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Subpico- and picosecond pulse radiolyses were carried out
to investigate geminate ion recombination in neat benzene. The
fast decay of dimer radical cation corresponding to geminate ion
recombination with an electron was directly observed for the
first time. The characteristic lifetime and average initial distance
between a thermalized electron and its parent cation were esti-
mated to be 1.2 ps and 3.2 nm.

Radiation chemistry in benzene has been studied for many
decades as a fundamental research on aromatic molecules. In a
condensed phase, following the ionization by the low LET (lin-
ear energy transfer) radiation such as a high energy electron
beam, ion pairs, called geminate ion pairs, are formed. A dimer
radical cation (Bz2

þ), which has been well known as a stabi-
lized form between a monomer cation (Bzþ) and a neutral
molecule (Bz), is formed as follows,1

Bzþ þ Bz � Bz2
þ: ð1Þ

The recombination of a radical cation with a thermalized elec-
tron, called geminate ion recombination, occurs owing to their
Coulomb potential and diffusion immediately after its ioniza-
tion. A neutral excited state is mainly formed as a result of
the ion recombination. Although the geminate ion recombina-
tion in a condensed phase such as alkane solutions has been in-
vestigated,2–4 the geminate ion recombination in benzene has
not been made clear because of its ultrafast (from femto- to pi-
cosecond-order) ion recombination. The researches on a radical
cation of benzene in a condensed phase had been restricted to a
diluted solution under low temperature conditions. In recent
years, there have been some researches on benzene dimer radi-
cal cation in liquid phase using high time-resolved laser flash
photolysis method.5,6 However, the early processes dominated
by the geminate recombination have remained unclear. In this
study, the geminate ion recombination in neat benzene was in-
vestigated under room temperature by using high time-resolu-
tion pulse radiolysis method. We discuss the initial distribution
of thermalized electrons and the time-dependent behavior of
benzene dimer radical cation within 50 ps after exposure, which
has never been observed.

Two types of pulse radiolysis systems were used in this
study. In picosecond pulse radiolysis experiments, a 28MeV
L-band linac was used as an exposure source. The pulse width
was 20 ps. The white-light continuum was used as a probe light,
which was produced by focusing an amplified femtosecond la-
ser pulse into a H2O cell. The details of the system have been
already described.7 In subpicosecond pulse radiolysis experi-
ments, electron pulses were compressed to less than 1 ps by a
magnetic pulse compression method. A fundamental oscillation
(790 nm) of Ti:Sapphire laser was used as a probe light. The de-
tails have been also described.8 Absorbed doses in pico- and

subpicoecond pulse radiolysis were 200 and 140 Gy/pulse, re-
spectively. Spectral grade benzene (Kishida Co.) was passed
through a silica-gel column and doubly distilled. The samples
were saturated with argon in quarts cells with 0.2 cm (subpi-
co-) or 2 cm (pico-) light-pass length. The experiments were
done at room temperature.

A picosecond pulse radiolysis experiment was carried out
to obtain a spectrum of short lived intermediates, from which
the contribution of two intermediates to the optical density
monitored at 790 nm was estimated. A solid line with error bars
in Figure 1 shows a transient absorption spectrum at 100 ps after
the exposure, obtained by the picosecond pulse radiolysis of
neat benzene. Absorption bands with maxima at 0.002 nm�1

(500 nm) and in near infrared (IR) region have already been
identified as benzene excimer (Bz2

�)9,10 and a charge resonance
(CR) band of Bz2

þ,5,11,12 respectively. The excimer band was
fitted to Gaussian function in order to estimate the ratio of op-
tical density of the CR band to Bz2

� at 0.0013 nm�1 (790 nm) (a
dotted line in Figure 1). The result was well fitted at the wave-
number more than 0.0015 nm�1 (670 nm). The ratio was esti-
mated at 1.9.

