
3196 J.  Phys. Chem. 1991, 95, 3196-3206 

Scavenger and Time Dependences of Radicals and Molecular Products In the Electron 
Radiolysis of Water: Examlnatlon of Experiments and Models 

Jay A. Laverne* and Simon M. Pimblott 
Radiation Laboratory. University of Notre Dame, Notre Dame, Indiana 46556 (Received: August 8, 1990; 
In Final Form: October 22, 1990) 

Laplace transform techniques have been used to compare the scavenger and the,time dependences of e,, OH, H2, and H202 
produced following the electron radiolysis of water. A new empirical relationship for the variation of these yields on scavenger 
concentration is presented. Experimental data on the scavenging of ea;, OH, H2, and H202 have been fitted with the new 
function, and it is found that the inverse Laplace transform of the results for eq- and OH do not match the direct experimental 
measurements of the time dependences of these species. There is no apparent reason for this discrepancy. The accuracy 
of Laplace transform techniques in nonhomogeneous kinetics was determined by using a deterministic diffusion-kinetic model 
to calculate the time dependences of the yields of these species in pure water and the dependence of their yields on the 
concentration of a few selected scavengers. Numerical Laplace transforms of the time dependences of erg-, OH, H2, and 
H202 reproduced well the calculated scavenger concentration dependences. The inverse Laplace transform of the new function 
accurately reproduced the predicted time-dependent kinetics of diffusion-kinetic models even when very different initial 
distributions of erg- were used. This function is shown to be an improvement on previous functions, especially at matching 
the yields at high scavenger concentrations. The parameters derived in the analysis of the available experimental data can 
be used with the new function or its Laplace transform to easily determine the scavenger concentration dependence or time 
dependence of any of these species with other scavengers for which the scavenging rate constant is known. The influences 
of various parameters used in the diffusion-kinetic modeling of the radiation chemistry of water are discussed. 

Introduction 
One of the main goals in the study of the radiation chemistry 

of water is the determination of the yields and time dependences 
of the radicals and molecules produced by the irradiation. Each 
energy-transfer event of a fast electron in a liquid produces a 
cluster of reactive species, commonly known as a spur.' Within 
a spur there exists a competition between the diffusion and the 
reaction of these species as  the nonhomogeneous concentration 
gradients relax. Estimates of the yields of the radicals (es<, H,  
OH) that escape recombination within the spur and the associated 
products (H2, H202,  HOz) are included in most of the standard 
compilations on the radiation chemistry of ~ a t e r . ~ - ~  These yields 
are usually referred to as homogeneous or steady-state yields, and 
they are representative of the state of an electron track as found 
at  about 1 ps after the initial energy deposition. Obviously, within 
the lifetime of a spur the yields of the radicals and molecular 
products vary. The development of pulse radiolysis techniques 
has allowed the direct observation of the time dependence of some 
of the reactive species formed in the radiolysis of water.6 Un- 
fortunately, there are a number of limitations associated with these 
techniques, and measurements have been limited to the hydrated 

and the OH radical."J2 In addition, there are nu- 
merous end product studies using radical scavengers that measure 
the dependence of the yields of the hydrated electron and the OH 
radical on scavenger concentrat i~n.~-~ Many of the early studies 
on the radiolysis of water showed that the yields of molecular 
products were dependent on the added solute c ~ n c e n t r a t i o n . ~ J ~  
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Indeed, it was this dependence on solute concentration that ori- 
ginally led to the suggestion of a nonhomogeneous spatial dis- 
tribution for the reactants. The first complete deterministic 
treatments of the radiolysis of water addressed the variation of 
molecular yields with solute concentration specifically.14Js 

The diffusion and recombination of a geminate pair of reactants 
are usually described by use of the Smoluchowski equation.I6 
Monchick used this approach to describe the reaction of such a 
pair in the presence of a homogeneously distributed solute." He 
related the probability of recombination in the presence of the 
solute to that in the solute's absence using a Laplace transform 
relationship. Monchick considered the recombination following 
photodissociation in aqueous solution in which only a single 
dissociation occurs. This condition is not necessarily valid in 
radiolysis, and it is certainly not true in the radiolysis of water. 
Nevertheless, Hummel later reasoned that recombination of ions 
in irradiated hydrocarbons would also be pa i r~ ise . '** '~  He fol- 
lowed the logic of Monchick and developed a phenomenological 
model for expressing the time dependence of the ion recombination 
in hydrocarbons as a function of the concentration of added 
scavengers. Hummel made use of several experimental studies 
that suggested a square root dependence of the scavenging reaction 
on the amount of scavenger a t  low concentrations and selected 
a simple expression for which the inverse Laplace transform was 
known. Warman et al. (WAS) developed an alternative set of 
formulas that matched the square root concentration dependence 
and that adequately fitted their experimental scavenger dependence 
studies of the electron in neat hydrocarbons.2*22 The theoretical 
foundations of the Hummel and WAS treatments have been 
discussed in detail by M o z ~ m d e r . ~ ~ - ~ ~  
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Electron Radiolysis of Water 

The Laplace transform methodology was first applied to the 
radiolysis of water to determine the yield of the hydrated e l e c t r ~ n . ~  
Subsequent studies have considered the kinetics of the OH rad- 
i ~ a l . ~ ' * ~  The significance of this type of treatment is that it can, 
in principle, provide information about other species that is in- 
accessible by direct means. Of course, the results for e,; and OH 
radicals should agree and reinforce the time-dependent data ob- 
tained by direct techniques. 

The use of the inverse Laplace transform method is strictly valid 
for spurs containing only a single pair of radicals or ions, and the 
effect of the Occurrence of multiple dissociations is not known. 
The relatively long range of the secondary electrons in the ra- 
diolysis of hydrocarbons is usually taken to imply that each spur 
contains only one pair of reactive species. The WAS and Hummel 
treatments, of course, rely on this assumption. Even in hydro- 
carbons, there is evidence which suggests that the scavenger 
concentration dependence does not follow the square root rela- 
tionship at  low  concentration^,^^ and the single pair model is 
certainly not appropriate in the radiolysis of water. 

The Hummel and the WAS formulas are based on observations 
of the dependence of ionic scavenging at low solute concentrations 
in hydrocarbons. Low scavenger concentrations are equivalent 
to long times in the lifetime of the spur, and there is considerable 
uncertainty in extending the empirical functions to high con- 
centrations that are representative of the early stages of the de- 
velopment of a spur. Experimental tests of the different functions 
are limited by (i) the maximum scavenger concentration attainable, 
(ii) the scavenger's reactivity toward the reactive species, and (iii) 
problems arising from the radiolysis of the solute as well as the 
solvent a t  high concentrations. It is not immediately clear how 
accurately the time dependences obtained by using inverse Laplace 
transform methods will reproduce the true kinetics, especially at 
short times and high scavenger concentrations. 

In the work presented in this paper, we have tested the validity 
of the WAS and the Hummel Laplace formalisms over an ex- 
tended range of times and scavenger concentrations by applying 
them to data obtained from various deterministic calculations for 
the radiolysis of water. Particular attention was paid to the 
experimentally inaccessible short time and high concentration 
regime. Within the domain of the deterministic calculations all 
the scavenger and time dependences are known exactly. Although 
the WAS and Hummel formulas were found to work reasonably 
well, we propose a slightly different function that appears to give 
a more acceptable fit. This new function was applied to the 
available experimental data on the yields of e,;, OH,  H2, and 
H2O2 produced in the fast electron radiolysis of water. The inverse 
Laplace transforms of the fitted curves were compared to the 
measured time-dependent kinetic profiles of the hydrated electron 
and the O H  radical. This study is the first in which a comparison 
of this type has been performed. A variety of factors that may 
influence the agreement between deterministic calculations and 
the observed yields of the radicals and the molecular products in 
the radiolysis of water are discussed. 

