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Femtosecond dynamics of stepwise two-photon
ionization in solutions as revealed by pump–
repump–probe detection with a burst mode of
photoexcitation†

Hikaru Sotome, * Masafumi Koga, Tomoya Sawada and Hiroshi Miyasaka *

Pump–repump–probe spectroscopy with a burst mode of photoexcitation was applied to the direct

observation of the photoionization dynamics of perylene in the solution phase. Irradiation of a pump

pulse train generated with birefringent crystals effectively accumulated an intermediate S1 state and a

repump pulse triggered photoionization in the higher excited state, ensuring sufficiently large signal

intensity to probe. Two-photon excitation to the energy level, which is 0.7 eV lower than the ionization

potential in the gas phase, results in instantaneous formation of the radical cation of perylene in acetoni-

trile, unlike aromatic amines in previous reports. In addition, subsequent recombination dynamics

between the radical cation and ejected electron was monitored in polar and nonpolar solvents. The

ultrafast recombination in nonpolar solvents suggests that the distribution of the distance in the cation-

ejected electron pair largely evolves even in acetonitrile in the femtosecond timescale, in which the sol-

vation is not completed and the dielectric constant is still low. The recombination process in acetonitrile

was well reproduced with simulations based on the Smoluchowski equation taking account of the tran-

sient change in the dielectric constant by solvation.

Introduction

A molecule inherently possesses various electronic excited
states, each of which has its own properties depending on the
electronic structure. Thus, tuning the energy and mode of the
excitation for transition could open state-selective chemical
outputs. Actually, various photoreactions depending on the
electronic state have been reported for small molecules1 but,
for rather large molecules, it is usually difficult to find photo-
chemical responses in higher excited states owing to rapid
relaxation to the lowest excited state, which is known as Kasha’s
rule.2,3 However, several specific responses in higher excited
states have been reported for large molecules in the condensed
phase,4–6 which have been regarded as a new subject leading to
realization of new photoresponses and functions.4

Ionization is one of the representative responses taking
place in the electronic state at high energy levels and, in the
condensed phase, it can take place with energy lower than that
in the gas phase.7–9 Although a dielectric response of the

environment such as the solvation process contributes to the
stabilization of the ionized state, the lifetime of higher excited
states is generally in the time region rsub-ps, which is shorter
than or comparable with the solvation times of most of the
solvents. Hence, several mechanisms, such as photo-
detachment via electron transfer from highly excited states to
solvents,10–12 contribution of specific electronic states,13–16 and
so forth,17,18 have been proposed for the ionization process in
the condensed phase.

Not only the mechanism but also an initial distance in the
electron–cation pair in the photoionization has been studied by
scavenging reactions of the ejected electron and dynamics of
the recombination. From these studies, the initial electron–
cation distance by the photoionization has been estimated to
be 3–4 nm in the condensed phase,18–20 which is several to ten
times longer than that for the photoinduced intermolecular
electron transfer. As a result of this long distance, suppression
of the geminate recombination and acceleration of the ionic
dissociation into free ions could be achieved owing to the
decrease in the Coulombic attraction as well as the electronic
interaction between the cationic and anionic species. Actually,
we recently demonstrated that a charge-separated state pro-
duced by the capture of the electron from the higher excited
state and/or ionized state could result in the formation of a
long-lived charge-separated state (45 ms) without a remarkable

Division of Frontier Materials Science and Centre for Advanced Interdisciplinary

Research, Graduate School of Engineering Science, Osaka University,

1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan.

E-mail: sotome@laser.chem.es.osaka-u.ac.jp, miyasaka@chem.es.osaka-u.ac.jp

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d1cp03866d

Received 23rd August 2021,
Accepted 24th April 2022

DOI: 10.1039/d1cp03866d

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

6-
02

-1
3 

2:
11

:3
8 

nm
.. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-6391-1851
https://orcid.org/0000-0001-7587-6742
https://orcid.org/0000-0002-6020-6591
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp03866d&domain=pdf&date_stamp=2022-05-10
https://doi.org/10.1039/d1cp03866d
https://doi.org/10.1039/d1cp03866d
https://rsc.li/pccp
https://doi.org/10.1039/d1cp03866d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024023


