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This paper is concerned with the competition between recombination of a radical pair and radical attack on
targets such as macromolecules or nanoparticles in solution, which are large on the molecular scale. The
difference in scale between radicals and targets causes the kinetics to be transient over a long period. The
specific novel feature of the analysis is the effect of the initial spatial correlation of the radicals on the kinetics
of attack on the targets. The main results are (i) a simple modification of the Smoluchowski rate coefficient
for scavenging and (ii) the probability afultiple hits on the same target. Both effects arise from the clustering

of the radicals. The latter is of particular interest in radiation biology, because multiple hits result in complex
damage. The analysis is validated against results from random flights computer simulation; excellent agreement

is obtained.

1. Introduction they can diffuse to the DNA2 The result of such experiments

Clustering and complexity are important features of damage 1S that, in a mammalian cell, about two-thirds of the damage
caused by ionizing radiation. These features have their origin €@ be scavenged and may be inferred to arise from radical
in the physical structure of the radiation track. Most of the attack!?
energy of a high-energy electron, for example, is lost in ~ Complexindirect damage comes from multiple radical attacks
relatively small energy loss everitsproducing low-energy  in spatially correlated locations. The temporal and spatial
secondary electrons that cause further damage close to thecorrelation of the attacks arises because of the spatial correlation
location of the primary event. Each primary event results in a Of the initial locations of the radical fragments, which are born
cluster of molecular fragments, many of which are radicals. from the same primary event of the radiation track. Experiments
These clusters have a spectrum of sizes, shapes and numbei@an distinguish between single and some multiple attacks, for
of fragments, whose detailed origin and characterization is a €xample experiments on solutions of plasmid DNA, where it is
subject of continuing investigatidhln solution the radical ~ Possible to distinguish single and double strand brééks.
fragments diffuse and react with one another when they The essential problem of interest is therefore a small cluster
encounter each other in the course of their Brownian motion. of free radicals generated close to a target that is large on the

We have developed an efficient modeling method, the IRT molecular scale, such as a DNA molecule or a nanoparticle.
(independent reaction times) method, that permits the simulation The free radicals diffuse and may react with one another, they
of diffusion kinetics in the track. This technique has been may attack the target, or they may do neither and escape. The
described in detg# and has been successfully applied to the aim of this paper is to develop a theory for the diffusion kinetics
modeling of radiation chemistry in watemgnd in unravelling of a simple model system of this type. The theory must be
the short time recombination, which is mainly between frag- capable of dealing simultaneously with the transient nature of
ments in the same cluster, and longer time kinetics where clusterboth the radical recombination and the attack on the target
overlap becomes importaht. particle, and it must also be able to calculate the probability of

Several important phenomena arise when radiolytic fragmentsmultiple hits. Although there have been several attempts to
in solution attack larger entities, such as macromolecules, formulate models in the past, mainly applied to DNA, none
colloidal particle$ or surfaces$. Important consequences of fulfills all these requirements apart from direct computer
radiolytic radical attack are damage to biomolecules such assimulation of the random trajectories of the diffusing radiéat¥’
DNA,° and the radiation enhancement of corrosioH. In Milligan et al!® have measured yields of single and double
particular, it has been recognized for some time that an importantstrand breaks induced by therradiation of aqueous solutions
feature of radiation damage to DNA from a biological point of of plasmid DNA in the presence of the hydroxyl radical
view is complexity of the damage, involving more than one scavenger DMSO. The competition for OH between DNA and
damaged site in proximit}2 Some of this complex damage scavenger was analyzed by competition kinetics to infer a rate
comes from the direct effect of the radiation, in which ionization coefficient for the OH+- DNA reaction. Although the competi-
and excitation events take place within the target molecule, andtion plots with constant DMSO concentrations were essentially
some arises indirectly through the attack of free radieals straight lines, the inferred OHt DNA rate coefficient was found
predominantly the OH radicalgenerated by interaction of the  to vary strongly with the concentration of DMSO. The origin
radiation with the surrounding water. It is difficult to distinguish ~ of this variation is the transient nature of the scavenging
between these two processes, but the extent of the indirect effecteaction: the OH- DNA reaction must be described by a time-
can be estimated by the addition of scavengers such as dimethytependent rate coefficient. According to the Smoluchowski
sulfoxide (DMSO), which may intercept the OH radicals before theoryi® the second-order rate coefficient for a diffusion-

10.1021/jp056856d CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/15/2006



Scavenging and Recombination in Macromolecules J. Phys. Chem. A, Vol. 110, No. 18, 200&113

controlled reaction with a spherical target is as follows: hood of the one being considered. In addition, rather than assume
that the reaction between OH and DNA is fully diffusion
k= MaD’{ 142 } (1) controlled, Mark et al. used a radiation boundary condition. An
D't alternative method, by modifying the outer boundary condition

_ _ ) _ _ - to allow for the presence of other particles, was suggested by
wherea is the reaction radius and’ is the relative diffusion Verberne2l

coefficient of the two reacting species. The rate coefficient thus
decreases with time toward an asymptotic limit afd’. The
typical lifetime of the transient in the rate coefficient is
proportional to the square of the reaction radius a%D'. If
the target particle is much larger than the diffusing radical, as
is a DNA molecule or a nanoparticle, the transient will persist
to much longer times than for reactions between small molecules
and cannot be ignored. The dependence of the inferredtOH
DNA rate coefficient on target concentration is a consequence
of this time dependence.