A bold line in Figure 2 shows an averaged kinetic trace ob-
served by subpicosecond pulse radiolysis at 790 nm. The kinetic
trace which shows an ultrafast decay due to geminate ion re-
combination of Bz2

þ, was obtained for the first time. The rise
time at 790 nm agreed with the apparatus function. The full
width at half maxima (FWHM) of apparatus function is
5.4 ps, which is mainly ascribed to the velocity difference in
the sample cell between an electron beam and a probe light.
This result is consistent with ultrafast laser pump and probe ex-
periments which suggested a formation time of Bz2

þ within
1 ps.5,6

The time-dependent behavior was analyzed by Smoluchow-
ski equation.3 It has been reported that the geminate ion recom-
bination can be well described by Smoluchowski equation
which is based on the diffusion theory,13
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Figure 1. Transient absorption spectrum (solid line) in neat
benzene at 100 ps after the exposure of 20 ps pulse. Dotted line
denotes a Gaussian fit to the excimer band.
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where w, D, V , k, and T are probability density of geminate ion
pairs, a sum of diffusion coefficients, Coulomb potential, Boltz-
mann constant and the absolute temperature. The sum of diffu-
sion coefficient is mainly determined by that of electrons,
2:8� 10�3 cm2/s,14 because electrons can move faster by two
orders of magnitude than cation molecules. An exponential
function was assumed as an initial distribution of thermalized
electron. An average distance between a radical cation and a
thermalized electron, r0, of 3.2 nm was used.15 The contribution
of Bz2

� to the absorption at 790 nm, which was previously esti-
mated, was taken into account. The lifetime of Bz2

�, �, of
18.2 ns.9 was used. The decay time of Bz2

þ was tentatively used
as formation time of Bz2

�, assuming a following reaction,1

Bz2
þ þ e� ! Bz2

�: ð3Þ

With these parameters and the assumption, Eq 2 was calculated
using Monte Carlo method. The sum (c) of decay curve of Bz2

þ

(a) and formation curve of Bz2
� (b) was shown in Figure 2. The

fitting curve approximately agreed with the experimental data in
the observed time region. The calculated decay of Bz2

þ indicat-
ed �g (the time when 43% of geminate pairs survived) is 1.2 ps.
We suspect that a slight difference between the experimental
and theoretical data within 50 ps after the pulse is due to the re-
laxation time of Bz2

þ formation or the influence of other ion
pairs formed near one geminate ion pair (cross recombination).

The fast decay observed in this experiment has not been ob-
served in any femtosecond laser photolysis experiments. The
initial distribution of thermalized electron in the photolysis is
considered to be smaller than the radiolysis because of lower
excitation energy. Saik and Lipsky reported r0 of 2.3 nm as
the exponential distribution distance with 8.86 eV excitation.16

Thus, faster geminate recombination by photoionization than
by radiolysis is expected on account of the shorter r0. The gemi-
nate ion recombination in neat liquid benzene by photoioniza-
tion has been already discussed by other groups. Miyasaka et
al. estimated the first-order lifetime of geminate ion pair in ben-

zene at 10–30 ps indirectly by picosecond laser photolysis.10 In-
okuchi et al. directly obtained kinetic traces in near IR region by
femtosecond laser photolysis.5 The kinetic traces showed no
distinct decay within 50 ps. They proposed slow geminate re-
combination in neat benzene in a time scale of 100 ps, which
is different from our result. This difference is explained as fol-
lows. Assumed the initial distribution of 2.3 nm,16 �g is de-
creased to 0.6 ps. In this case, geminate recombination is com-
pleted mainly within their apparatus resolution (<1 ps).

The authors would like to express their appreciation to Mr.
S. Suemine and Mr. T. Yamamoto of ISIR Osaka University for
their experimental supports.
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Figure 2. Kinetic traces observed in the subpicosecond pulse
radiolysis (bold line) and kinetic trace of the theoretical at
790 nm (solid line) in neat benzene. Curve (a) represents time
dependent behavior of Bz2

þ and (b) represents that of Bz2
�.

Curve (c) is the sum of (a) and (b). Theoretical curves are con-
voluted by the instrumental function.
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