Diffusion- Kinetic Methodology 
The diffusion-kinetic model of the radiolysis of water used here 

is similar to the numeric deterministic model described in refs 30 
and 3 1. A comparison of this method and a more sophisticated 
stochastic approach has shown that they predict similar results 
for the yields of radicals; however, the two methods do not agree 
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TABLE I: Scbeme for the Radiolysis of Pure Water 
rate Constants. M-l s-I 

present 
reaction work ref I5 ref 33 

RI 

R2 
R3 
R4 
R5 

R6 
R7 
R8 
R9 
R10 
RI 1 
R12 
R13 

e,- + e,,,- - H2 + 5.5 x 109 5.5 x 109 5.0 x 109 
OH- + OH- 

e - + H t + H  2.3 X 10l0 1.7 X 10I0 2.3 X 10I0 
e(Lq- + H - H, + OH- 2.5 X 1Olo 2.5 X 1Olo 3.0 X 1Olo 
e19- + OH -. OH- 3.0 X 1O'O 2.5 X 1OIo 3.0 X 1OIo 
e:-+ H202-. OH + 1 . 1  X 1 O ' O  1.3 X IOio 1.2 X 1 O l o  

Ht + OH- - H20 1.4 X IO" 1.0 X IO" 1.4 X IO" 
H + H d H 2  7.8 X IO9 1.0 X 1O'O 1.3 X 1O'O 
H + OH + H2O 2.0 X IO'O 2.0 X IO'O 3.2 X 1O'O 
H + Hz02  - H 2 0  + OH 9.0 X lo7 

1.9 x 10'0 
2.1 x 1010 
3.8 x 1010 

OH- 

1.0 X IO8 1.6 X IO8 
OH + OH + H202 5.5 x 109 6.0 x 109 5.0 x 109 
eaq- + O2 - 0, 
H + 02 + H 0 2  
Ht + 02- + H02 

as well on the yields of molecular products for the reasons discussed 
in ref 3 I .  The present method uses a deterministic rate law to 
model the chemical reactions, and it considers a single "typical" 
spur representative of the whole system. The significance of this 
'typical" spur approximation is addressed later in this paper. The 
kinetics are described by a set of coupled differential equations. 
Each equation models the temporal and spatial evolution of one 
of the reactive species in the spur and has the form 

aci/at = ~ ~ v ~ c ~  - CkijciC, + Ck,,c,c, (1) 

where C, and Di are the spatially dependent concentration and 
the diffusion coefficient of species i, respectively. In the present 
model, the spur is divided into concentric shells. The concentration 
of each species within a shell is assumed to be homogeneous, and 
diffusion occurs between adjacent shells. The differential equations 
are solved by use of the FACSIMILE code?* which is based upon 
the Gear algorithm. The concentration profiles of all the spur 
species are usually assumed to be initially Gaussian,13J4 and this 
convention has been followed except for the hydrated electron. 
Three differential initial distributions for the hydrated electron 
were considered. Except where explicitly stated, a Gaussian 
distribution was employed, but an exponential distribution and 
a central minimum distribution similar to that of Trumbore and 
~ o - w o r k e r s ~ ~ - ~ ~  were also investigated. 

The reaction scheme selected is similar to that of SchwarzI3 
and is listed in Table I. The rate constants were taken from the 
compilation of Buxton et al.,% except for reaction 8 for which there 
is no direct experimental measurement." The rate coefficient 
given by Buxton et al. for reaction 8 is 7.0 X lo9 M-' s-I and is 
taken from the work of Thomas.38 Detailed examination of 
Thomas' paper reveals this value to be a lower limit. An earlier 
study by Fricke and Thomas39 suggests a rate constant of 3.2 X 
IOio  M-' s-', and this value was used by Trumbore and co- 
w o r k e r ~ . ~ ' - ~ ~  We have chosen k = 2.0 X 1Olo M-I s-l, which is 
approximately the average of the two experiments, and it is the 
same value estimated by Schwarz.13 

The modeling of the scavenging of each water radiolysis species 
was performed by addition of a particular set of scavenger re- 
actions to the scheme for pure water. These reaction sets are 
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TABLE 11: Scavenner Reactions 

LaVerne and Pimblott 

empirical formula used to describe the influence of scavenger 
reaction is as follows rate constant, 

reaction M-I s-I 

SI 

s 2  
53 
s 4  

s5 

S6 
s 7  
S8 

s9 
SI0 
SI 1 
S I 2  
SI3 

SI4  
SI5 
SI6 
SI7 
SI8 
SI9 
s 2 0  

s 2  1 
s 2 2  
S23 
S24 

e,q- Scavenging 

OH Scavenging 
e l i  + CH3CI - CI- + CH3 

OH + HCOOH 
H + HCOOH - H2 + HCOO 
HCOO + 02 

H20 + HCOO 

H 0 2  + C02 

H 2 0 2  Precursor Scavenging 

H2 Precursor Scavenging 
OH + Br- - BrOH- 

e a i  + NO; - 
H + NO< - OH- + NO 
OH + NO; - OH- + NO2 

esq- + acetone - acetone- 
H + OH- - H 2 0  + eaq- 
Ht + OH- - H 2 0  

H Atom Scavenging 

H + C3H7OH --c H2 + c3H.10 
OH + C3H7OH H20 + C3H7O 

H Atom Scavenging 
e, - + acetone - acetone- 
H' + HPOd2- - H2PO; 
Ht + H2P04- - H3PO4 
H + HPOt-  - H2 + H P O c  
H + H2PO; - H2 + HP04- 
H + C3H70H - H2 + C 3 H 7 0  
OH + C3H7OH - H20 + C3H70 

H Atom Scavenging 
erq- + NO,- - NO2 + 20H- 

H + C2H50H - H2 + C 2 H 5 0  
OH + C2H5OH - H20 + C 2 H 5 0  

H + NO,-- NO2 + OH- 

1 . 1  x 109 

1.3 X IO8  

1.0 x 1010 
4.4 x 105 

1.1 x 1010 

4.1 x 109 
7.1 X IO8 
1.0 x 1010 

6.5 x 109 
2.2 x 107 

7.4 x 107 
1.9 x 109 

1.4 X 10" 

6.5 x 109 

5.5 x 105 
5.5 x 104 
7.4 x 107 
1.9 x 109 

1.0 x IO" 
5.0 X I O ' O  

9.1 x 109 

1.7 x 107 
1.9 x 109 

1.4 X IO6  

shown in Table I1 along with the corresponding rate constants 
that were taken from the compilation of Buxton et Some 
of the H atom studies included reactions for which the rate 
constants are not included in the compilation of Buxton, and the 
values of those rate constants were taken to be the same as given 
in the original experimental study. All reactions with solutes were 
assumed to be pseudo first order, that is, no depletion of the solute 
was considered, and the rate constants were taken to be inde- 
pendent of time. 

The initial yields, radii, and diffusion coefficients employed in 
the calculations are given in Table 111. The diffusion coefficients 
are the same as those used by Schwarz.13 The initial yields of 
the radicals and the molecular products were based on the observed 
scavenger yields and on the direct time-dependent studies as 
discussed below. Material balance was maintained. The initial 
radii were chosen so as to minimize the differences between the 
predicted yields and the experimentally observed yields of the 
hydrated electron and the OH radical a t  long times. 

For comparison purposes, the models of Bums and w w o r k e r P  
and Trumbore and co-worker~~ '~~ were considered with the same 
reaction scheme as the present model. The rate constants, initial 
yields, radii, and diffusion coefficients used in these two models 
were the same as in the original works. Except where otherwise 
stated, all the modeling calculations refer to a typical spur of 62.5 
eV (the central minimum model of Trumbore and co-workers, 
6 0  eV). 