Van Rijn et al*® have addressed this problem by treating DNA
molecules as spheres of radmthat react with OH radicals in
a diffusion-controlled manner. In this model, OH radicals are
generated uniformly in space with a constant productionpate
and are removed by bimolecular reaction with a scavenger

whose concentration is assumed to be homogeneous an ng. For example, Verberikused an empirical formula derived

constant, and by reactio_n with the target pa_lrticles. FoIIovying by Warman, Asmus and Schuiéfor the transient OH radical
the usual Smoluchowski approach, the motion of the radicals | ;

. . o e " yield
is considered to be diffusive and to obey a diffusion equation Thi ¢ first att t to devel istent
in a coordinate system centered on a single isolated target IS paper presents a first aftempt {0 evelop a consisten

molecule. Furthermore, the OH concentration proilebuilt ftheory that deals with both these points. A simple model is used,

up by these processes, is assumed to be stationary under stead}')g which two identical radicals are produced in close proximity

state irradiation conditions, and is governed by the diffusion one another in a sea of large s_ph_encal target particles,
equation assumed to be homogeneously distributed throughout the

solution. The radicals are given the characteristics of OH radicals
& 2de (diffusion coefficient, etc.) and the larger particles are assumed
Dy—=t Tar +p—-—oc=0 rza (2 to be spherical for simplicity. Because the diffusion coefficient
dr is inversely related to the hydrodynamic radius of the particle,
large target particles diffuse much more slowly than small
spherical targetD' is the relative diffusion coefficient of the ~'2dicals and are assumed to be stationary on the time scale of

OH radical and the target anelis the pseudo-first-order rate the recomplnatlon kinetics. . o )
constant for Scavenging (the Sca\/enging Capacity)_ With ap- The radicals may react either by recombination with one

propriate boundary conditions, the solution of eq 2 is given by another or by reacting with the target particles. No additional
scavenger has been included, and all reactions are considered

_ _a o to be diffusion controlled. Another important assumption of the
o) = Co{l r expe(r a)/L)} (3) current model is that a target particle may react with several
) ) ) radicals without change in size or reactivity. Thus, it is assumed
whereco = plo is the stationary OH bulk concentration, and  that the rate parameters for reaction between a radical and a
= vD'/o is the diffusion length, a measure of the distance target is not affected by any previous attack on the same target,
traversed by an OH radical, in the absence of DNA, before at least on the time scale of the kinetics considered.
capture by a scavenger. The reaction rate is obtained from eq 3 Although this model may seem crude, especially when applied
by means of Fick's first law, giving the following expression 1, pNA, on the time scales involved, the detailed structure of
for the rate constant, which depends on scavenger concentrationy, o target is relatively unimportant. The competition between

) the many reactive sites on the surface means that they cannot

Although these treatments have identified some of the
important problems that arise when radicals attack large targets,
the problems of most interest have not been addressed. In
particular, even though the treatment is applied under steady-
state radiolysis, the radicals are created in clusters, and so each
target may be hit by more than one radical from the same cluster.
This feature must depend strongly on the clustering of the
radicals. Because complexity of damage is of great interest in
radiation biology, it is important that theory can deal with the
possibility of multiple hits and spatial correlations; a treatment
that assumes the initial distribution of radicals to be homoge-
neous in space is unlikely to be able to do this. In previous
work the only effects of clustering considered have been
modifications of the radical yield to allow for the radical
ecombination kinetics, which is also determined by the cluster-

wherer is the radial distance from the center of the typical

% (4) be considered in isolation, and it is not wholly unreasonable to
treat the target particle as a single entity. Of course, in a study
Although this expression for the inferred rate coefficient of the accessibility and competition of different reactive sites,
represents an important improvement on Simp]e Competition a much more detailed model would be necessary. This has onIy
kinetics, the result does not take into account a number of been attempted in computer simulations so'fér.?3
effects, notably the competition with radical recombination, but ~ The recombination between the radicals and the attack on
also the competition of other target particles that may be in the the target particles are both assumed to be diffusion controlled.
vicinity. The use of Smoluchowski theory assumes that the This assumption is also less crude than it may seem. The OH
targets are far enough apart (i.e., their concentration is suf-+ OH reaction is known to be close to diffusion control at
ficiently low) that the radical concentration profile around any ambient temperaturé$and OH reactions with stable molecules
one target is not perturbed by the presence of a neighboringare often fast. The closeness of a reaction to diffusion control
target. may be measured by the dimensionless parameter, where
Mark et al?° addressed the problem of competition between D' is the relative diffusion coefficiens the encounter distance
targets by adding an extra term to eq 2, representing the rate aand v is a parameter with the dimensions of velocity that
which radicals are consumed by other targets in the neighbor-measures the reactivity of the surface. For molecules with similar