14188 |  Phys. Chem. Chem. Phys., 2022, 24, 14187–14197 This journal is © the Owner Societies 2022

geminate recombination in the subnanosecond to nanosecond
time scale.21

Although mechanisms of photoionization with low energy
and the properties of the ionic state thus produced involve
important subjects, details of these have not been well eluci-
dated owing to the difficulties in the ultrafast time-resolved
measurements arising from the generation of ultrafast laser
pulses in the wavelength region corresponding to the ioniza-
tion energy, {250 nm, and the selective excitation of the solute
molecules by avoiding the one-photon and/or off-resonant
simultaneous multiphoton excitation of the solvent.22–25

Resonant double-pulse femtosecond excitation is an effec-
tive method to selectively excite the target molecule to higher
electronic states. The first pulse prepares the excited state
molecule in the S1 state in most of the cases and the second
pulse resonant to the Sn ’ S1 absorption pumps the molecule
into the highly excited state. The dynamics after the second
laser pulsed excitation can be detected as time evolution of
transient absorption spectra. Although this method has been
applied to the detection of isomerization reactions in the
higher excited states,26–32 electron transfer and subsequent
ion-pair dynamics,33–36 and photoinduced carrier dynamics in
photovoltaics,37–40 a standing problem in this method is its
extremely small signal amplitude due to the limited number of
highly excited states attained by the double excitation. To
overcome this limitation in the present work, we constructed
a signal-enhanced pump–repump–probe (SE-PRP) spectro-
scopic system that dramatically amplifies the population of
the target state formed by the sequential excitation and boosts
up a signal-to-noise ratio of the measurements. By applying this
system, we detected the dynamics of two-photon ionization
reactions in polar and nonpolar solutions and estimated the
initial electron–cation distance in the present study.

Experimental
Steady-state measurements and samples

Steady-state absorption spectra were recorded on a Hitachi U-3500.
Perylene (FUJIFILM Wako) was used after recrystallization from

ethanol. Acetonitrile (FUJIFILM Wako, infinity pure grade), n-hexane
(FUJIFILM Wako, infinity pure grade), and cyclohexane (FUJIFILM
Wako, for Spectrochemical Analysis) were used as received. The
concentration of perylene was typically 2.1 � 10�4 M. The solution
sample was filled into a home-built rotation cell with 1 mm-thick
quartz windows and a Teflon spacer for adjustment of optical length
(0.1–2 mm thickness). During the time-resolved measurements, the
rotational motion provided a fresh portion of the sample solution
with individual optical pulses. All the measurements were per-
formed at 22.5 � 1 1C.

Burst mode of photoexcitation

The pulsed light source of the SE-PRP setup was a Ti:Sapphire
regenerative amplifier (Spectra-Physics, Spitfire, 802 nm, 1 mJ,
100 fs, 1 kHz) combined with an oscillator (Spectra-Physics
Tsunami). As mentioned in the introductory section, the popu-
lation of the intermediate state for the second photon excita-
tion is usually small in the conventional PRP experiments as
shown in Fig. 1(a). To effectively populate molecules in the
intermediate state without undesirable additional phenomena
induced by the high peak intensity of a femtosecond laser
pulse, we converted a single intense pump pulse at 802 nm to
temporally dispersed sequential pulses, as shown in Fig. 1(b).
To generate a train of a few tens of pump pulses, we employed
birefringent crystals with distinct refractive indices (no and ne)
along the ordinary and extraordinary axes. An incident optical
pulse whose polarization is tilted to the two axes by 45 degree
can be split into two pulses with perpendicular polarization to
each other (see details in the ESI†). The polarizer behind the
crystal extracts the parallel component of individual pulses to
the orientation of the polarizer. As a result, this procedure
generates a pair of pulses with a time interval depending on the
crystal thickness and difference in the refractive indices
between no and ne. Repeating this pulse splitting with multiple
birefringent crystals enables generation of a pulse train.41 In
the present study, we used 5 alpha-BBO crystals with thick-
nesses of 0.5, 1, 2, 4, and 8 mm (FOCtek Photonics, custom-
made) as shown in Fig. 2(a), so as to obtain a pulse train in

Fig. 1 Schematic illustrations of (a) pump–repump–probe (PRP) spectroscopy and (b) signal-enhanced pump–repump–probe (SE-PRP) spectroscopy
proposed in the present work.
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which each of the pulses has rather constant intensity (see
details in the ESI†).