Laplace Transform Formalism 
The experimental and calculated data for the dependences of 

the yields of the radicals and the molecular products resulting from 
the radiolysis of water by high-energy electrons were fitted with 
three different functions, using the nonlinear least-squares 
methodology outlined by Bevingtoma The general form of the 

G(S)  = G, + ( G O  - G,)F(S) 

The quantity G(S) is the observed scavenged radiation chemical 
yield of a radical or molecular product with respect to a given 
concentration of scavenger, S.  In pure water F(S) is zero and 
the observed radiation chemical yield is equal to G,, which in 
the case of radical species represents the yield of radicals that 
survive recombination reactions in the spur. For molecular 
products G, is the steady-state or homogeneous yield. The initial 
yield of a particular species is G O ,  and the quantity ( G O  - G,) 
is that portion of the species that reacts or is produced in the spur 
in the absence of added solutes. 

The function F(S) describes the scavenger concentration de- 
pendence of G ( S ) .  H ~ m m e l ' * . ~ ~  suggested the form 

FH(S) = 1 - e x p ( - ( ~ [ S ] ) ~ / ~ )  (3)  
where a is a constant that is related to the rate constant for a 
particular scavenging reaction. At low scavenger concentrations 
this function approaches the square root dependence found in most 
experimental studies. Warman et a1.s22 used a different function 

(4) 

This function has the same limiting low-concentration scavenger 
dependence as the Hummel function. Both the Hummel and 
WAS functions are members of the family 

where the former is the limit n = and the latter results when 
n = I .  We have also considered an intermediate function with 
n = 2  

As discussed below, it was found that this function gives a more 
acceptable fit to the results obtained from deterministic diffu- 
sion-kinetic calculations. Equation 6 was used in all the studies 
involving experimental data. The results with different scavengers 
can be compared directly with the appropriate scaling, G(S,) = 
G(Sbkb/k,) .  Here, G(S,) is the scavenged yield of the radical 
or molecule with added scavenger x and a corresponding sca- 
venging rate constant of k,. For each species under study one 
scavenger system was chosen, and all other systems were nor- 
malized to it. For the scavenging of molecular products it is 
actually the precursors to these products which are scavenged. 
Since both H2 and Hz02 are formed by the combination of similar 
radicals, the rate constants used in the Laplace transforms are 
multipled by 2 .  

The methodology of the inverse Laplace transform method was 
developed for a single ion pair. In this limit the ion pair recombines 
or one member of the pair is scavenged. The model is equally 
valid for a radical pair if only one of the radicals can be scavenged. 
It is additionally assumed that the scavenging rate constant is 
pseudo first order and independent of time. These assumptions 
are found to be acceptable in the present study, but they are not 
generally true and they will be addressed in a future p~blication.4~ 
The complete development of the Laplace transform technique 
for describing scavenger kinetics is rigorously detailed in refs 21 
and 22, and only a brief description is given here. 

The lifetime of a pair of reactants, in the absence of scavengers, 
has a distribution function f ( t )  such that At) dt describes the 
fraction of pairs that will react in the time period o f t  to t + dt. 
In the presence of scavenger S ,  of concentration [SI, the probability 
that an isolated reactant will be scavenged at  time t is 1 - 
exp(-k,[S]f), where k,  is the rate constant for the scavenging 

~ ~~ 
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e,; 4.5 2.23 4.78 4.5 
HJ0' 9.0 0.85 4.78 9.0 
H 7.0 0.85 0.42 7.0 
H2 0.85 0.15 
OH 2.8 0.85 5.50 2.8 
OH- 5.0 5.0 
H202 2.2 2.2 

TABLE III: Diffusion Coefficients, Initial Radii, and Yields 
present work ref 30 refs 33-35 

coefficient, radii, molecules/ coefficient, radii, molecules/ coefficient, radii, molecules/ 
diffusion G O ,  diffusion G O ,  diffusion G O  9 

species 105 cm* s-I nm 100 eV lo5 cm2 s-' nm 100 eV IO5 cm2 s-I nm 100 eV 
2.458 4.78 4.5 2.309 4.70 
1.145 4.78 10.0 2.121 4.70 
1.145 0.62 8.0 2.121 0.80 
1.145 0.15 2.121 0.25 
1.145 5.70 2.0 2.121 6.00 

2.0 
1.4 

reaction. The fraction of pairs that would normally have un- 
dergone reactions in the spur in pure water but are scavenged is 
then given by 

F(S)  = 1 - ~mexp(-k,[S]t) f l t )  dt (7) 

The distribution functionflt) is equal to the inverse Laplace 
transform of 1 - F(S). The fraction of pairs that exist after time 
1,  in the absence of scavenger, is given by 

F(r) = S-flt) dt (8) 

so the time dependence of reactive species in the absence of 
scavengers can then be obtained from the inverse Laplace 
transform of the observed dependences of scavenging reactions 
on scavenger concentration. Numerical determinations of inverse 
Laplace transforms are quite problematical since they require a 
complete description of F(S). It is more practical to use empirical 
relations for the scavenger dependences that have analytic inverse 
Laplace transforms. The inverse Laplace transforms of eqs 3, 
4, and 6 are respectively 

F H ( t )  = 1 -, erfc (1.0/2.O(Xt)'/2) (9) 

FWAS(r) = exp(Xt) erfc (10) 

and 

Here, erfc is the complementary error function, Ff is the auxiliary 
function for the Fresnel integrals,42 and X is equal to kJa. Al- 
gorithms for exp(x2) erfc (x), erfc (x), and F d x )  can be found 
in ref 42. 

In our application of the Laplace formalism to water radiolysis, 
it was assumed that the time dependences of the yields of the 
radicals, and of the molecular products, can be obtained from 
equations similar to eq 2, that is 

G(t) = G, + ( G O  - G,)F(t) 

where F(r) is chosen from one of the eqs 9-1 1. Equation 12 gives 
the time dependence of the radicals or the molecular products in 
the radiolysis of pure water. In all the following calculations k, 
was assumed to be independent of time, however, when a time- 
dependent rate coefficient rather than a rate constant is considered 
a scaling of F ( t )  results. The use of a time-dependent rate 
coefficient requires that the time t is replaced by 7 = ( l /k , ) l#( t )  
d? in the eqs 9-1 1 .41 

Results and Discussion 
In order to check the validity of the Laplace transform technique 

for water, it was applied to the predictions obtained using a 
diffusion-kinetic model. With such a model both the time de- 
pendences and scavenger concentration dependences of radical 
and molecular products can be determined. The calculation is 
accurate, within the limitations of the diffusion-kinetic model, and 

(42) Abramowitz, M.; Stegun, 1. A. Handbook of Mathematical Func- 
rionr; Dover: New York, 1970. 

the precision of these calculation is much greater than can be 
achieved experimentally. Furthermore, model calculations can 
be extended to wide ranges of scavenger concentration or over 
long periods of time. Many other problems such as dosimetry 
and competition effects that can readily affect experimental studies 
do not arise with kinetic models. Therefore, the results obtained 
with a diffusion-kinetic treatment are ideal for determining the 
accuracy of the Laplace transform technique. 

Based on available experimental studies, a chemical system was 
chosen for each species as a typical scavenger for that species or 
its precursors. The choice of such systems is arbitrary, but those 
with relatively well understood and simple chemistry were selected. 
The scavenging reactions lead to final products which are stable 
and for which there are several experiments that can be compared 
to the model. In the case of ew- and OH radical, the product yields 
are equal to the radical yields while in the case of molecular species 
such as H2 and H202 it is the precursors to these molecules which 
are being scavenged. Of course, most scavengers react with several 
radicals which makes interpretation of the experiments difficult. 
Some experiments also contained several additional scavengers 
to eliminate competition effects. The diffusion-kinetic model easily 
separates competing reactions, which are especially prevalent a t  
high scavenger concentrations. 

