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Time-dependent behavior of radical cation inn-dodecane in the presence of cation scavenger at high
concentration was measured by picosecond pulse radiolysis. The initial yields decreased with the increase of
scavenger concentrations ranging from 0.05 to 4 M. This reduction could not be explained by a first-order
rate constant. To solve this discrepancy, we propose an adjacent effect of solute molecules and examined it
by a statistical model and Monte Carlo simulation. The relationship with the static quenching model in the
photolysis was also discussed. The calculation results showed good agreement with the experimental data.

1. Introduction

Low LET radiation such as high energy electron beam causes
ionization and excitation in material. The ionization gives rise
to radical cations and electrons with excess energy. The electrons
with sufficient energy cause further ionization and excitation
until they lose their energies and become thermalized. In an
early stage of a physical reaction, intermediate species such as
a radical cation and a thermalized electron exist in a spur which
is produced along the trajectory of the incident and secondary
electrons. The pair of the parent radical cation and the
thermalized electron is called a geminate ion pair.

In a nonpolar liquid, most of the geminate ion pairs recombine
through the diffusion in the Coulombic field, since the Coulomb
force between the ions can reach a long distance due to the low
dielectric constant. This reaction is called a geminate ion
recombination.1 Considerable effort has been devoted to un-
derstanding this reaction both experimentally2-15 and theoreti-
cally.16-24

Stroboscopic pulse radiolysis is one of the promising methods
to measure such a fast reaction and has been developed all over
the world.25-34 Previously, the measurement of reactions that
occur within 30 ps had been difficult because of a low time
resolution for a few decades. Therefore, in the case of diffusion-
controlled reaction, the direct observation of scavenging phe-
nomena had been carried out only in dilute solutions because
these reaction are basically too fast to detect. As for a laser
flash photolysis, these reactions in the presence of high
concentration scavenger have not been reported yet due to
experimentally difficulties. On the other hand, since radiation
can ionize molecules randomly, one can perform experiments
in high concentrated solutions using the pulse radiolysis
technique. Several years ago, the time resolution of our system
was enhanced with the help of magnetic pulse compression31

and time jitter compensation techniques.32 In addition, an
effective way to improve the accuracy of the data was invented
and applied to picosecond pulse radiolyses.34 It allows us to

carry out experiments with about 10 times better S/N ratio than
the previous one.

In this paper, we focus on the scavenging reaction at high
solute concentration using the picosecond pulse radiolysis. This
reaction not only attracts scientific interest but also is important
in that there are many multicomponent industrial materials such
as resist material. This work is expected to be useful for
understanding the reaction mechanism at high concentration.

2. Experimental Section

The experiments were carried out by means of the subpico-
second pulse radiolysis system utilizing a stroboscopic method
which is called pump and probe spectroscopy in the photolysis.
A pulsed high energy electron beam from L-band linac (27
MeV)31 and fundamental oscillation of a femtosecond Ti:
sapphire laser (790 nm) were used as an irradiation source and
an analyzing light, respectively. The timing between the electron
pulse and the laser pulse was changed by an optical delay which
were placed in the optical path of the analyzing light. Even
though these pulses are synchronized via a common radio
frequency (81 MHz), a time jitter of several picoseconds still
remains. To reduce the degradation of the time resolution, a
time jitter compensation system was utilized.32 The light
detection is based on a double laser pulse technique to enhance
the S/N ratio.34

A liquid n-dodecane was used as a solvent. The use of
n-dodecane is due to the fact that the absorption peak of its
radical cation is near the fundamental oscillation of the
Ti:sapphire laser, and the absorption coefficient is larger than
othern-alkanes at this wavelength.7 Triethylamine (TEA) was
employed as a cation scavenger because it reacts with the radical
cation, and its dielectric constant (2.42) is relatively close to
the one ofn-dodecane (2.01). The samples were prepared at
TEA concentration from 0.05 to 4 M and deaerated by Ar gas
bubbling to eliminate the remaining O2 gas. The experiments
were carried out at room temperature. The time-dependent
behaviors of puren-dodecane and TEA were also measured for
the reference of the absorption intensity. Each decay includes
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about 3700 points and was smoothed by moving the average
for every 10 points.