The time profile of the pulse train thus generated was
measured by the SHG correlation with an 802 nm laser pulse,
the schematic illustration of which is shown in Fig. 2(b). As
shown in Fig. 2(c), rather constant intensity was obtained for
each of the pulses in a train, which can avoid the nonlinear
phenomena induced by the high-intensity pulse in a train. The
typical energy of the train at 401 nm is ca. 10 mJ with an input of
90 mJ at 802 nm. Although 5 alpha-BBO crystals generated the
pulse train ranging at ca. 9 ps in the present study, it is possible
to shorten the irradiation time by reducing the number of
crystals. A shorter irradiation time enables us to effectively
accumulate the population of the intermediate state with a
shorter lifetime than the present irradiation time of ca. 9 ps
although it slightly increases the peak intensity and risk for
non-linear optical effects and the damage to samples. There-
fore, it is important to optimize the irradiation time by adjust-
ing the number of crystals for each sample of interest. In
addition, the wavelength applicability is also crucial for the
photoexcitation of various sample systems. As mentioned
above, the time spacing between the adjacent pulses is deter-
mined by no � ne, and this value is limited in the range of 0.12–
0.14 at 300–1200 nm, which was calculated using the Sellmeier
equation. Thus, tuning the pump wavelength does not lead to a
dramatic change of the irradiation time of the pulse train. In
the actual use, on the other hand, the wavelength tunability is
dominated by the wavelength range of the anti-reflection (AR)
coating on the crystals. The alpha-BBO crystals used in the
present work have the AR coating in the range of 600–800 nm.
In this sense, not only the fundamental of Ti:Sapphire lasers
but also the output at 600–800 nm of the OPA system can be
converted to the pulse train. Further extension of the wave-
length applicability can be realized by changing the wavelength
range of the AR coating.

For the temporal stretching of the ultrashort laser pulse, the
grating-based technique is a traditional way and also effective

in decreasing the peak intensity.42 Compared to the conven-
tional grating method, the main advantage of the present
approach using birefringent crystals is that we could obtain
the pulse train with each of the pulses having similar intensity.
That is, the envelope of the pulse train could be regarded as a
square-wave-like light pulse and can prevent the non-linear
phenomenon which is induced in the strong part in the
Gaussian pulse duration. In addition, the throughput is close
to 100% using the crystal array with the AR coating. Further-
more, the birefringent crystal array easily inserts into the path
of the pump beam without a major change of the optical path
length, while the grating stretcher requires an additional
optical pathlength of the pump beam, which also needs to
elongate repump and probe pathlengths for their matching.

Fig. 3 shows a diagram of the system for transient absorp-
tion measurements with the PRP setup. The wavelength of one
OPA was tuned to 700 nm and this output or the second
harmonics at 350 nm was used as the repump pulse. The
remaining fundamental pulse at 802 nm in this OPA was used
to obtain the pulse train with 32 pulses at 802 nm. Unlike the
characterization of the pulse train in Fig. 2, the polarizer placed
behind the crystals (see Fig. S1 and S2, ESI†) was removed so as
to maximize the pump energy and excitation portion. The pulse
train at 802 nm was further converted into the second harmo-
nics at 401 nm via a 1 mm beta-BBO crystal and used as the
pump beam. The other OPA generated a near-infrared pulse at
1180 nm, which was focused into a 2 mm CaF2 plate for the
generation of a white light continuum (WLC) as the probe pulse
covering transient absorption spectra from 385 to 985 nm. The
probe pulse was divided into signal and reference pulses, and
the signal pulse was focused to the sample with a concave
mirror together with the pump and repump pulses. The signal
pulse passing through the sample and the reference one were
detected by a pair of photodiode arrays. The polarization of the
repump pulse was set to the magic angle with respect to that of
the probe pulse. Pump–repump and repump–probe time delays
were independently controlled with two delay stages (Delays 1

Fig. 2 (a) Splitting scheme of a single intense pulse into a sequential pulse train with a birefringent crystal array. (b) Scheme for the measurement of time
profile of pulse train. (c) Correlation trace of a 32 pulse train with a single pulse via second harmonics generation.
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and 2). Irradiation of the repump pulse was modulated with an
optical chopper (Newport, 3501), and the transient absorption
signal (DA) was defined as an absorbance change between in
the presence and absence of the repump pulse (DARepump ON �
DARepump OFF).