Konn = 47aD (L +
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reactivitiesv, the larger the encounter distance the closer the lated. The statistical significance of the result depends on the
reaction is to diffusion control, because when the target is large, number of realizations.
successive re-encounters are much more likely within the time  For the current application, a number of target particles are
scale of the transient than for a small target where the radical positioned at random in a cubic cell of edge®Ifim. Two
is more likely to escape. Because each encounter is equally likelyradicals are located at the center of the cell a few angstroms
to lead to reaction, escape following an encounter is much lessapart. The radical trajectories were followed, as outlined above,
likely for a large target than for a small one. using a diffusion coefficient of 2.8« 10° m? s (a value
Section 3 presents a highly simplified model of the kinetics appropriate for OH). The target particles were assumed to be
of the model system based on the time-dependent geminatemuch larger than the radicals, and consequently their diffusion
survival probability and a competing transient reaction with coefficients were so much smaller that they were assumed to
target particles. This model uses normal homogeneous kineticsremain stationary. An encounter between two radicals was
for the reactions with the target molecules. Both radical decay assumed to occur at a distance of 0.13 nm. The encounter
and the decay of unattacked target particles are compared withdistance between a radical and a target was set at 50 nm.
the results from random flights (Brownian dynamics) simula-  The values chosen for the above parameters were based on
tions. This oversimplified kinetic model fails because it cannot the experiment of Milligart? in which the kinetics of the
deal with the problem of multiple hits, motivating a more reaction between the OH radical and pUC18 plasmid DNA
detailed analysis of the radical attack. (2686 base pairs) was investigated. The cubic cell size was
In sectio 4 a new theory is formulated that takes into account chosen so that over the lifetime of the simulation (i) the
the correlation between the initial location of the radicals in root-mean-square distance traversed by the raciéDf) was
modeling the radical attack on a target particle. In this section significantly less than the distance to the cell boundary. This
the radical attack on the target is considered in isolation; i.e., means that it is unlikely in any given realization that the radical
the radicals are clustered but are not permitted to recombinewould pass through the cell wall. However, a periodic boundary
with one another. The mathematical formulation is based on condition was also applied to account for the rare occasions
the IRT method, which is exact for this model system. Even in when a radical does diffuse out of the cube.
the absence of the competing recombination reaction the spatial
correlation is found to have an important effect on the kinetics 3. Homogeneous Theory

of radical attack. . . . . This section outlines an attempt to apply “normal” diffusion
In section 5 the reaction scheme is extended to include radical jnetics to this system, using the Smoluchowski time-dependent

recombination. The IRT method is an approximation for this rate coefficient for the reactions of radicals with target particles,

system, but it does permit the analysis of the effect of correlation 5 g time-dependent rate coefficient for recombination derived

between the initial locations of the radicals. The results are from the survival probability of a radical pair in the absence of
compared with Monte Carlo random flights simulations and the competition. In the case of a single radical pair the time-

agreement is found to be excellent, indicating that the multiple gependent geminate survival probabil@(t) is well-known;
hit problem can be treated adequately in terms of correlations however, for larger clusters it is envisaged that a simulated decay

in the initial distribution of particles. might be used, or alternatively the radical decay could be
) ) ) described by an approximate parametric form, such as that of
2. Random Flights Simulation HummeP®3° and Warman et & for track kinetics.

The approximations in the main part of this paper are assessed | "€ radical recombination rate in the absence of traps is
by comparison with Monte Carlo random flights simulations described using a time-dependent rate coefficient
of the trajectories of the diffusing particles. These simulations
provide a method of solving the multibody diffusion problem At) = — d(in Q()
to any required degree of accuracy by judicious choice of time dt
steps and number of realizations. Considerable efforts have been
made to develop this type of simulation, with particular reference Equivalently, the concentration of surviving radicals [R] obeys
to boundary behavior, which have been discussed else#héte.  the transient rate equation
Thus only a brief discussion is given here together with any
alterations to the general method relevant to the application. @ - _

) o om e P = —AM[R] (6)

In the simulation, time is discretized in such a way that small d
steps are taken if the particles are close together but larger steps
may be taken if there is little chance of an encounter. At each showing thafi(t) is effectively a time-dependent rate coefficient
time step,0t, a particle takes a random flight sampled from a for the recombination of radicals in the absence of additional
spherical normal distribution with mean zero and variarigét2 scavenger.
in each direction. Suitable modifications may be made to allow A simple description of the competition kinetics is sum-
for interparticle forces if necessary. If two particles encounter Marized in the following scheme.
each other duringdt, a reaction is counted. An encounter is

(%)

determined in two ways: either the two particles are found to R+R By RR @)
be within the encounter distance of each other at the end of the
time step, in which case an encounter must have occurred, or R+D—E 8)

the survival probability is calculated for each pair of particles ol

conditional on their relative separations at the start and end of
the time ste’ The simulation continues until all reactions have

taken place or until a given cutoff time has elapsed. The whole
process is repeated many times (at least tgpically 1) In this scheme D represents target particles that have not yet
allowing time-dependent reaction probabilities to be accumu- been hit by a radical, and E represents target particles that have

R+E )

ko(t)
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Figure 1. Normal kinetics applied to two radicals in a sea of scavengers
compared with random flights simulation. Recombination of radicals
is explicitly excluded. The following parameters were applied: radical
separation, 5 A; scavenger concentration; 2@ 3, radical diffusion
coefficient, 0.28 & ps%; radical-target encounter distance, 500 A.
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Figure 2. Normal kinetics applied to two radicals in a sea of scavengers

compared with random flights simulation. Recombination of radicals
is included. Refer to Figure 1 for parameter values.

