime of 110
fs in water (cf. eqf-). In nitrate solutions, the scavenging of
this species does not affect the yield of H2 for k(eaq- + S)[S]
< 109 s-1; however, by 1010 s-1 the effect is significant. The
yield of H2 in H2O2 solutions is 0.17 according to both
experiment and calculation. This value is also obtained in
calculations for NO3- solutions if it is assumed that the
unimolecular H2 is unscavengable. The yield of H2 predicted
assuming a scavengable precursor to the unimolecular H2 is 0.10,
which corresponds to 0.09 measured in NO3

-.

4. Discussion

Stochastic diffusion kinetic calculations using the IRT
methodology coupled with electron track structures simulated
using cross sections appropriate for liquid water have been used
to elucidate the contribution of the precursor of the hydrated
electron to the radiation chemical kinetics of water and aqueous
solutions. In deaerated water, the conversion of epre

- to eaq-

takes place on the subpicosecond time scale with the yields of
the two species being∼0.1 and 4.8 at 1 ps. Because of the
short lifetime of epre-, it does not contribute significantly to the
observable intratrack chemistry in the electron radiolysis of
water. The importance of epre- in determining observable
chemistry in the radiolysis of scavenger solutions is determined
by the solute in question. When the reaction between the
scavenger and eaq- is fast, as for Cd2+, it is not possible to
distinguish between reaction of the scavenger with epre

- and
with eaq-. Consequently, the effect of epre- scavenging is not
observable unless the products of the two reactions are different.
For less efficient scavengers of eaq

-, such as NO3-, the
scavenging of epre- is distinguishable in concentrated solutions
but not in dilute solutions. When the reaction of the scavenger
with eaq- is slow but that with epre- is efficient, for instance
SeO42-, the significance of epre- is obvious even in dilute
solutions. Comparison ofRpre with the effective radius of the
scavenger in Table 3 shows that scavenging of epre

- is generally
related to the size of the scavenger species.
The aqueous radiation chemistry of three different electron

scavengers, SeO42-, NO3
-, and Cd2+, has been considered in

detail. These scavengers were selected as they have similar
C37 values but very different values fork(eaq- + S). The
predictions of the calculations for NO3- and for Cd2+ are in
good agreement with experimental data, but unfortunately no
data is available for SeO42-. The total yield of electron
scavenging by Cd2+ is the same as that predicted for a generic
eaq- scavenger that does not react with epre

-. The yield of Cd+

is unaffected by the inclusion of epre- in the reaction scheme as
the reaction of Cd2+ with both types of electrons is rapid, with
Reff being larger than the scavenging radius of Cd2+ for epre-.
At high NO3

- concentrations, the amount of electrons scavenged
is larger than predicted for a generic eaq

- scavenger. In this
case, the magnitudes ofReff andRpre are similar. For SeO42-,
the scavenging radius for epre- is an order of magnitude larger
thanReff and the yield of electrons scavenged is dominated by
the reaction (epre- + SeO42-) and is much larger than that
predicted for a generic eaq- scavenger.
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