Fig. 4(a) and (b) respectively show the photoexcitation
scheme and the steady-state and time-resolved absorption of
perylene. Detailed spectroscopic properties35,36,43 such as the
molar absorption coefficient so far accumulated allow the
quantitative discussion on the excitation portion. The pump
pulse train at 401 nm is resonant with the absorption from the
ground state to the vibrationally excited level of the S1 state, and
the repump pulse at 700 nm is resonant with the absorption
from the S1 state to the higher state (Sn state). The 350 nm
repump pulse pumps up the S1 molecule to a distinct higher
excited state (Sn

0 state) although its resonance is elusive
because of the limited wavelength range of the TA setup.

Results and discussion
Performance of the burst-mode excitation

In order to confirm the effective accumulation of the popula-
tion of intermediate species, we measured transient absorption
using a pulse train as a pump beam. Fig. 5(a) shows the

transient absorption spectra of perylene in acetonitrile solution
excited with a pulse train at 401 nm, the total intensity of which
was ca. 10 mJ. A positive band grew up around 700 nm in the
initial 10 ps together with a negative one in the wavelength
region shorter than 540 nm. The former and latter signals are
respectively ascribable to the absorption and stimulated emis-
sion of the S1 state of perylene. The gradual rise looks more
apparent in the time profile shown in Fig. 5(b). A closer look at
this profile revealed that transient absorbance linearly
increased within ca. 2 ps, which is followed by saturation
tendency until ca. 9 ps. This saturation originates from two
factors such as a significant decrease of the S0 population
under the irradiation of the pump pulse train and the Sn ’

S1 absorption in competition with the S1 ’ S0 absorption.
However, it should be noted that nonlinearly produced species
such as the radical cation of perylene, which shows an absorp-
tion band at 535 nm, is not observed in these spectra.

In the time region longer than 10 ps where the irradiation of
the pulse train is completed, the transient absorbance at
700 nm is still on the rise together with the decrease in the
absorbance in the wavelength range 4700 nm. These spectral
evolutions are ascribable to the dissipation process of the
vibrational excess energy in the S1 state (thermalization by a
cooling process). The transient absorbance of the S1 state after

Fig. 4 Steady-state and time-resolved absorption spectra of perylene in acetonitrile. Wavelengths of pump and repump pulses in the proof-of-concept
experiment are also shown for manifestation of electronic resonance to the S1 ’ S0 and Sn ’ S1 absorption. Transient absorption spectrum in panel b
was recorded at 100 ps after the photoexcitation.

Fig. 3 Schematic diagram of the SE-PRP setup. OPA: Optical parametric amplifier, SHG: second harmonics generation, THG: third harmonics
generation, PDA: photodiode array.
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this relaxation was 0.78 at 698 nm and it can be estimated that 39%
of the molecules was pumped up to the S1 state on the basis of the
molar absorption coefficient of the S1 state.44 This value is almost
10 times larger than that in conventional pump–probe TA spectro-
scopy using a single femtosecond excitation pulse.

Ionization dynamics in acetonitrile solution

To elucidate the dynamics in the higher excited state, we
applied the PRP setup to the transient absorption measurement
of perylene in acetonitrile solution. In this measurement, the
time interval between the first pulse in the pump pulse train
and repump pulse was set to 100 ps, and the repump–probe
delay was scanned as Dt. The time interval of 100 ps is long
enough for the molecule excited by the first pulse to vibration-
ally relax to the thermal equilibrium after the dissipation of the
vibrational excess energy, as is shown in Fig. 5(d).

Fig. 6(a) shows the transient absorption spectra of perylene
in acetonitrile doubly excited with pump and repump pulses at
401 and 700 nm. The spectrum at the time origin shows a
prominent negative band around 700 nm and a positive one at
500–600 nm. The former negative band is due to the bleaching
signal of the S1 state and the latter one is ascribable to the
highly excited state. The absorption of the highly excited state
decreases within 0.2 ps concomitantly with partial recovery of
the S1 bleaching signal. It is worth mentioning that the signal
intensities of DA absorbance for these two features are respec-
tively �0.15 and +0.03, which are one order of magnitude larger
than those detected by typical PRP spectroscopy. With the decay
of this highly excited state, another positive feature shows up in
a longer wavelength region than 700 nm. This absorption band
is ascribable to the hot band of the S1 state with large

vibrational excess energy. A positive band in the wavelength
region o550 nm is an inverted signal of the stimulated emis-
sion of the relaxed S1 state, which appears due to the formation
of the hot S1 state. With an increase in the delay time, these
signals decrease and no signal remains at 100 ps, indicating
that the highly excited state produced by the repump excitation
at 700 nm perfectly recovered to the initial S1 state, and no
additional reaction takes place in the highly excited state.