Methyl chloride was chosen as the scavenger for ew- and formic 
acid for OH radicals. The molecular product H 2 0 2  was studied 
by the addition of bromide to scavenge OH radicals while H2 was 
studied by the addition of nitrite to scavenge eag- and H atoms. 
Table I1 gives a complete listing of the chemical reactions ap- 
propriate to each scavenging system. The calculated scavenging 
yields of ea;, OH, H2, and H202 are shown as a function of 
scavenger concentration in Figures la-4a, respectively, while the 
calculated time dependences of the species in pure water are shown 
in Figures lb-4b, respectively. The Laplace transforms of the 
time dependences of these yields are also shown in Figures la-4a. 
Figures la-4a show that the agreement between the scavenger 
and time dependence calculations is good. The discrepancy is 
smallest for ea; and largest for OH and H2. The general trend 
is for the Laplace transform of the time dependence to under- 
estimate the yields of scavenger studies, with the exception of H202 
for which the yield is overestimated. The extensive scavenger 
concentration range and the long time period ensure that the 
results agree at  very high and low scavenger concentrations. 

Even though the Laplace transform technique strictly applies 
only to single-pair spurs, it appears to be very good at  predicting 
yields with scavengers in the radiolysis of water. The maximum 
difference found between the scavenger yields and the Laplace 
transform of the time dependence is never greater than 5% for 
any of the species. This difference is less than the errors associated 
with the majority of experiments. It is seen in Figures 1-4 that 
the largest discrepancy occurs as the scavenger concentration 
increases through the region of the inflection. This region cor- 
responds to the time where most spur reactions are occurring, and 
the kinetics in a water radiolysis spur are not expected to be similar 
to those of a single pair. Spurs with multiple pairs can have 
combination reactions between like species which are impossible 
in isolated spurs with a single pair of reactants. The combination 
of like species in water radiolysis is much less likely to occur than 
reaction with different species. This fact is apparent when one 
considers the rate constants and yields of molecular products. Each 
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Figure I .  Yield of e,,,- (molecules/l00 eV) as a function of methyl 
chloride concentration (a) and as a function of time in pure water (b) 
as determined from diffusion-kinetic modeling. Calculated time depen- 
dence of the yields and its numerical Laplace transform are shown as 
solid lines. The results from the scavenger studies are shown as open 
symbols while the fits to this data are shown using (short-dash line) new 
model, eq 6; (dotted line) Hummel model, eq 3; (longdash line) WAS 
model, q 4. Time dependences from the Laplace transforms, eqs 9, IO, 
and 1 I ,  respectively, are shown with corresponding line types. The results 
using a central minimum distribution are displaced upward by 1 unit, and 
the results of an exponential distribution are displaced downward by 1 
unit for clarity. 

time a particular species is scavenged in a spur with multiple pairs 
of reactants the effective concentration of the complementary 
species increases. Subsequent reactions will have a higher 
probability for recombination as compared to the initial conditions. 
However, the spur is constantly expanding as the concentration 
gradients relax. The increase in spur size gives a greater prob- 
ability for scavenging reactions over recombination reactions. The 
Laplace transform techniques show the best agreement for eaq- 
which is initially formed with a wide distribution as compared 
to the other species. Even though the O H  radicals, H atoms, and 
H2 molecules have the same initial distribution in our calculation, 
local concentrations change rapidly in time because of the dif- 
ferences in diffusion coefficients. 

The calculations presented here are the first in which a Laplace 
transform analysis has been applied to the formation of molecular 
products. Figures 3 and 4 demonstrate that the technique can 
be used successfully to describe the production of H2 and of H202 
in the radiolysis of water. Although some of the yield of H2,is 
due to unimolecular processes, as discussed later, most of its 
production is due to reactions in multiple-pair spurs. The use of 
a deterministic rate law to describe the kinetics means that the 
transform technique is equally valid for describing the formation 
of molecular products from identical reactants as it is for the 
decrease in the yields of the reactants. Preliminary calculations 
using the stochastic technique described in ref 31 also support the 
use of a Laplace transform approach to the analysis of the time 
dependence and the scavenger concentration dependence of the 
formation of molecular products. 
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Figure 2. Yield of OH (molecules/l00 eV) radicals as a function of 
formic acid concentration (a) and as a function of time in pure water (b) 
as determined from diffusion-kinetic modeling. Calculated time depen- 
dence of the yields and its numerical Laplace transform are shown as 
solid lines. The fits to the scavenger data and their Laplace transforms 
are shown with the same line types as in Figure I .  

Different initial distributions for eaq- were used to check if the 
agreement between Laplace transform techniques and scavenger 
studies was a consequence of using Gaussian distributions. A 
central minimum distribution similar to that of Trumbore and 
c o - ~ o r k e r s ~ ~ - ~ ~  and an exponential distribution were considered. 
As shown in Figure 1, the agreement is equally good for all three 
distributions. Clearly, within reasonable limits, the initial dis- 
tribution has little effect on use of the Laplace transform technique. 
This result is significant since there is considerable disagreement 
as to the initial spatial distributions of the species in a water 

Another criticism of the use of Laplace transform techniques 
for predicting nonhomogeneous kinetics is the time dependence 
of rate constants. The largest effect of the time dependence of 
rate constants should be a t  very short times. Kinetic modeling 
of the spur kinetics in the radiolysis of water using a stochastic 
model with both time-independent rate coefficients and time- 
dependent rate coefficients for scavenging showed only small 
differences in the predictions a t  short times.41 The dependence 
of rate coefficients on time is not expected to have a large effect 
on the use of Laplace transform techniques in the radiolysis of 
water. As mentioned previously, any time dependence of the 
scavenging rate coefficient will merely result in a nonlinear scaling 
of the time dependences obtained from scavenger experiments. 
It should be noted that this shift will be to shorrer times. Cal- 
culations for the hydrated electron using a time-dependent rate 
coefficient in the inverse Laplace transform give results essentially 
identical with those presented. 

There are many more radiation chemistry studies using sca- 
vengers than there are time-resolved studies?-5 In addition, there 

radiolysis spur, 14-1 5,30,31,33-35.43 

(43) Freeman, G .  R., Ed. Kinetics of Nonhomogeneous Processes; Wi- 
ley-Interscience: New York, 1987. 
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Figure 3. Yield of H2 molecules (molecules/lOO eV) as a function of 
nitrate concentration (a) and a function of time in pure water (b) as 
determined from diffusion-kinetic modeling. Calculated time dependence 
of the yields and its numerical Laplace transform are shown as solid lines. 
The fits to the scavenger data and their appropriate Laplace transforms 
are shown with the same line types as in Figure I .  

are no time-dependent studies for the molecular products H2 and 
H202.  For practical reasons, it is very desirable to be able to 
convert scavenger concentration studies to time dependences. Mast 
scavenger studies are performed at  low concentrations which 
correspond to the later stages of the chemistry in the spur. Low 
reactivity or solubility usually hinders studies a t  high concen- 
trations. Scavengers in high concentrations will directly absorb 
some of the incident particle energy, leading to dosimetry problems 
and the possible formation of products that interfere with the 
chemistry in the spur or final product analysis. High concen- 
trations of scavengers may also complicate the problem by reacting 
with other products of water radiolysis. It is usually necessary 
to extrapolate experiments at low scavenger concentrations to high 
concentrations which correspond to the early stages in the de- 
velopment of the spur. The ability of the H ~ m m e I ' * ~ ' ~  and the 

functions to accurately represent the yields a t  high 
scavenger concentrations were tested with the results predicted 
by a diffusion-kinetic model. The calculated yields as a function 
of scavenger concentration for the four water radiolysis species 
were fit by using eqs 3 and 4 and nonlinear fitting techniquesm 
The results are shown in Figures la-4a. Both formulas fit the 
data well a t  low concentrations. With increasing scavenger 
concentration the WAS function tends to underestimate the results 
while the Hummel function gives an overestimate. At very high 
scavenger concentrations, the WAS function approaches a limiting 
value which is too large. Both the WAS and Hummel functions 
fit the data to within IWO over the entire range of concentrations. 