3. Result and Discussion

The time-dependent behaviors of radical cations in pure
solvent and solute-solvent system are shown in Figure 1.
Typical decays of the geminate ion recombination in neat
n-dodecane and the one in the presence of TEA are also shown.
The initial optical densities of the radical cation were smaller
than the expected values derived from first-order kinetics,
especially at high concentrations. If the scavenging reaction by
TEA follows first-order kinetics, the initial value should be
closer to the one of the neatn-dodecane. Even if a time-
dependent rate constant19 was applied to the experimental data,
the discrepancy still remained. In a case of a low time resolution
measurement, the reduction of initial yield is observed due to
the convolution of raw data. However, the time resolution in
this paper is enough high to discuss the initial yield. As for the
contribution of excited state ofn-dodecane,7 the time profiles
monitored at 80511,28and 1300 nm,11 the latter of which is
ascribed to absorption of electron, were measured in the past
and showed good correspondence to each other. Furthermore,
since the excited state forms primarily from the geminate ion
recombination, its contribution to the initial yield is thought to
be negligible. In a polar liquid such as water, the presolvated
electron, which is a precursor of solvated electron and has a
high mobility, reacts with anion scavenger such as acetone,35-37

so the initial yield of solvated electron decreases, while the one
in a concentrated perchloric acid solution does not.38 Besides,
Czapski and Peled39 mentioned the direct formation of an
encounter pair in water with high concentrated anion scavenger.
As for a precursor of solvent radical cation,1,40 we have not
had any evidence to deny its existence. A preliminary calculation
including a contribution of high mobile precursor was carried
out and showed correspondence with the experimental data with
a parameter set regarding a precursor with a lifetime of 10 ps
and a mobility of 50 times larger than that of a normal radical
cation. However, other sets of parameters are thought to show
the correspondence as well. In addition, the ratio of absorption
coefficients at monitored wavelength should be considered when
a complete assignment is needed. Namely, there are several
uncertain parameters when a precursor of a radical cation is
introduced. On the other hand, to take an adjacent effect (vide

infra) into account is natural at high concentration. Therefore,
we focused on this phenomenon in this work. The first-order
rate constant between a radical cation ofn-dodecane and TEA
was estimated to be (0.5-1.0) × 1010 M-1 s-1 from several
low concentrated solutions up to 1 ns. This value is compatible
with the one expected from diffusion. Therefore, the contribution
of a high mobility ion41-47 does not have to be considered in
n-alkane, as mentioned previously.41

The reaction rate is mainly determined by the diffusion and
activation energy including collision frequency and steric factor.
Since the hole transfer from radical cation ofn-alkane to TEA
is diffusion-controlled,1,9 these species react within one collision.
Therefore, if these reactants are adjacent to another when the
ionization takes place, they do not need to diffuse to react. We
assumed the cause of the initial significant reduction to be a
phenomenon that a solvent molecule is adjacent to several TEA
molecules at high concentration. Under such a condition, the
radical cation of the solvent will be spontaneously scavenged
by the adjacent TEA molecules within the time resolution of
the measurement system. The contribution of multiion pair (or
multispur)24 on the time profile of radical cation may exist, but
it does not affect the comparison of normalized initial yield of
radical cation in neat and solute-added solution.

To examine this adjacent effect and quantify the reduction
of initial yield, we attempted statistical and Monte Carlo
approaches.