To elucidate the dynamics in a much higher excited state, we
used a 350 nm laser light for the repump pulse. Fig. 6(b) shows the
transient absorption spectra of perylene excited at 401 and 350 nm.
The transient spectrum around the time origin shows positive and
negative bands in 500–600 and 600–750 nm. In addition to these
signals, the spectrum clearly shows the absorption band of the
radical cation of perylene around 535 nm,45 which was not detected
under the 700 nm repump conditions. At and after ca. 0.3 ps
following the introduction of the 350 nm laser pulse, positive
absorption signals appear in the wavelength region 4710 nm,
which is ascribable to the hot band of the S1 state. Compared with
the results in Fig. 6(a) with the repump pulse at 700 nm, the hot
band by the 350 nm second pulse excitation extends to a longer
wavelength region, indicating that the S1 molecules produced from
a highly excited state hold larger vibrational excess energy. The
positive band in the wavelength region longer than 800 nm may
contain the absorption of the anionic species of acetonitrile46

produced from the electron ejected from perylene, although their
molar absorption coefficients are relatively smaller than the S1 state
and radical cation of perylene.

The spectrum at 100 ps shows a positive absorption band due to
the S1 state of perylene at 700 nm, in addition to the band of the
radical cation at 535 nm. This is due to the direct excitation of the S0

Fig. 5 (a) and (c) Transient absorption spectra of perylene in acetonitrile solution excited with a 32 pulse train at 401 nm. (b) and (d) Time profiles of
transient absorbance at 700 nm. The delay time was defined as the time interval between the probe pulse and first pulse in the pump pulse train. The blue
shade indicates a time region, during which the pump pulse train is irradiated to the sample.
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state of perylene through the weak absorption at 350 nm
(1000 M�1 cm�1).43 To quantitatively confirm this additional S1

absorption band, we measured the transient absorption spectra of
the same sample solution excited only by the pulse at 350 nm,
which are shown as blue dotted curves in Fig. 6(b). The agreement
of the spectra around 700 nm clearly indicates that the S1 absorp-
tion band remaining at 100 ps is due to the excitation of the S0 state

by the pulse at 350 nm. It should be noted that the absorption band
due to the radical cation is absent in the spectra measured under
the excitation of the single pump at 350 nm. This result safely
excludes a possibility that the radical cation is produced by ioniza-
tion under the single pulse irradiation at 350 nm.

To elucidate the formation process of the radical cation, we
analyzed the temporal evolution of transient absorption

Fig. 7 (a) Time profiles of transient absorbance of perylene in acetonitrile solution monitored at 535, 695 and, 750 nm. (b)–(f) Decay-associated spectra
of the corresponding transient absorption data obtained by global analysis.

Fig. 6 Transient absorption spectra of perylene in acetonitrile solution excited with the pump and repump beams. The pump wavelength was 401 nm
and the repump wavelengths were (a) 700 nm and (b) 350 nm. The delay time was defined as the repump–probe time interval and the pump–repump
interval was set to 100 ps. Repump-induced transient absorption spectra are also shown as dotted curves in panel b. These spectra were normalized with
a common scaling factor over all delay times.
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spectra. Fig. 7(a) shows time profiles of transient absorption
signals at 535, 695, and 750 nm, respectively corresponding to
the absorption maxima of the radical cation, S1 state and the
absorption signal due to the hot band of the S1 state. These
time profiles were reproduced by a quadruple-exponential
function with an offset component and the decay-associated
spectra (DAS) of these time constants are shown in Fig. 7(b)–(f).
DAS for the fastest time constant, 0.2 ps, shows positive and
negative components in the wavelength regions of o620 nm
and 620–840 nm, which respectively correspond to the decay
and rise of absorption signals. These results indicate that the
species produced by the second photon excitation of the S1