The Hummel and the WAS functions belong to the family 
described by eq 5 .  A third function in this family is given by eq 
6, which is similar to the WAS function (eq 5 )  except that it 
contains an additional term in [SI. This function was applied to 
the scavenging data with very good results as shown in Figures 
1-4. The agreement with the scavenger results is within a few 
percent over the entire range of concentrations. 

Time (sec)  

Figure 4. Yield of H20, (molecules/100 eV) molecules as a function of 
bromide concentration (a) and as a function of time in pure water (b) 
as determined from diffusion-kinetic modeling. Calculated time depen- 
dence of the yields and its numerical Laplace transform are shown as 
solid lines. The fits to the scavenger data and their appropriate Laplace 
transforms are shown with the same line types as in Figure 1. 

Analytic formulas for the inverse Laplace transforms of eqs 
3,4, and 6 are given by eqs 9-1 1, respectively. The curves obtained 
from these equations, using the same values of a and X as found 
in the scavenger concentration fitting of the previous section, are 
shown in Figures lb-4b. The deviations of the Hummel and WAS 
functions from the expected kinetics are much more apparent in 
the time dependences than in the scavenger concentration studies, 
especially a t  short times. Equation 11 seems to give the best overall 
agreement with the modeled time dependences. Figures 1-4 show 
that a reliable set of data for the production of ew-, OH, H2, or 
H202 can be fit with eq 6 to give a set of values of a and X for 
each species. These coefficients can be used with eq 11 to give 
the time dependence of that species in pure water. The rest of 
the analysis of experimental data presented in this paper was 
performed in this manner. 