Statistical Model. Let us defineNsolventandnsoluteas the total
number of solvent and solute molecules in an unit volume,
respectively. These values are calculated using the densityF
g/cm3 and molecular weightM of the solvent and the solute
concentrationc. In addition to these values, the difference of
the excluded volume between solute and solvent molecules must
be taken into account. Thea, a ratio of excluded volume of
TEA to that ofn-dodecane in the actual solute-solvent system,
was estimated experimentally to be 0.63.48 This value is close
to 0.61 obtained by usingF and M. Thus, the relationship
betweenNsolvent andnsolute is given by eq 1 usinga ) 0.63.

Not only solvent molecules are surrounding solute molecule,
but also the solute molecules themselves are thought to

Figure 1. Time-dependent behavior of radical cation at 790 nm inn-dodecane in the presence of TEA.
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aggregate. Therefore, we estimated the aggregation of solute
molecules with the help of the Monte Carlo method. In this
calculation, we assumed for simplicity that a solute molecule
has a spherical shape and does not have any chemical and
physical interactions between them. The solute molecules were
randomly inserted into a box. Images of solute distribution
were illustrated in Figure 2. The box is a 20 nm cube,
corresponding 240 solute molecules at 0.05 M concentration.
Actually in the calculation, to prevent the degradation of the
calculation accuracy which occurs especially at low concentra-
tion () small number of molecules), the number of solute
molecules was fixed at 1000 over the whole concentration with
changing the box size. Assuming that the solute molecules are
regarded as a cluster if the distance between their center is less
than a certain lengthd, the distribution of the solute random
aggregation was constructed. The calculations of the distribution
were performed 50 times and averaged, resulting in less than
0.5% deviation. Figure 3 shows the result usingd ) 0.6 nm.
The j represents a cluster which consists ofj solute molecules,
e.g., j ) 1 is equal to one isolated solute molecule, whilej )
2, 3, ... are clusters. The vertical axis represents probability of
a cluster denoted asgj(c) for jth cluster. The summation ofgj-
(c) over j at a certain concentrationc is equal to 1 (∑gj(c) ) 1).
The value ofg1(c) decreased with an increase in concentration.
On the other hand, the contribution of other clusters had a peak
value.

Next, we proceed to formulate the adjacent effect. At high
concentration, one solvent molecule may be adjacent to several
solute clusters as shown in Figure 4. We assumed that the radical
cation is scavenged if at least one solute clusters is adjacent to
a solvent molecule because this reaction is diffusion-con-

trolled.1,9 Therefore, the probability of a solvent molecule
adjacent toi solute clusters is in the following binomial form
using the combinational functionnclusterCi

wherebj(c), ncluster, andjmax are the average number of solvent
molecules which are adjacent tojth solute cluster, a total number
of solute clusters, and a maximum number ofj, respectively.
The jmax was obtained in the calculation to be up to around 30
that was obtained from the calculation in Figure 3. However,
as seen in Figure 3, the contributions of largej are negligibly
small. In this statistical model, the effect of the molecule’s shape,
conformation, and interaction among molecules are not con-
sidered explicitly. Thencluster is given by eq 3 usingj, jmax, gj-
(c), andnsolute.

Since the adjacent events ofi ) 1, 2, ...,imax are independent,
the total adjacent effect must be summed byi from 1 to imax

()jmax).

By using eqs 1, 3, and 4, the adjacent effect was calculated
with a fitting parameter ofbj(c) and illustrated in Figure 5. The
dotted and solid lines represent the contribution ofjth cluster
and the sum of the contributions, respectively. As seen in Figure
5, the contributions of large solute cluster are small, meaning
that there are many fitting parameters (b1, b2, ..., bjmax), but
dominant parameters are fromb1 to around b4. At low
concentration,b1 andb2 are main fitting parameters. With the
increase of concentration,b3 andb4 begin to affect the adjacent

Figure 2. Images of solute distribution obtained by a random insertion.

Figure 3. Distribution of the aggregating solute. Thej means a cluster
which consists ofj solute molecules. If the center of each solute is less
than 0.61 nm, they are treated as a cluster.

Figure 4. Illustration of the adjacent solute and solvent molecules.