T
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These results immediately bring out an important defect in

been hit by one or more radicals. The same rate coefficient is this kinetic model. Figure 1 shows that in this model the number

used for both.

of targets reacted is essentially the same as the number of

For convenience the concentrations are denoted as follows:radicals scavenged. If the radicals start close to one another,

[R] = x, [D] =vy. [E] = yo — V. The rate coefficienkp is

the number of targets that have reacted should be less than the

assumed to be the Smoluchowski time-dependent rate coefficienthumber of radicattarget reactions because of the possibility

for reaction between a radical and a tarffegiven bykp = k(1
+ y/x/i), where the steady-state rate constaist4raD’, andy
= alvaD', a being the reaction radius ard' the relative
diffusion coefficient.

It follows from the kinetic scheme that the radical concentra-
tion obeys the rate equation

& —ix =y — kX~ Y) = X2+ koy) (10)

which has the solution

X= xoe‘f Mg oyt — x Q(t) exp[-ygk(t + 2yv1)]  (11)

and can be evaluated explicitly.
The rate equation for the concentration of virgin target
particles is

(;—)t/ = —kpxy= —k(l + %)xy (12)
The formal solution of eq 12 is
y() = y(to) exp[— ft:k(l + f;_f)x dt] (13)

This integral may be obtained numerically becax(§gis known
from eq 11.

The analysis described here was evaluated for an initial
concentration of target particles of 0.166nol dnr3. For
plasmid pUC18 DNA, this corresponds to a nucleotide con-
centration of approximately 0.9 mmol dif; which is within
the experimentally accessible rarideln the first runs the

radical-radical encounter distance was set to zero so that the
only permitted reaction for the radicals was attack of the targets.

Figure 1 shows the time variation of the expectation number of

that both radicals may have hit the same target. For comparison,
the results generated by the random flights simulation method
described in section 2 are also shown. The interesting point to
note is that, although the number of radietdrget reactions
predicted by normal kinetics agrees well at all times with the
simulation, the analysis seems to overestimate the number of
targets that have reacted.

The essential problem with this simple kinetics scheme is
that the treatment of scavenging is unable to account for effects
arising from the correlation of the radical positions, notably the
possibility of multiple hits on the same particle. On the other
hand, the simulation explicity models the positions and
trajectories of the diffusing radicals, so that if a pair is generated
close to a target there is a significant probability that both
radicals will react with it. In such cases, the number of targets
that have reacted will be smaller than the number of radical
reactions. In the simple kinetic model of this section the radical
target distances are implicitly assumed to be independent, and
therefore the probability of the two radicals hitting the same
target in an infinite sea of targets is effectively zero.

In a second set of tests, recombination of radicals was
permitted to occur in competition with scavenging. The results
are shown in Figure 2 together with those from the computer
simulation. Once again, and for the same reasons, the formula-
tion correctly predicts the time variation of the number of radical
reactions while overestimating the number of targets that have
reacted.

In sections 4 and 5, a new formulation is developed to
describe the time variation of the number of radical reactions
as well as the number of targets that have reacted for both the
case in which recombination is not allowed (section 4) and that
in which it is allowed (section 4). These will also be compared
with the simulation results.

4. Two Radical Analysis without Recombination

4.1. Number of Radicals ReactedThis section introduces

radical reactions and the expectation number of targets that havean idealized model of the scavenging rate for a pair of identical

reacted, normalized for a radical pair.

radicals that recognizes the correlation between the initial
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205 symbol P represents the probability of some event, and the
symbol P is a probability density.

In spherical polar coordinates the functiQft, u) has the
explicit form (using the known solution for the geminate survival
probability in three dimensiongy:34

Qlty) =

—radicals reacted - new model _ _
1.0 4 --ta(ﬁf: rf:xd—_nﬂn?n‘??ll %TLRrZ(l _ §- erf(}[ r a )(1 _ Q- el’fc[ r a ) dr (14)
08 ——targets reacted - simulation r Vv 4D't r v4D'u

= where the variable of integratianis the radical-target separa-

tion, V is the volume of the sphera,is the reaction radius for
reaction between radical and target abd is the relative
diffusion coefficient. The radicals are assumed to diffuse
D — T e S O . indep_end_ently of one _another_. If f[he target is station_ary, this
Kl equation is exact W!thm the c_zhffpsmn equation f_ormallsr_n.
_ _ _ _ If Vis very large, it is permissible to take the linitt— o in
Figure 3. New model applied to two radicals in a sea of scavengers )| terms of the integral except for the constant term in the
fsognxpc?l:zgdv_\"g'e;:p?g rgi éll'ﬁgti ?(')T;g;%"egresgmggat'on of radicals integrand. This is possible becau;e of th_e asymptotic properties
of the complementary error function, which guarantee that the
20+ - error is exponentially small. The explicit solution of eq 14 is
/ then

04d [

024

~——— radicals reacted - new model
——targets reacted - new moded

— radicals reacted - simulati _-. 3 U 2 !
_:lg'z:s rsacted—sTrr?::aﬁo?:n Qtu)=1— 4;1'\?. . 47I\3/.D (t+u)— 87\17/6, D (::‘U)

(15)