The study of the scavenger and time dependences using Laplace 
transforms has been limited to esg-, OH, H2, and H202.  The 
species H 0 2  was not considered because its yield is very small with 
electron radiolysis, although it should be included in any study 
with heavy ions.44 The production of H atoms was also not 
included in this study. The Laplace transform method appears 
to work equally well for radical decay or molecular product 
production, but the change must be monotonic in time or scavenger 
concentration over the regime studied. Most diffusion-kinetic 
models, as shown in Table Ill, assume an initial yield of H atoms. 
Reaction R2 produces additional H atoms so the yield of this 
species initially rises for a few nanoseconds. Following the com- 
pletion of reaction R2 the yield of H atoms decreases due to 
reactions R8-Rl0. The formalisms given here cannot follow the 
variation in yields as exhibited by the H atom. A more complete 

~~~ ~ 

(44) Laverne, J. A.; Schuler, R. H.; Burns, W. G. J .  Phys. Chem. 1986, 
90, 3238. 
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TABLE I V  Parameters in the Fitting of the Data 
species G O "  6," d 
e.q- 4.80 2.55 9.960 X IO-' 
H2 0.15 0.44 3.91 1 
OH 5.50 2.66 3.358 X IO-' 
H202 0.00 0.72 4.128 

In M-'. a In  molecules/ 100 eV. 

study of the yield of H atoms in the radiolysis of water is in 
progress. The only modeling of H atom yields in this work is to 
examine the initial yields for water radiolysis; see below. 

The yield of the hydrated electron has been measured with 
 scavenger^^^.^^.^ and by direct ~ b s e r v a t i o n . ~ - ' ~ * ~ ' ~ ~  In this work, 
the scavenging of ea; by methyl chloride has been taken as the 
primary system to be examined. The data from the studies with 
other scavengers were normalized relative to the results with 
methyl chloride and fit by using eq 6. It was found that the initial 
yield of eaq- was 4.3 molecules/l00 eV when no restrictions were 
placed on the fitting parameters. In view of the considerable data 
on the time dependence of the yield of ea;, this value is probably 
a little too low and reflects the lack of data at very high scavenger 
concentrations. The time dependent studies strongly suggest an 
initial yield of ea; of about 4.8 molecules/ 100 eV, and this value 
was chosen. The difference between the two values is only about 
lo%, and they give equally good fits to the data obtained in studies 
with scavengers. The resultant parameters are given in Table IV, 
and the fit through the data is shown as the solid line in Figure 
5 .  One data point of Balkas et aLZ6 at  about 1 M was quite 
different from the rest of the data. That experiment contained 
no added methanol to suppress the reactions of OH radicals, and 
that data point was ignored in the fitting of the data. It can be 
seen in Figure 5 that the rest of the data are well represented by 
the fit. The inverse Laplace transform of Figure 5a is shown in 
Figure 5b. There is a large discrepancy between the Laplace 
transformed data and the directly observed yields in the region 
0.1-100 ns. It has been suggested that the data of Fanninga at  
very long times are too low because of residual oxygen in the 
system." The differences in the yields predicted by the two 
techniques are as much as 20% which, as discussed above, is much 
greater than the error expected to arise from the use of Laplace 
transform techniques. Furthermore, the discrepancy is in the 
opposite direction from any error arising from the use of a 
time-independent rate constant rather than a time-dependent 
coefficient. Also shown in Figure 5b are the modeled kinetics for 
eaq- using the parameters (see Table 111) of Burns et al.,M which 
were optimized to scavenging data, and those of Trumbore et 
al.:3-3s which were optimized to the time-dependent studies. The 
numerical Laplace transforms of the Burns and Trumbore models 
are shown in Figure 5a. It is apparent that each model is fairly 
good at  reproducing the data it was designed to match, but each 
gives a very poor fit in the other domain. The differences in the 
two sets of experimental data are beyond their respective errors. 
The source of this discrepancy is not obvious. From Figure 5b 
it almost appears that the two sets of data are transposed in time 
by almost an order of magnitude. It is very unlikely that the 
scavenger rate constants, especially for several completely different 
systems, could be in error by this amount, but it is also unlikely 
that the time-resolved studies are shifted by such a large time 
interval. Clearly more experiments using both techniques are in 
order. The scavenger studies do show a considerable amount of 
scatter but not enough to account for the observed differences. 

The yield of OH radicals has been measured with a variety of 
 scavenger^,^***^^ and direct measurements have been made.llJZ 

(45) Asmus. K.-D.; Fendler, J. H. J.  Phys. Chem. 1968, 72,4285. 
(46) Dainton, F. S.; Logan, S. R. Trans. Faraday Soc. 1965, 61. 715. 
(47) Sumiyoshi, T.; Katayama, M. Chem. Lcrr .  1982, 1887. 
(48) Buxton, G. V. Proc. R. Soc. London. A 1972,328, 9. 
(49) Fanning, J. E. Ph.D. Thesis, University of Deleware, 1975. 
(50) Hart, E. J. J .  Am. Chem. SOC. 1954, 76,4312. 
(51) Laverne, J. A. J. Phys. Chem. 1988, 92, 2808. 
(52) Burns, W. G.; Sims, H. E. J .  Chem. Soe., Faraday Trans. I 1981, 

77. 2803. 
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Figure 5. (a) Scavenged yield of e,- as a function of effective scavenger 
concentration relative to methyl chloride: (A) results of diffusion-kinetic 
calculations with methyl chloride; (+) methyl chloride, (V) methyl 
chloride and 0.01 M methanol, (0) methyl chloride and 0.1 M methanol, 
ref 26; (*) sulfur hexafluoride, ref 45; and (W) nitrous oxide, ref 46. The 
relative reactivities of sulfur hexafluoride and nitrous oxide to methyl 
chloride are 14.5 and 8.3, respectively. The solid line is a fit through the 
data using eq 6 and the parameters in Table IV. (b) The time depen- 
dence of e - in pure water: (A) ref 9, (+) ref 47, (0) ref 48, (W) ref 
49. The d i d  line was obtained by using the same parameters as above 
in the inverse Laplace transform, eq 11. The time dependences as ob- 
tained from the diffusion-kinetic models and their numerical Laplace 
transforms are (long-dash line) present model; (dotted line) Burns and 
co-workers, ref 30; (short-dash line) Trumbore and co-workers, refs 
33-35. 

The formic acid dosimeter was used as the primary scavenger 
system and all of the other scavenger systems were normalized 
to it. Hydroxyl radical yields as a function of scavenger con- 
centration are shown in Figure 6a. Using eq 6 a best fit to the 
data was found, and the resulting parameters are given in Table 
IV. When no constraints were placed on the fitting parameters, 
the initial OH radical yield was found to be 4.4 molecules/l00 
eV, which is considerably lower than that found in the time-de- 
pendent studies. The time-dependent studies suggest an OH 
radical yield of about 5.9 molecules/lOO eV at  0.2 ns," but the 
use of this value as a fitting parameter clearly does not reproduce 
the scavenger data. A value of 5.5 molecules/lOO eV was chosen 
as the initial OH radical yield based mainly on material balance; 
see below. In the fitting of the data the highest yield of OH 
determined by HartM with a 1 M formic acid solution and the 
data of Burns and SimsS2 at  an effective concentration of 2.5 M 
were not used. It appears from Figure 6a that these two points 
are considerably different from the other points. Inclusion of these 
two data points, however, would not change the fitted curve enough 
to affect the following discussion. Also shown in Figure 6a are  
the Laplace transforms of the OH radical yields predicted by the 
BurnsM and T r u m b ~ r e ~ ~ ~ ~  models. The Trumbore model predicts 

~ ~~ 

(53) Draganic, I. G.; Nenadovic. M. T.; Draganic, Z. D. J.  Phys. Chem. 
1969, 73, 2564. 
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Figure 6. (a) Scavenged yield of OH radical as a function of effective 
scavenger concentration relative to formic acid: (A) results of diffu- 
sion-kinetic calculations with formic acid; (+) formic acid, ref 50; (D) 
ref 51; (A) ref 53; (0) formate, ref 52; and (V) ferrocyanide, ref 28. The 
relative reactivities of formate and ferrocyanide to formic acid are 24.6 
and 80.8, respectively. The solid line is a fit through the data using eq 
6 and the parameters in Table IV. (b) The time dependence of OH 
radicals in pure water: (U) ref 1 1 ,  (A) ref 12. The data of ref 12 were 
normalized to a value of 5.9 at 0.2 ns. The solid line was obtained by 
using the same parameters as above in the inverse Laplace transform, 69 
1 I .  The time dependences as obtained from the diffusion-kinetic models 
and their numerical Laplace transforms are shown with the same line 
type as in Figure 5 .  

OH radical yields that are in some cases 50% greater than those 
found with scavengers. The model of Burns gives a much better 
representation of the data with scavengers, but it too shows 
considerable discrepancies. 

The time dependence of the OH radical yield is shown in Figure 
6b. It is seen that the inverse Laplace transform of the scavenger 
data is considerably different from that found by direct mea- 
surements."J2 The later experimental studyI2 did not give absolute 
yields so that data were normalized to the value of 5.9 mole- 
cules/ 100 eV at  0.2 ns as suggested in ref 1 1. This absolute value 
of the OH radical yield was used by Trumbore and co-w~rkers~"~ 
to determine the parameters of their model. Figure 6b shows that 
model does match the experimental time-dependent data very well. 
It is also obvious from Figure 6a that the Laplace transform of 
the data from the Trumbore model does not even closely reproduce 
the data obtained with scavengers. Significant errors can be 
expected when the Trumbore model is used to describe end product 