Figure 5. Adjacent effect of the solvent molecules obtained by eqs 1,
3, and 4 and the result of Figure 3. The dotted and solid lines represent
the contribution of thejth cluster and the sum of the contributions,
respectively.
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effect. Besides, these values used in the calculation (b1, b2, b3,
b4, ...) ) (5, 7, 9, 10, ...) are reasonable as listed in Table 2.

If one want to obtain only theEadjacentwithout the contribu-
tions of jth cluster, eq 4 can be reduced to eq 5 by subtracting
the probability of nonadjacent probability (i ) 0) from 1. In
this form, imax disappears.

By applying the Poisson theorem and substituting eq 5 for
eqs 1 and 3, eq 5 is reduced to the following static quenching
formula:

In the conventional static quenching model,49-51 a parameterV
is the static quenching constant. On the other hand, in our model,
V is not constant anymore and described as a function of solute
concentration. The meaning ofV in the static quenching model
has been interpreted by the “transient effect model”,52 the
“sphere of action model”,49 and the “dark complex model”.53

In the transient effect model, theV comes from an approximation
of time-dependent rate constant according to Weller.52 However,
as mentioned in this paper, the time-dependent rate constant
could not reproduce the experimental data. The second and third
models are related with each other. The sphere of action model
is based on the situation that a quencher molecules happens to
be within a sphere of action whose volume is denoted asV/NA

) 4πr3/3, whereNA andr are Avogadro’s number and a radius
of the sphere. The relationship of this model with ours will be
discussed in the next subsection. The dark complex model
suggests the excitation of encounter complex of solute and
quencher. This model is the closest to our model among these
three models, though theV in our model is a function ofc and
expressed by the following three important parameters: (i)gj-
(c), the distribution function of solute cluster which reflects the
degree of solute aggregation and/or association; (ii)bj(c), the
average number of solvent molecules adjacent tojth solute
cluster, which implicitly includes the conformational effect on
the reaction; and (iii)a, the ratio of excluded volume of solute
to that of solvent molecule.

In addition to the adjacent effect, we have to take into account
the effect that a large part of the solvent molecules is excluded
by the solute molecules especially at high concentration. This

effect can be analytically described by eq 8.

The optical absorption of TEA radical cation was reported
to lie in the UV region.54 Since this absorption is strong and
broad, the tail of the absorption was observed at 790 nm.
Therefore, when we compare the calculation results with the
experimental data, the overlap of TEA radical cation should be
involved. The ratio of its absorption to that ofn-dodecane radical
cation was 0.43 obtained from Figure 1. The optical density
(OD) for comparison which includesEadjacent, Eexcluded, and the
absorption overlap of TEA andn-dodecane radical cations is
represented by eq 9.

Table 1 shows the comparison of calculated values with the
experimental ones. These values showed a good agreement,
suggesting that a large part of solvent molecules are adjacent
to several solute molecules at high concentration. Therefore,
the significant reduction of initial yield was explained byEexcluded

andEadjacent.
Monte Carlo Configurational-Bias Simulation. The effect

of the molecule’s shape, conformation, and interaction among
molecules is not considered explicitly in the statistical model.
To take these effects into account, we reproduced the solute-
solvent system by using Monte Carlo simulation. The configu-
rational-bias Monte Carlo technique has been developed to insert
a chain molecule into a condensed matter.55-57 This method
has been also applied to a vapor-liquid phase and indicated a
good agreement with experimental data.58 Thus, we adopted this
method to reproduce the liquid system and examine the adjacent
effect in this work. This method divides the potential energy of
an atom into two portions: (1) the internal energyuint, which
means the intramolecular interactions such as torsion, and (2)
the external energyuext, which includes the intermolecular
interactions between the atom and atoms of other molecules.