The most important new feature of the formulation is already
present in this equation fd@: the two reaction times are not
independent; they are correlated with one another. This cor-
relation must now be carried through to a system with an
arbitrary number of scavengers using the IRT approximation.
If there areN scavengers in the sphere, independently and
identically distributed (i.e., each scavenger is assumed to have
- e a constant probability density in the sphere and the position of
e Y Ry ¥ v a scavenger is assumed to be unaffected by the positions of
any others), then the probability of radical 1 surviving to time

Figure 4. New model applied to two radicals in a sea of scavengers t anq radical 2 surviving to tima (ignoring recombination) is
compared with random flights simulation. Recombination of radicals QtU)N, i.e

is included. Refer to Figure 1 for parameter values.

fime / ps

positions of the radicals. Additional complications that arise P(T,>t,T,>ulN) = Q(t,u)" (16)

from the competition with recombination are initially removed;

these will be considered in the next section. One additional The interpretation of this equation is that for radical 1 to survive
simplification is made, that the radicals are the same distancet0 timetand radical 2 to timei the inequality defining? must

from each spherical target. This simplification is obviously e obeyed separately for each of tetargets. Note that the
limiting but may be justified because the typical initial radical ~ Par of correlated distances betw_een t.he two radicals and each
radical distance will generally be much smaller than the distance trget have been assumed to be identical; however, because the
to the center of the target. In addition, the simulations can be f&rgets have been assumed to be stationary, this is the only
used to test the approximation and indicate that reactions with 2dditional approximation at this point. It is important to realize
the target particles are insensitive to the initial radicaldical that although the two reaction times with a given target are not
distance, as long as the radicals are close to one another. Thd'dependent, the pair of reaction times with one target are
results are be shown later in Figures 3 and 4. This assumptionassumed to be independent O.f the pair of reaction times with
renders the mathematics of the model and its results much®"Y Oth‘?r tafge.t' ar_ld each pair of reacno_n t|me§ h"?‘s the same
simpler. A fuller analysis, in which this approximation is lifted, probability distribution because of the uniform distribution of

. ) targets.
will be presented in a subsequent paper. To introduce the concentration of targets, it is supposed that

~ We start by considering a system that consists of two radicals the number of targets in the sphere is Poisson distributed with
initially located at points equidistant from the center of a sphere eancv wherec is the target concentration. This assumption
of radiusR in which is placed a single target molecule at a s good for dilute solutions. Hence

random position, sampled from a uniform distribution within

the sphere. The possibility of radical recombination is ignored © (c N

and the variable$; andT; are defined to be the times at which P(T,>tT,>u) = Nzo_e*cVQ(t,u)N = g M) (17)
radical 1 and radical 2 react with the target particle, respectively. = N!

The joint probability distribution function for these two random

times is denote®(t,u) = P(T1>t,T>>u). In the following the It is now convenient to change the notation, by defining
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v(t+u) = V(1 — Q(t,u)) =

gna3 + 4zaD' (t+u) + 8a/7D'(t+u) (18)
and noting that/(t+u) has the dimensions of volume and is
a function of one time variabld, + u. Equation 17 now be-
comes

P(T,>tT,>u) = e @tV (19)

We now consider the number of radicals remaining as a function

of time. For both radicals to survive to tintean event whose
probability is denotedP,, it is necessary that bofh, > t and
T, > t. Hence

p,=¢ @@ (20)
For one radical only to remain, probabiliBs, we require either
Ty <t T, >torTy >t T, <t By symmetry, these events

have equal probabilities. They may be found by considering

the density ofT; joint with the probability thafl, > u, denoted
loosely

P(T,=t,T,>U) = — e e+

at
— C@efcv(ﬁru) (21)
at
Integrating overt we obtain
P(T1<t,T2>U) = - ()t%e_cv(t’+u) dt’
— aC(u) _ e—Cy(t+u) (22)
Hence, substituting = t,

P(T,<tT,>t) = *0 — @@ (23)

by symmetry the probabiliti?(T;>1t,T,<t) has the same value,
hence,
Pl — 2(e*Cz/(t) _ e*CU(ZI)) (24)

For no radicals to remain, probabilifyo, it is necessary that
bothT; < tandT, < t. First consider the density thdp = u
joint with the probability thall; < t, obtained by differentiation
of eq 22

P(T,<t,T,=u) = — a%(e‘C“W —e @ty (25)
integrating over, and settingu = t,
P(Tl<t,T2<U) — efcz/(O) _ efcv(t) _ efcu(u) 4 efcv(t-#u) (26)

P(T,<tT,<t) =e ¥0 -2 0 4 =@ (27)
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been obtained by integrating over reactions that take place at
timest > 0. P must be increased by 4 e <O to allow for
this effect. Thus,

P,=1—2e 0+ @ (28)
The system of probabilities is now normalized.

4.2. Number of Radicals Remaining.The expectation

number of radicals remaining is given by

2P, + P, =2¢ *0 (29)
The expectation number of radicals that have reacted is therefore
given by 2(1— e~<®). The analytic result shown for the mean
number of radicals having reacted by titnis identical to that
obtained from the simple kinetic analysis in section 3 and is in
good agreement with the random flights simulations, as il-
lustrated in Figure 3.

4.3. Ordered Reaction Times.The exact agreement with
normal kinetics despite the correlation in the initial positions
of the two radicals is necessary because the two radicals diffuse
independently of one another. In the absence of recombination,
each radical will react with a stationary target with a rate given
by the Smoluchowski theory. Thearginaldistributions of the
two radicat-target reaction times are therefore the same as given
in section 3. However, the two reaction times in the new
formulation are not independent of one another, which is the
point of departure from the theory of section 3.