state undergoes internal conversion to the S1 state at a high
vibrational level. The second DAS with a time constant of 4.5 ps
shows a prominent positive peak at 705 nm together with a
negative component at 715–820 nm. In addition, the third and
fourth DASs (11 ps and 20 ps) are also characterized by a
differential spectral pattern. These alternate positive and nega-
tive signatures indicate that the DASs with 4.5, 11, and 20 ps
describe a continuous shift toward the shorter wavelength.
Actually, the blue shift of absorption bands is typical evidence
for the vibrational cooling, and the spectral shape of the above
DASs indicates that the hot S1 state undergoes the relaxation to
the equilibrated S1 state in a few tens of picoseconds. The offset
(long-living component in this time window) component shows
the absorption due to the radical cation at 535 nm and the S1

state at 695 nm. It should be noted that no remarkable signal
around 535 nm, corresponding to the radical cation, was
observed in these DASs. This result indicates that the radical
cation is produced within the time resolution of the present
measurement (o140 fs) and undergoes no remarkable decay at
least in several tens of the ps time region.

For the photoionization of amine derivatives33,34 such as
N,N,N0,N0-tetramethyl-p-phenylenediamine and N,N-dimethyl-
aniline, it was observed that the sequential two-photon excitation
to the energy level 0.8–0.9 eV lower than the ionization potential in
the gas phase led to the slow ionization in the sub-ps to several ps
time range. These slow ionization processes suggested that the
ionization is mediated by an intermediate state such as the Rydberg
state.14,15 In contrast, perylene undergoes instantaneous ionization
as the radical cation is clearly detected in the transient spectrum at
time zero, although the total energy given by the two-photon
absorption (6.4 eV)47 is 0.7 eV lower than the ionization potential
of perylene in the gas phase (7.1 eV).48 This distinct ionization
behavior reveals that the amine substituent plays a critical role in
producing the specific electronic excited state before the ionization,
as suggested by Tsubomura and Nakato.14,15

Recombination dynamics of the electron–cation pair

To elucidate the time evolution of the electron–cation pair, the
dynamics in the ns region was also investigated. As mentioned
in the introductory section, the interionic distance of the

Fig. 8 Transient absorption spectra and time profiles of perylene in (a) and (c) n-hexane and (b) and (d) cyclohexane. The repump-induced transient
spectra are shown as blue dotted curves in panels a and b. In panels c and d, the transient absorption signals were averaged over 520–560 nm. Gray dots
indicate the repump-induced transient signals.
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electron–cation pair after the photoionization has been esti-
mated to be 3–4 nm or longer and this distance strongly affects
the recombination process. As will be shown in eqn (1), the
analysis of the temporal evolution using a diffusion equation at
the Coulombic potential19,49 has been employed for the estima-
tion of this distance. To confirm the validity of this analysis to
the ultrafast dynamics, we first elucidated the ionization pro-
cess in nonpolar solutions where the ionized state undergoes
the ultrafast recombination.

Fig. 8(a) and (b) show the transient absorption spectra of
perylene in n-hexane and cyclohexane, excited with 401 and
350 nm laser pulses. The transient spectra obtained under only
350 nm pulsed irradiation are also shown as blue dotted curves
to clearly exhibit the dynamics initiated by the sequential
excitation. Although the absorption of the radical cation at
535 nm appears within the response of the apparatus as in
acetonitrile, this band decreases in the sub-ps to a few ps time
region. This result confirms the rapid recombination of the
electron–cation pair.

Time profiles of the transient absorbance of the radical
cation of perylene are shown in Fig. 8(c) and (d). The signal
of the radical cation rapidly vanishes in both solutions within
1.5 ps. As mentioned above, we employed the diffusion equa-
tion at the Coulombic attractive potential, known as the Smo-
luchowski equation (eqn (1)).19,49

@r r; tð Þ
@t

¼ D
1

r2
@

@r
r2

@r
@r
þ rc

r2
r

� �� �
(1)