The OPLS (optimized potentials for liquid simulations) model
of Jorgensen et al.59 was used as a potential energy model. This
model was refined by Hautman and Klein60 to take the bond-
bending energy into consideration. The OPLS model treats CH2

and CH3 groups as united atoms. The Lennard-Jones potential
betweeni united atom andj united atom, which arerij apart
from each other, is described by

Here, a parameter set ofεCH2 ) 59.4 K, εCH3 ) 88.1 K, εN )
85.9 K,σCH2, CH3 ) 0.35 nm, andσN ) 0.33 nm was used.58,61

The εij andσij were calculated according to the mixing rule62

of εij ) xεiεj andσij ) xσiσj. The Coulomb potential should
be included into the external energy potential.

The variables ofqN ) -0.63, qCH2,CH3 in amine ) 0.105, and
qCH2,CH3 in alkane) 0 were used.61 The external energyuext is the
sum of uLJ and uCoulomb which are integrated over other
molecules.

TABLE 1: Comparison of Experimental Data to Analytical
Value

concn exptla Eexcluded
b Eadajacent

c calcdd

neat 1 0 0 1
0.05 M 1.00 0.007 0.033 0.98
0.1 M 0.97 0.014 0.107 0.93
0.2 M 0.80 0.028 0.199 0.87
0.5 M 0.69 0.071 0.428 0.73
1.0 M 0.58 0.142 0.668 0.59
4.0 M 0.45 0.567 0.997 0.43
neat TEA 0.43 1.000 1.000 0.43

a Initial value of the optical density which was normalized by neat
n-dodecane value. The error was about 0.08 for each value.b Excluded
effect obtained by eq 8.c Adjacent effect obtained by eqs 1, 3, and 4
and the result of Figure 3.d Calculated value obtained by eq 9.
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The intramolecular energy includes bond bending and torsion
energies. For the bond bending energyubend, the van der Ploeg
and Berendsen potential63 was used

where kθ ) 6.25 × 104 K rad-2 and equilibrium angle of
C-C-C bondθ0 ) 112.7°. The angle of C-N-C bond was
taken as 107.2°.61 For the torsion potential, the original Ryckaert
and Bellemans potential64 was used.

with dihedral angleφ. The coefficientsck werec0 ) 1116 K,
c1 ) 1462 K,c2 ) -1578 K,c3 ) -368 K, c4 ) 3156 K, and
c5 ) -3788 K.64 The vibrational energy was ignored, so that
C-C and C-N bond lengths were taken as a constant value
0.15358and 0.145 nm,61 respectively. The internal energyuint is
the sum ofubend andutors.

A chain molecule is grown up atom by atom. First, an initial
atom is inserted at a random position. However, this simple
random insertion sometimes causes an overlap with another
molecule. Therefore, assuming that the united atom is a spherical
shape with a radius of 0.15 nm, the random insertion is repeated
until the overlap of these united atoms does not take place. This
random insertion is not valid in the case of polar solution such
as water, showing water molecule clustering due to its strong
hydrogen bond. On the other hand, dielectric constants of TEA
and n-dodecane are almost the same as described above; the
random insertion and resulting random clustering are not thought
to differ from the real system very much. Second, to insert the
next atoml, thek orientations are generated. Thek orientations
are denoted by a set of vector{b}k ) b1, b2, ...,bk and generated
randomly according to the following probability

where T is absolute temperature and was taken as room
temperature. In our calculations, 15 orientationsb1, b2, ..., b15

were selected from 1000 orientations, which were generated
with 10 dividedθ ranging fromθ0 -2° to θ0 +2° and with 100
divided φ ranging from 0° to 360°.

Finally, out of thesek orientations, one orientation is selected
according to eq 15.

These calculations are continued until the last atom of the
molecule is placed. After the configuration of the molecule is
fixed, the next molecule is generated following the same
procedure. Selection of the next molecule was also done
randomly according to the corresponding concentration. Some-
times, we confront a situation that there is no way to avoid an
overlap with other molecules. In that case, we canceled the
growth of present molecule and calculate it again from the
insertion of a first atom, so that we were able to obtain an
appropriate configuration of molecules without any overlap.