The lack of independence is shown clearly by considering
the ordered reaction times. The first reaction removes the sys-
tem from the state containing two radicals, and the proba-
bility distribution of the first reaction time is therefore given
by P, = exp(—cu(2t)). If the two reaction times were inde-
pendent, this would be exp@cu(t)). Comparing the two
exponents,

V(2t) = gmf + 8raD't + 8a%y/27Dt (30)
2u(t) = gna3 + 8raD't + 16a%/7Dt (31)

The first term corresponds to zero-time reaction, and it is evident
that 20(0) in the second expression is twice as large as it should
be. The assumption of independence overestimates the chance
of zero-time reaction because, even if one radical survives, it
gives the other radical a chance to react, whereas in the model
system, if one radical survives zero-time reaction the other must
do so as well.

The second term corresponds to the normal Smoluchowski
steady-state rate constant, which operates in the limit of long
times when all memory of any initial proximity to the target
has been wiped out, either by reaction or by diffusion. At long
times all memory of the initial correlation between the radicals
will be lost, and so it is not a surprise that this term is common
to the two formulations.

The third term is much more interesting, however, because

Now zero-time reactions must be considered: these occur whenthis represents the transient in the rate coefficient that arises
the two radicals are generated in a location overlapping one of rom the tendency of the radicals generated close to the target
the targets, corresponding in this simple model to the direct t0 react quickly, before the steady state is achieved. In the new
effect. Because the radicals have been assumed to be equidistafermulation this term is a factor of/2 smaller than Smolu-
from each target at time zero, either both react or none reacts.chowski, suggesting that the effect of the correlation in initial
The expression foP, (P,(0) = e /() automatically includes positions is to reduce the transient term in the Smoluchowski

this effect, but it has not yet been includedRg, which has rate coefficient for the first reaction by afactordﬁ; i.e., the
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rate coefficient for the first reaction should be © 02 (WM
9 Q N—1pjo—CV
psamtgtiu) = ’Z\%(tru)Q(tuu) Ne NI
Kooy = 4naD'(1 +—2 ) (32) - '
27D't 7Q V(1
= c\Vo<(t,u)e V9
. i . . otou*”’

The result of eq 30 is particularly interesting for a number of
reasons. A similar result, which arises simply from the small- _ —cﬁefc”(m’) (34)
number statistical weighting, was reported some time ago for otou

steady-state scavengifjThis paper shows that the useug2t) ) ) o

also applies when the scavenging rate coefficient is time- In the_ first eqyahty of eq 34, the_ sec_ond de_nvatlvg represents
dependent, giving the reduction in the transient term observedthe joint density of the two reaction times with a given target.
in eq 32. In addition, the rate coefficient for the first scavenging 1he factorQ"™* represents the probability that no other target
also controls the total scavenging yield in this simple system, 1S hit by radical 1 beforé or by radical 2 beforei. The factor

because once one radical has been scavenged, the only possibf_%f Nis the number of ways of choosing one target friimThe
fate for the other radical is also to be scavenged. final term is the Poisson probability for the number of targets

The first radical-target reaction is slower than predicted b in the volume.
Smoluchowski theo gecause if one radical is initilztll far fromy The joint probability density that radical 1 reacts at time
ry . Y and radical 2 at time with a differenttarget is given by
the nearest target, the other radical must also be, whereas the

assumption of independence essentially gives it a second chancgdiﬁ(t,u) =

to be close to a target. This is a more subtle version of the effect . N
already remarked for the zero time reaction. (Conversely, if one @a ) g(tt ) (t u)N_Z N(N—l)e_cv(c
radical is close to the nearest target, the other is too; however, %ml 1 |t1=t a, i) |t2=u Q(t, _N

the probability distribution for the nearest radictdrget distance
varies ag? so that the correlation in large separations is more
important.)

Given that the first reaction is slower than that predicted on 200 IV coftu)
the assumption of independence, but that the radical decay is =cC a%e (35)
identical, the second radicalarget reaction must be faster than
predicted by Smoluchowski theory. This is indeed the case, andin the first equality of eq 34, the first factor is the probability
the difference arises because if the first reaction takes place indensity for radical 1 to react with a particular target at time
the transient, the second radical will still be nearby (on the scale joint with radical 2 not hitting this target before time The
of the target). The second radical is then much more likely to second factor is a similar density for radical 2 to hit a different
react with the same target as the first radical than would target. The third factor is the probability that the remainhhg
be expected if the two reaction times were independent, and— 2 targets are not hit by radical 1 beforer by radical 2
this will take place faster than diffusion to a second possible beforeu. The factor ofN(N — 1) is the number of ways of
target. The theory must therefore be capable of distinguishing choosing the two targets to be hit, and the final term is the
a second reaction with the same target from a reaction with a Poisson distribution, as before.
different target. In other words, once both radicals have reacted, We are now in a position to calculate the probabilities of
have they both reacted with the same target or with different hitting the same target twice and different targets by ttme
targets? This question does not arise with normal scavenging, 5
because reaction gener_all_y mod_lfles the scavenger so that it is P =1— e c0) _ ft ' M e et G du (36)
no longer reactive, but it is an important problem for targets 0J07gt'u
such as DNA, where complexity of damage needs to be modeled
correctly. Pr(t) = j: Otcza—’f a—Uefc”(H”) dt' du (37)
4.4. Number of Targets Hit. The number of targets that have ot du
reacted is not the same as the number of radicals that haVeThe expression given in eq 36 includes the poss|b|||ty of zero-
reacted because sometimes both radicals hit the same target. lime reaction.
is therefore necessary to find the probabilities of hitting the same  Although the sum of these two terms is given by eq 28, the
target and different targets separately. two terms separately must be found by numerical integration.
The joint density ofT; and T is It is not necessary, however, to perform the whole two-
dimensional integral numerically. In both cases the integrand
8_2 Ceuth) & i)y 20000 —cuiry) is a.fun.ction of the single variabte+ u. Hence it is necessary
ataue = Cataue + 3tou to find integrals of the general form