Here, r(r, t) is the population function of the electron–cation
pair produced by photoionization, where r is the distance
between the electron and radical cation, t is an elapsed time,
D is the diffusion coefficient, rc = e2/4pe0ekBT is the Onsager
length, e is the elementary charge, e0 is the dielectric constant
under vacuum, e is the relative permittivity of the medium, kB is
the Boltzmann constant and T is the temperature. The diffu-
sion coefficient of the electron was obtained from the electron
mobility in these solvents50,51 For the initial distribution of the
electron–cation pair, we assumed the narrow Gaussian
function50 shown in eqn (2).

r r; t ¼ 0ð Þ ¼ exp � r� r0ð Þ2

2c2

( )
(2)

The full width at half maximum (FWHM) is given as
(2c2 ln 2)1/2. In the actual calculation, we employed numerical
integration of the equation with a time interval of 10�17 second
and a spatial interval of 0.01 nm and the FWHM was set to be
0.5 nm. In addition, we assumed that the recombination takes
place at 0.7 nm between the cation and the electron within
10 fs. The distance of 0.7 nm has been used as the encounter
distance in the recombination process of radical ions produced
by general photoinduced electron transfer, and the recombina-
tion time constant of 10 fs was assumed to keep the conditions
of the diffusion-controlled recombination under the Coulombic
field. Time profiles of the radical cation thus calculated are
shown in Fig. 8(c) and (d) as black solid lines. The calculated

results for n-hexane and cyclohexane systems well reproduce
the experimental results, for which the initial electron–cation
distances were set to 2.0 and 2.7 nm in n-hexane and cyclohex-
ane, respectively. The above results in nonpolar solvents ver-
ified that the Smoluchowski equation is applicable to the
analysis of the ultrafast dynamics of the electron–cation pair
under the present conditions and could estimate the initial
distance of the electron–cation pair.

On the basis of the initial electron–cation distance in non-
polar solvents, we analyzed the temporal evolution of the
radical cation in acetonitrile in the nanosecond time region.
Fig. 9 shows the time profiles of the transient absorption signal
at 535 nm after 100 ps following the excitation so as to avoid the
effect of the vibrational cooling and the contribution of the
decay of the Sn state around the time origin detected by the fs
measurements. As is shown by the repump-induced spectra in
Fig. 6(b), the absorption of the radical cation is dominant and
the contribution of the S1 absorption is negligibly small at
535 nm. In this plot, we also showed the time evolution
obtained by the two-photon ionization by the picosecond
355 nm laser pulse to cover a longer time window. Although
the first excitation wavelength is different between these two
conditions, a rather long pulse duration in the ps laser pulse
(fwhm, 15 ps) can allow the formation of the relaxed S1 state
during the laser pulse and the total excitation energy could be
regarded to be almost similar to each other. Actually, the time
profiles in the 0–2 ns time region are almost the same between
the two. As shown in this figure, the decay of the radical cation
is observed in a few nanoseconds time range and almost
constant signal intensity follows in longer time range.

Solid curves in Fig. 9 show the result calculated with initial
distances of 2.0–5.0 nm between the cation and the electron, a
FWHM value of 0.5 nm, a dielectric constant of 37.5 and a

Fig. 9 Time profiles of transient absorbance of perylene in acetonitrile
solution in the nanosecond time window. Signals were monitored at
535 nm. Data obtained under transient absorption measurements using
femtosecond and picosecond pulses are respectively indicated by cyan
and pink dots. Time profiles after 100 ps were plotted to avoid the time
evolution due to the decay of the Sn state and vibrational cooling. Solid
curves indicate the concentration profiles of the radical cation simulated
under the assumption that the initial distance between the electron and
radical cation is 2.0–5.0 nm.
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diffusion constant of 2.00� 10�9 m2 s�1. As shown in Fig. 9, the
curve calculated with the initial distance of 3.0 nm, which is
similar to that estimated in cyclohexane solution, shows the
best agreement with the experimental result. However, the
experimental results are smaller in the time range o2 ns and
slightly larger than the calculated curve. This result suggests
that the initial distribution of the electron–cation pair has
become wider. That is, the population of the electron with
the distance close to the cation leads to the recombination in
the shorter time region and that with longer distance results in
longer survival time.