Figure 6 shows the snapshot of configurational-bias Monte
Carlo simulation producing the TEA-n-dodecane system.
Figure 6a is an overview of a box where the molecules were
inserted. The positions of hydrogen atoms were automatically
determined from the positions of a carbon and its dihedral angle.
Throughout the calculations, the number of the solvent mol-
ecules was 500. Therefore, the number of solute molecules and
the volume of the box were changed according to each
concentration. The calculation was performed one time, resulting
in 5.5% deviation.

The adjacent effect was calculated in the inner region that is
smaller than the box depicted in Figure 6a because the insertion
of molecules was not completed in the peripheral area.
Therefore, we narrowed the inner region for calculating the
adjacent effect until the density of that region reaches a
reasonable value. This narrowing is due to that there is free
space in the peripheral area. In this area, the density, which is
calculated by the number of molecules, atomic mass, and space,
is smaller than the real value. (In our case, the density of pure
n-dodecane is 0.7511 g/cm3 at room temperature.) Therefore,
this narrowing was done until the difference of1/3 power of
density become relatively small, resulting in 12% deviation for
the 1-dimensional scale. The total deviation in this calculation
was estimated to be 13%. Figure 6b,c is the view inside the
box. For the display, the radii of the atoms were depicted smaller
than the real radii. Several solvent molecules adjacent to one
solute molecule were extracted and illustrated in Figure 6d.

The adjacent effect was calculated and shown in Figure 7.
The solid line is the same curve as the one in Figure 5. The
Eadjacentwas obtained by varying a minimum distance between
the solvent and solute molecules. We defined the minimum
distance as the one between the center of solute nitrogen atom
and the closest solvent atom which is the closest to the nitrogen
atom. Since an unpaired electron inn-alkane radical cation is
delocalized over theσ chain,65,66 the solvent and solute
molecules can be regarded to be adjacent if the minimum
distance is less than a threshold. The closest value to the solid
line was 0.5( 0.07 nm, which is near a typical reaction
radius,23,42,67 representing a reasonable calculation result. To

ubend(θ) ) 1
2
kθ(θ - θ0)

2 (12)

utors(φ) ) ∑
k)0

5

ck cosk(φ) (13)

pl
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∑
i
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i
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ext(bi)/T]
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Figure 6. Snapshots of the configurational-bias Monte Carlo simula-
tion. (a) Overview of the box where the solute and solvent molecules
were inserted. (b, c) The view inside the box. The radius of the atoms
are depicted smaller than the real radius. (d) Extracted several solvent
molecules neighbored by a solute molecule.
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show the validity of this threshold, we also calculated the
relationship between a reaction radius and the ratio of solvents
lying in the closest shell to other solvents which exist in the
sphere. As seen in Figure 8, all of the solvents lies in the closest
shell up to 0.6 nm, suggesting that the electron-transfer reaction
occurs in the inner shell. The ratio decreases with the increase
of the radius. Thus, it is confirmed that the adjacent phenomena
take place between a solute and the closest shell of the solvents.

The sphere of the action model in the static quenching gives
a constant radius over the whole quencher concentration, as
described above. This radius which showed good agreement
with the experimental data was 0.77 nm. This discrepancy of
the radius between 0.5 and 0.77 nm is due to the fact that the
electron delocalization of radical cation65,66 was considered in
the Monte Carlo simulation. Namely, the larger radius is
overestimated because the electron delocalization of reactants
is neglected. From eq 7 and the parameter set used in the
calculation, we found thatV(c) decreased by a factor of 0.34

with an increase in concentration fromc ) 0 M to c ) 4 M,
giving a close radius of 0.54 nm to the one of Monte Carlo
result at 4 M. When the solute concentration is large, the
probability of solute that happen to exist within the 0.5 nm
sphere becomes large. Therefore, The concentration-dependent
radius in the sphere of action model gets close to 0.5 nm.