(33) o
Jo Jof (t+u) dt du (38)

wherev is a function oft + u. The concentration dependence
of the two terms in this equation suggests that the first term With the change of variablg = t' + u, integrals of the form
corresponds to the reaction of both radicals with the same shown in eq 38 are easily transformed to single integrals of the
scavenger, whereas the second term corresponds to reaction witform
different scavengers. o o

This claim may be justified as follows. The joint probability ﬁ) xf (X) dx — Zﬁ (x — t)f (x) dx (39)
density that radical 1 reacts at timmend radical 2 at time
with the sametarget is given by which are more efficient to evaluate numerically.

= 202t ue O

p(t,u) =
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The long time limits of these probabilities, however, may be P, = 2P(T,<t,T,>t,Tz>T,) (44)
found analytically to be
First consider the more general function of three variables

P =1— —4Amadc/3 + e—4zza3cl3 4cad erf /4 3 40 )
samd®) e e rfic(v4ca’) (40) P(T>t,T,> U To>9) = CU(t+u)Q(S) (45)

Pt () = g A _ g araelRgled ot /aca’)  (41) Differentiating with respect td gives a density foil; jointly
with the distributions ofT> and Tg.
The expectation number of targets that have reacted at time
tis given byP; + Psame+ 2Pgir. Figure 3 shows a comparison P(T,=tT,>uTg>s) = — Qe—w(tW)Q(S)
between the time dependence of the predicted number of targets at
that have reacted and the number observed in the simulation. o, —cu(t+u
The two plots are in very good agreement, implying that the =cv(t+ue ( )Q(S) (46)
new theory has correctly identified the most important correla- where the prime denotes differentiation with respect to the
tion missing from the simple kinetic description of this model  argument. Demanding that no recombination occur before the

system. ) ) o _ scavenging time (i.e., settirg= t) and integrating from 0 to
In the next section, this analysis is repeated with the more the current time,

realistic stipulation that recombination of radicals is allowed.
— (i —cu(t+u) N A

5. Two Radical Analysis with Recombination PTi<tT>uTe>T)) L/;CU (t+u) Q) dr (47)
The situation where radical scavenging by targets competesFinally setu = t to obtain

with radical recombination is more complicated, because it is

necessary to start with the joint probability distribution of the P;(t) = 2P(T,<t,T,>t,Tg>T,) =

recombination time and the two times at which each target t C(tH) (~ fary et

would have been hit by the two diffusing radicals. This joint ZLC” (t+ne Q(t) ar (48)

distribution must be constructed from the IRT approximation,

in which the recombination time is assumed to be independent _ NOW considerPo, the probability that no radicals remain.
of the scavenging times and depends only on the initial Either the radicals have recombined or they have both reacted

separation of the two radicals. As in the last section, the with targets, and in the latter case they may have reacted with

scavenging is treated as if the two radicals were equidistant fromthe same target or with different targets.
each target. _ . .

5.1. Number of Radicals ReactedAs before, the expected Po = P(Te=tmin(Ty,T5)>Tg) + P(Ty, T,<t,Te>min(T,,T;))
number of radicals remaining as a function of time is determined (49)
from the probabilities of all the possible states of the system.

The probability of both radicals remaining is given by Denoting the density of the recombination time by

P,(t) = e *®Q(t) (42) o =— %Q(t) (50)

The first term in eq 42 represents the probability of both radicals the first term in eq 49 is
surviving reaction with the targets, whereas the second term, ) t 29
Q(t), is the probability that the radicals have survived recom- P(Te<tmin(T, T,)>Tg) = [Jw(s)e ds  (51)
bination.
Equation 42 makes the assumption that the recombinationand the second term is
time is independent of the time for reaction of each radical with i
a target. This is not actually the case. However, as discussed”(T1: T2 <t.Te>min(T;,T,)) =
earlier, previous worke?$%3"have shown that errors made by tet 8 ottty
this assumption of independent reaction times leads to insig- Zﬁ) oﬁe Q(tp) dt, dt; (52)
nificant errors in the overall kinetics of the system, and this e

will be verified by simulation later in this section (Figure 4).  jn which it has been assumed ti&t < T; and the factor of 2
We now consideP,, the probability that only one radical  gccommodates the ca3e > T.

remains. Such a state can only be produced by reaction with & The second term may be simplified by changing the order of
target because recombination necessarily removes both radicalsptegration:

With the random time for recombinatiofk and the times for

the two radicals to react with targets and T,, respectively, _ ot — (29 t td 0 —cotyt+t

the required probability is for the event that one and only one Po= j;a)(s)e * ds+ ZJ:)Q(tZ)ﬁza_tl a_tze e dt, dt,

of the two radicals has been scavenged. This event requires one (53)

of the two scavenging times to be less thathe other to be
greater tharh and the recombination time to be greater than the
time at which the first scavenging occurred. P, =

which simplifies further to

P,(t) = P(T,<tT,>t,T.>T,) + P(T,>t,T,<tTe>T,) (43) -2 fo‘g(tz)cz/(t+t2)e*°“<t“ﬂ dt, + e O — Q(t)e @ (54)

By symmetry, the two terms on the right-hand side are equal, This expression foPy has been obtained by integrating over
hence the densities of the scavenging time, which do not include the
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point at zero. Thus it is necessary to add the probability that eq 32, which is very similar to the Smoluchowski theory except

the two radicals are scavenged at zero time, i.es & (), that the transient part of the rate coefficient has been reduced
Thus by a factor ofv/2 by the correlation between the two radical-

. target distances. The same rate coefficient applies whether there
Po=1-Q()e “® — 2 [ Q(t,)cr/ (t+t)e D dt, (55) is geminate recombination or not. The second radical attack

cannot be described by a time-dependent rate coefficient, partly
Having obtained expressions B, P, andP,, the expectation because its rate depends on when the first attack took place,
number of radicals that have reacted by titvis evaluated as  but the theory gives a solution for the kinetics of the second
2P, + Ps1. The time-dependence of this expectation is shown in attack that can be evaluated by a simple numerical integration.
Figure 4 together with the corresponding simulation results. The At this point, we address what appears to be a major
agreement is excellent. shortcoming of the analysis: it has effectively been assumed
5.2. Number of Targets ReactedAs in the last section, the  that the radicals start from a coincident position (equidistant
probability of hitting the same target or different targets is first from each target). This has been done to simplify the analysis.
considered. Following eqs 47 and 48, Although this assumption appears extreme, it is only a potential
problem on the time scale of the geminate recombination, which
Peame= —2C j(’)‘ £lu"(tl+t Z)efcv(h“z)g(tz) dt, dt, (56) is generally faster_thalj the attack on the target. _The s_imulation
results presented in Figures-4 are for a system in which the
oot 2 —cuftitt) radicals are not coincident but are initially located a fixed
Paitt = 2C ﬁ,ﬁ, [V(ttt)]%e Q(t,) dt, dt, (57) distance apart (5 A). The initial separation of the radicals has
no significant effect on the kinetics of attack on target particles
These integrals must be evaluated numerically. However, as ings |ong as the separation is small relative to the scale of the
the last section, it is not necessary to evaluate the whole two- |argest particle.
dimensional integral numerically. Both integrals have the form  This work is a first attempt at addressing the problem of the
¢ oty kinetics of multiple hits. The system addressed in this paper,
P= j:) j; f(t+ty) Q(ty) dt, dt; (58) comprising two identical geminate radicals, is very simple. There
are not many experimental examples of such systems, although
With the substitutionx = t; + tp, it can be shown that each there are some, for example, the photolysis of hydrogen
integral is equivalent to the following pair of one-dimensional peroxide. For application in real radiation chemical systems it
integrals, which may be evaluated numerically with greater will be very important to extend this work to larger clusters.
efficiency The analysis presented here can be applied to any spur
containing two identical radicals, regardless of its other contents,
P= foaf (X) G(x/2) dx — Jt'zf (X) G(x—t) dx  (59) for example, spurs arising from the dissociation of two water
molecules, which contain two OH radicals. Before larger
numbers can be dealt with, further development is necessary.
We have already done some work to generalize the approach
to noncoincident radicals, to chemical scavengers, which are
removed by reaction (as opposed to macromolecular scavengers,
which are not), and to larger clusters of radicals. We expect to

Once the single integrals in eq 59 have been evaluated report this work in a future publication. Most spurs in low LET
numerically, the expectation number of targets that have reactedradiation chemistry are sufficiently spatially extendléuat the

at any time may be evaluated Bs+ 2Pgi + Psame Figure 4 effects described here will be rather small. However, in the

shows the time dependence of this number and its comparisontraCkS of high LET radiation, radicals are clustered more closely
and in larger numbers. We expect the correlation effects

with computer simulation. The agreement is excellent, indicating ! -
described here to be much more important for these large

that the additional assumptions that the recombination time is R : X ,

independent of the times to hit the targets, and that the plusters. There are |nd|cat|ons that scavenging yields in hgavy
scavenging is treated as if the radicals are effectively coincident 1O tracks are lower than predicted by models using conventional
at time zero, do not seriously affect the kinetics. scavenging rate coefficients, for example for the Fricke dosim-

eter?® and the correlation effects described here could be the
6. Discussion origin of these anomalies. If corrections of the type described

. . o L in this paper can be found for these larger systems, they will
The modified version of diffusion kinetics based on the IRT ;5 very useful in improving the analysis of the chemistry of

method presented in the last two sections is in good agreementygayy jon tracks.

with the results of the random flights simulations reported here.

The novel feature of the analysis is the application of the Acknowledgment. We acknowledge the financial support
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