experiments using scavengers. The discrepancy between the time 
dependence measurements and the yields of OH radicals deter- 
mined with scavengers is much too large to be a result of errors 
in the Laplace transform method. There is clearly a fundamental 
error in one or more of the measurements. The direct mea- 
surement of OH radicals is very difficult because the absorption 
is a t  such a low wavelength and intensity that the dosimetry is 
difficult. The scavenger studies were performed with a variety 
of different systems in various laboratories, and with a few ex- 
ceptions, all the data points agree well. As shown in Figure 6b, 
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Figure 7. (a) Scavenged yield of H2 molecules as a function of effective 
scavenger concentration relative to nitrite: (A) results of diffusion-kinetic 
calculations with nitrite; (m) nitrite, (+) cupric, ref 13; (0) hydrogen 
peroxide, ref 54; and (V) nitrous oxide, ref 5 5 .  The relative reactivities 
of cupric, hydrogen peroxide, and nitrous oxide to nitrate are 8.0, 2.7, 
and 2.2, respectively. The solid line is a fit through the data using eq 
6 and the parameters in Table IV. (b) The time dependence of H2 
molecules in pure water. The solid line was obtained by using the same 
parameters as above in the inverse Laplace transform, eq 11. The time 
dependences as obtained from the diffusion-kinetic models and their 
numerical Laplace transforms are shown with the same line type as in 
Figure 5 .  

the direct measurements of Jonah and co-workers"*'* are fairly 
reproducible in a relative sense. It is most likely that the yield 
of OH radicals a t  0.2 ns is not 5.9 but about 4.4 molecules/l00 
eV as suggested by the studies with scavengers. 

There are no direct measurements of the time dependences of 
the molecular products H2 and H202 The yields of these products 
have been determined by using scavengers for the radical pre- 
cursors. The yield of H2 has been determined with H atom and 
eY- ~ c a v e n g e r s ' ~ ~ ~ ~ ~ ~  while the yield of Hz02 has been determined 
with several OH radical The nitrite system has 
been chosen as the primary scavenger of H2 precursors and the 
normalized data are shown in Figure 7a, while the scavengers of 
H202 precursors were normalized to the bromide system and those 
data are given in Figure 8a. There is a considerable amount of 
scatter in the different sets of data. Fits of the two sets of data 
using eq 6 are shown in Figures 7a and 8a as solid lines. The 
parameters are listed in Table IV. No additional restrictions were 
placed on the fitting of the data. The best fit of the H202 data 
implies that a t  very high concentrations it can be completely 

(54) Ghormley, J. A.; Hochanadel, C. J. Radiat. Res. 1955, 3, 227. 
(55) Dainton, F. S.; Logan, S .  R. Trans. Faraday Soc. 1965, 61, 715. 
(56) Draganjc. 2. D.; Draganic, I. G. J .  Phys. Chem. 1971, 75, 3950. 
(57) Draganic, 2. D.; Draganic, I. G. J. Phys. Chem. 1969, 73, 2571. 
(58) Allen. A. 0.; Holroyd, R. A. J. Am. Chem. Soc. 1955. 77, 5852. 
(59) Sworski, T. J. Radiat. Res. 1955, 2, 26. 
(60) Sworski, T. J. J .  Am. Chem. Soc. 1954, 76, 4687. 
(61) Rafi, A.; Sutton, H. C. Trans. Faraday Soc. 1965, 61, 877. 
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Figure 8. (a) Scavenged yield of HzOz molecules as a function of ef- 
fective scavenger concentration relative to that of bromide; (A) results 
of diffusion-kinetic calculations with bromide; (m) bromide, ref 60; (+) 
ref 61; (0) ref 58; (v) ethanol, ref 56; (*) propanol, (b) ethanol, (4) 
ethanol and acetone, ref 57; and (+) chloride, ref 59. The relative 
reactivities of ethanol, propanol, and chloride to bromide are 0.1 7,0.25, 
and 0.39, respectively. The solid line is a fit through the data using eq 
6 and the parameters in Table IV. (b) The time dependence of H202 
molecules in pure water. The solid line was obtained by using the same 
parameters as above in the inverse Laplace transform, eq 1 1. The time 
dependences as obtained from the diffusion-kinetic models, and their 
numerical Laplace transforms are shown with the same line type as in 
Figure 5. 

scavenged. The early experiments of Schwarz13 suggested that 
the yield of H2 could not be completely suppressed with scavengers. 
It has been assumed that a unimolecular or ionic process is re- 
sponsible for its production.2 As seen in Figure 7a, the best fit 
of the data for H2 can be obtained with an unscavengable H2 yield 
of 0.15 molecules/lOO eV, in agreement with the study of 
Schwarz.13 This value for the high concentration limit is certainly 
a maximum because the fits are considerably poorer with higher 
values. Reasonably good fits of the experimental data can also 
be obtained if it is assumed that the yield of H2 approaches zero 
at  high scavenger concentrations. However, the accuracy of the 
data is not sufficient to unambiguously show that some of the H2 
molecules cannot be scavenged. The fit to the data does seem 
to be the best with a value of 0.1 5 molecules/l00 eV as the high 
concentration limit, and this value has been adopted in this work. 

The inverse Laplace transforms of the H2 and H202 yields are 
shown in Figures 7b and 8b, respectively. There are no experi- 
mental data with which to compare. The model of Burns30 re- 
produces the yields of both products well. The Trumbore mod- 
e133-35 does not reproduce the expected short time yields of HI, 
and it is completely wrong in the case of Hz02. The Trumbore 
model was designed to reproduce the time dependence mea- 
surements which, as stated above, give yields of the O H  radical 
that are considerably greater than expected from scavenger studies. 
As the model allows more O H  radicals to escape the track, this 
means that less H 2 0 2  is produced. As shown in Figure 8, the 
Trumbore model considerably underestimates the yield H202. 
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Material balance of the oxidizing species, therefore, also suggests 
that the yield of OH radicals a t  0.2 ns is not 5.9 molecules/lOO 
eV but a value somewhat lower. 

NO kinetic modeling of the radiolysis of water can be expected 
to be completely correct using a single, typical spur. The effects 
of entities such as blobs and short tracks62 on the chemistry can 
be considerable. The inclusion of different track entities in 
modeling is usually called linear energy transfer (LET) effects, 
and these types of calculations have been p e r f ~ r m e d ; ~ ~ * ~  however, 
it is much more common to use an average spur in modeling 
calculations. The determination of the parameters of such a spur 
was attempted. Initial yields for ea<, OH, H2, and H202 were 
taken from the parametric fit of the scavenger data of Figures 
5-8, as given in Table IV. Because of the scatter of the exper- 
imental data, there are some uncertainties in the initial yields, 
especially for ea; and OH radicals. Scavenger studies and direct 
observation experiments seem to agree that the initial yield of ew- 
is about 4.8 molecules/lOO eV, and this value was used here. 
Given the available experimental data it was thought that the 
initial yield of OH radicals is too uncertain, and so material 
balance was used to give more confidence to its value. As discussed 
above, the initial yields of H2 and H202 are taken to be 0.15 and 
0.0 molecule/l00 eV. The last species for which the initial yields 
must be determined is the H atom. 

Most studies on the yields of H atoms in the radiolysis of water 
determine the sum of the reducing species. There are only a few 
studies that attempted to determine the yield of H atoms as a 
function of scavenger Measurement of the 
H atom yield is quite complicated because of the many competing 
reactions. During the lifetime of the spur H atoms are both formed 
and lost by reaction. No experimental study has been able to 
determine its initial yield. For modeling purposes, the initial yields 
of eaq-, H2, and H202 were held constant as the O H  radical and 
H atom yields were varied while maintaining material balance. 
The experimental data for OH radicals shown in Figure 6 give 
some bounds on the range of possible OH radical yields. 

The diffusion-kinetic model requires the initial yields of radicals 
and molecules, their initial radii, and the average energy per spur. 
It was assumed here that the energy of a “typical” spur is 62.5 
eV, similar to the other kinetic models.30-33-35 This value is not 
the average energy deposited per energy loss event along an 
electron track, which is about 40 The use of a spur with 
a slightly higher energy content is a crude attempt to compensate 
for LET effects. The effect of energy content of the spurs on 
product yields will be discussed below. 

The initial radii of the species and initial yields of OH and H 
atom were varied in a systematic manner until the calculated yields 
of eaq- and OH radicals a t  long times gave the best agreement 
with experiments. The final parameters thus obtained are given 
in Table 111, and the kinetic calculations using these parameters 
are shown as solid lines in Figures 5-8. It can be seen that the 
model reproduces well the yields of ea( and OH radicals as de- 
termined by using scavenging experiments. The results of the 
model do not agree as well with the molecular yields. Molecular 
yields are much more sensitive to stochastic effects3’ It is probably 
impossible to get a better representation of the experimental data 
using a simplistic spur and a deterministic model. 

The modeling of H atom experimental studies with scavengers 
is shown in Figure 9. The chemistry of the H atom is quite 
complicated, and each experimental study has to be modeled 
separately. Figure 9 shows the results of three such scavenger 
studies, and it can be seen that the agreement is reasonably good. 

(62) Mozumder, A.; Magee, J. L. Rodiot. Res. 1966, 28, 203. 
(63) Magee, J. L.; Chatterjee, A. Rodiot. Phys. Chem. 1980, 15, 125. 
(64) Short, D. R.; Trumbore, C. N.; Olson, J. H. J .  Phys. Chem. 1981, 