From the position data obtained by the Monte Carlo simula-
tion, we determined the average number of adjacent solvent
molecules which surround one target solute cluster. The obtained
values are listed in Table 2. The parameter set ofbj(c) used in
the statistical model was (b1, b2, b3, b4) ) (5, 7, 9, 10), showing
good correspondence.

To make a comparison of the result of Monte Carlo with the
statistical model, we calculated the distribution of aggregation
among solute molecules. The result is shown in Figure 9. The
j ) 1 part, which is equivalent to an isolated solute molecule,
was somewhat larger than the one in Figure 3. Therefore, one
finds that the curves ofj ) 2, 3 and other clusters were smaller.
This is ascribed to the difference in the way we place the solute
molecules. Namely, the distribution in Figure 3 was constructed
randomly; thus, a certain portion of the significant overlaps
between each solvent molecule was not avoided. On the other
hand, the configurational-bias Monte Carlo method enables us
to eliminate the overlaps.

4. Conclusion

Time-dependent behavior of radical cation inn-dodecane in
the presence of cation scavenger TEA was measured by
subpicosecond pulse radiolysis system. A significant reduction
of the initial yield in the optical density was observed in the
presence of TEA. This reduction was not able to be explained
by the first-order rate constant and time-dependent rate coef-
ficient. Therefore, we assumed that this phenomenon occurs due
to the adjacent effect of the solute molecules.

We approached this effect using the statistical model and a
configurational-bias Monte Carlo method. Both methods are
based on the following assumption: the cation site in the radical
cation is delocalized and will be scavenged rapidly within the

Figure 7. Adjacent effect obtained by the configurational-bias Monte
Carlo simulation. The solid line is the same curve as the one in Figure
5. Each dot is the adjacent effect with various minimum distances
between the solvent and solute molecules; closed circle) 0.3 nm, open
circle ) 0.4 nm, closed triangle) 0.5 nm, open triangle) 0.6 nm,
closed square) 0.8 nm, open square) 1.0 nm. These values have an
uncertainty of(13%.

Figure 8. Relationship between a reaction radius and the ratio of
solvents lying in the closest shell to other solvents which exist in the
sphere. The depicted values on the horizontal axis have(12%
uncertainty.

TABLE 2: Average Number of Neighboring Solvent Molecules

solute no.a 1 2 3 4 5 10
solvent no.b 4.4( 0.7 5.7( 1.3 8.0( 2.5 8.0( 2.6 9.7( 2.8 12.3( 3.3

a The number of solute molecules which are neighboring each other.b The average number of solvent molecules which are surrounding a target
solute molecule.

Figure 9. Distribution of the aggregating solute obtained by configu-
rational-bias Monte Carlo simulation.
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time resolution of the measurement system if the solute
molecules is adjacent to any sites of the solvent molecule In
addition to the adjacent effect, the fact that a large part of the
solvent molecules is excluded by the solute molecules especially
at high concentration was taken into consideration.

First, we formulated this effect by a statistical model. In
addition to the above assumption, this model has the following
assumptions: (a) the effects of molecule’s shape, conformation,
and interaction among molecules were not included explicitly,
and (b) the aggregation of the solute molecules were treated
randomly. The formula indicated good agreement with the
experimental data. We also discussed the relationship with the
static quenching in the photolysis, giving the concentration-
dependentV parameter.

Second, as another approach, we adopted the configurational-
bias Monte Carlo simulation to reproduce the liquid system.
The OPLS model was used to describe the intermolecular and
intramolecular potentials. The adjacent effect estimated by this
method corresponded to the experimental data with a threshold
of 0.5( 0.07 nm. This value is close to a typical reaction radius.
The relationship with the sphere of action model was discussed.
Finally, the average number of adjacent solvent molecules and
the distribution of aggregated solute’s number were collected
from the position data.
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