85, 2328. 
(65) Appleby, A. In The Chemistry of Ionization ond Excitotion; Johnson. 

G. R. A., Scholes, G., Eds.; Taylor and Francis, Ltd.: London, 1967; p 269. 
(66) Scholes. G.; Simic, M. J .  Phys. Chem. 1964.68, 1738. 
(67) Chouraqui, M.; Sutton, H. C. J. Trow. Forodoy Soc. 1966,62,2111, 
(68) Pimblott, S. M.; Laverne, J. A.; Mozumder, A.; Green, N. J. B.  J .  

Phys. Chem. 1990, 94,488. 
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Figure 9. H atom yields (molecules/l00 eV) as determined by the 
change in the yields of molecular hydrogen with the scavengers (A) 
hydroxide; (0) phosphate, ref 65; and (*) nitrate, ref 67. The actual 
scavenger concentrations are plotted. The open symbols are the results 
of the diffusion-kinetic model, and they are connected with straight lines 
to aid the eye. 
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Figure 10. Dependence of the yield of e,q- (molecules/l00 eV) on the 
energy content of the spur as a function of relative scavenger concen- 
tration (a) and as a function of time in pure water (b). The dashed lines 
show the calculated variation in yields for spurs of 20, 40, 62.5, 80, and 
100 eV. The solid points and lines are the same as described in Figure 
5. 

Many of the experimental studies used ionic scavengers for the 
e,- for which rate constants are not well known. In addition, a t  
high OH- concentrations, the chemistry is no longer represented 
by the reaction scheme used in this study. The most confidence 
in the model is in the long time, small scavenger concentration, 
limit where it reproduces the experimental studies well. It was 
found that the initial yield of H atoms needed to be of the order 
of 0.42 molecule/l00 eV. This result suggests a value of 5.5 
molecules/l00 eV for the initial yield of OH radicals. As shown 
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Figure 11. Dependence of the yield of OH radicals (molecules/100 eV) 
on the energy content of the spur as a function of relative scavenger 
concentration (a) and as a function of time in pure water (b). The dashed 
lines show the calculated variation in yields for spurs of 20,40,62.5, 80, 
and 100 eV. The solid points and lines are the same as described in 
Figure 6. 

TABLE V Energy Depeodence of Spurs 
energy / energy / 

energy, radius%-, radiubH, (radm?%-)' ( r a d ~ u k ~ ) ~  
eV nm nm (relative) (relative) 
20.0 0.75 0.28 9.2 9.0 
40.0 1.48 0.56 2.4 2.2 
62.5 2.30 0.85 1 .o 1 .o 
80.0 2.92 1.10 0.63 0.59 

100.0 3.63 1.37 0.41 0.38 

in Table 111, these yields are somewhat lower than commonly used 
in kinetic modeling studies of water. 

The kinetic model calculations assumed a spur of 62.5 eV. It 
is possible to obtain similar long time yields by use of different 
spur energies and initial radii. A series of calculations were 
performed for spurs of 20,40,62.5,80, and 100 eV in which the 
radii were varied so as to optimize the agreement between the 
calculated and observed ea - and OH radical yields. The results 
are shown in Figures 10 an% 11, respectively. Similar results, but 
inverted, were found for the molecular products and are not shown. 
It can be seen that there are any number of combinations of spur 
energies and radii that will give similar long time yields. The 
figures show that it is the time dependence of the radicals that 
is most affected by changing the energy of the spur. As the energy 
of the spur increases, radical recombination processes occur a t  
longer times. The radii used in these calculations are shown in 
Table V. It was found that the radii vary almost linearly with 
spur energy. The average spur energy density, assuming a ho- 
mogeneous distribution, is also shown in Table V. The lower 
energy spurs are more dense than the high energy spurs. This 
increase in density is the predominant reason for the faster re- 
combination of radicals. Similar results are expected when higher 
LET components of the electron track are included with the simple 
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spur. It can be seen from Figures 10 and 1 I ,  and similar figures 
for the molecular products, that the use of a 62.5-eV spur seems 
to give the best overall fit to the experimental data obtained with 
scavengers when a "typical" spur is modeled. It is expected that 
when LET effects are correctly included in the model the average 
spur will be closer to 40 eV as predicted by calculations of the 
energy loss of fast electrons.68 

Conclusions 
The Laplace transform technique was found to be quite sat- 

isfactory in interconverting scavenger concentration dependence 
and time dependence studies on the radical and the molecular 
product yields in the radiolysis of water. Complications due to 
multiple dissociations appear to be unimportant. New formulas 
are presented which when properly parametrized to the experi- 
mental data on the scavenger concentration studies give time 
dependences accurate to within a few percent. The parameters 
for ea<, OH, H2, and H202 were determined from existing ex- 
perimental studies. These parameters can be used as guides in 
further modeling efforts. They can also be used to predict the 

kinetics for scavengers other than the ones modeled here if the 
appropriate rate constants are known. For most simple aqueous 
systems, the use of the Laplace formalism should give as good 
results as complicated diffusion-kinetic models. Of course, dif- 
fusion-kinetic models give greater insight into the radiation 
chemistry and the reaction mechanisms in particular. Further 
experimental effort in both scavenger concentration studies and 
time-dependent studies of the radical and the molecular products 
of the radiolysis of water are needed. It is clear that there is still 
considerable uncertainty in the yields and kinetics for this medium 
of crucial importance in radiation chemistry and biology. 

Acknowledgment. We thank Professor R. H. Schuler for his 
helpful discussions and Dr. N .  J. B. Green for performing the 
inverse Laplace transformation of eq 6. The research described 
herein was supported by the Office of Basic Energy Sciences of 
the Department of Energy. This is Contribution No. NDRL-3307 
from the Notre Dame Radiation Laboratory. 

Registry No. HzO, 7732-18-5; CH,CI, 74-87-3; HCOOH, 64-1 8-6; 
OH, 3352-57-6; H2, 1333-74-0; H202, 7722-84-1; H, 12385-13-6. 

Low-Temperature Photochemistry and Spectroscopy of the Photoadducts of Tetracene 
wlth Anthracene and wlth SBromoanthracene 

Mark A. Iannonet and Gary W. Scott* 

Department of Chemistry, Uniuersity of California, Riverside, Riuerside, California 92521 
(Receiued: August 13, 1990; In Final Form: October 19, 1990) 

The low-temperature photochemistry and spectroscopy of the photoadduct of anthracene and tetracene (AT) and the photoadduct 
of 9-bromoanthracene and tetracene (BrAT) are reported. Included are the fluorescence and phosphorescence spectra and 
the associated excited-state lifetimes of these molecules. Heavy-atom effects due to the bromine substitution in BrAT are 
apparent in these results. The low-temperature photochemical decomposition mechanism for both molecules is investigated 
by photochemical hole burning (PHB) as well as emission spectroscopy. Satellite holes in the PHB spectra of AT give excited-state 
vibronic level energies. The predominant low-temperature photochemical decomposition mechanism occurs following absorption 
of a photon by the excited triplet state. These conclusions are supported by experiments in which both fluorescence and 
phosphorescence intensities are observed under conditions of one- and two-color excitation. Action spectra for two-color 
PHB are similar to triplet-triplet absorption spectra, also supporting this conclusion. Finally, a quantitative model of PHB 
hole depth vs burn intensity supports the triplet-triplet absorption photochemical decomposition mechanism. 

1. Introduction 
Over the past few years we have been studying the low-tem- 

perature spectroscopy of a series of polyacene photoadducts. Our 
studies include work on dianthracene' (A2), the anthracene- 
tetracene photoadduct2+ (AT), ditetracene?s and dipenta~ene.~ 
One of the principal techniques used in these investigations was 
photochemical hole burning (PHB).2.4 In the present paper we 
discuss further the low-temperature spectroscopy and photo- 
chemistry of AT as well as new results on the photoadduct of 
9-bromoanthracene with tetracene (BrAT). 

The photochemistry and photophysics of A2, bis(9-methyl- 
anthracene), and AT have been investigated by Yamamoto and 
Grellmann."8 The photochemical and photophysical schemes 
deduced in these cases involve excited singlet and triplet states 
of the photoadduct as well as  those of the product excimer or 
exciplex. These authors describe three distinct decomposition 
channels: thermally activated, mainly adiabatic decomposition 
from the SI state; decomposition from an upper triplet state, T,; 
direct decomposition from an upper singlet state, S,. Specifically,%* 
for AT, molecules in the SI state can undergo decomposition over 

'Present address: Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104. 

a relatively high energy barrier. Therefore, decomposition through 
the lowest energy excited singlet state competes with fluorescence 
only at  temperatures greater than about 200 K. From higher 
singlet states, prepared by exciting from So with light of X <280 
nm, decomposition can occur directly at low temperatures without 
the intervention of a triplet state. The effect of this process is 
apparent when the fluorescence excitation and the absorption 
spectra of this molecule are compared! Photodecomposition may 
also possibly occur from the lowest energy singlet state a t  low 
temperature following an S, - SI absorption process. 

Intersystem crossing (isc) from the SI state of AT was reported 
to occur with a yield8 of 0.53 at  293 K, assuming that the 

~~~~ ~ ~ 
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