As is shown in Fig. 8(c) and (d), the electron distribution
could rapidly change in a low dielectric environment owing to
the large Coulombic attractive force and a large diffusion
coefficient of the electron.51 Although the dielectric constant

of acetonitrile is as large as 37.5 after the dielectric response is
finished, it is reported to be ca. 2 before the dielectric response
such as the solvation process.52 The solvation time52 in acet-
onitrile was reported to be t1 = 0.089 ps and t2 = 0.63 ps.
Accordingly, the initial distribution just after the ejection of the
electron could change before the dielectric response. To take
this effect into account, we calculated the time evolution of the
distribution function for the time up to 1 ps using the dielectric
constant of n-hexane (e = 1.88) and the diffusion coefficient of
electrons (1.78 � 10�7 m2 s�1), results of which are shown in
Fig. 10(a). In this calculation, the initial distance of 3.65 nm
was used because a remarkable decay of the cation within a few
to several tens of ps was not observed in acetonitrile solution as
is shown in Fig. 6(b). The time evolution of the distribution
function in Fig. 10(a) shows a significant change over a short
period of time (1 ps). Fig. 10(b) shows the time profile calcu-
lated with the distribution at 1.0 ps in Fig. 10(a) as the initial
distribution for the calculation of the dynamics in acetonitrile
with the dielectric constant and the diffusion coefficient used
in the result in Fig. 9. The curve in Fig. 10 well reproduces the
experimental results not only in the early time region but also
in the late stage of several nanoseconds.

This rapid change in the distribution function of the elec-
tron–cation pair in polar solvents before the solvation can well
explain our recent results on the two-photon ionization of
pyrene in acetonitrile.21 In this previous report, the decay of
the radical cation of pyrene was observed in the time domain
of several nanoseconds as observed in the present system. The
cation remaining after several ns was about 70% of the initial
value at 5 ns. On the other hand, more than 90% of the pyrene
cations in the time domain of several ns survived in the
solution with biphenyl where biphenyl captured the electron
within 200 fs. The rapid capture of the electron could keep the
initial distribution, which is far from the cation, and prevents
the rapid evolution owing to the smaller diffusion coefficient of
the molecular anion. Although more detailed investigation is
necessary for the precise elucidation of the evolution of the
distribution function of the electron–cation pair, the present
results by means of SE-PRP spectroscopy could be effectively
used for further studies.

Conclusions

In the present study, we have developed a pump–repump–
probe measurement system with a burst mode of photoexcita-
tion, in which the pump pulse train was generated with a
birefringent crystal array and used for the effective accumula-
tion of the intermediate state without unwanted nonlinear
optical effects.

This system was applied to the direct detection of photo-
ionization and subsequent recombination of perylene in the
solution phase. While the stepwise two-photon excitation at 401
and 700 nm does not lead to photoionization in acetonitrile
due to the lower excitation level, the irradiation of the repump
pulse at 350 nm successfully triggers the ionization and

Fig. 10 (a) Time evolution of electron–cation distribution in acetonitrile
simulated by the Smoluchowski equation. (b) Time profile of the concen-
tration of electron calculated in the simulation taking account of the rapid
change in the distribution in 1 ps (see the text).
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formation of the radical cation of perylene. This irradiation of
the pump and repump pulses corresponds to the two-photon
excitation to the energy level, which is 0.7 eV lower than the
ionization potential in the gas phase. It should be noted that
the radical cation is produced immediately after the photoexci-
tation within the time resolution of the measurements. This
instantaneous photoionization is markedly different from the
ionization of aromatic amines in our previous studies, in which
the photoionization takes place in the slower timescale and the
formation of the radical cation is rate-limited by the solvation
process. In the nanosecond time region, on the other hand, the
resultant radical cation undergoes partial recombination with
the ejected electron. For the elucidation of this recombination
dynamics in both the early and late time regions, we investi-
gated the photoionization and recombination also in nonpolar
solvents. The ultrafast recombination within 1 ps originates
from the change of the spatial distribution of the ejected
electron in such low environments by the diffusion process
under the Coulombic attractive force. This behavior suggests
that the population function depending on the electron–cation
distance evolves even in acetonitrile in the femtosecond time-
scale, in which the solvation is not completed and the dielectric
constant is still lower than the static value. We further per-
formed the simulation based on the Smoluchowski equation to
verify the effect of the dielectric change on the recombination
dynamics in acetonitrile. It can be considered that the transient
change of the dielectric constant well reproduces the experi-
mentally observed recombination process in the overall time
region. These results emphasize that the ultrafast solvation in
polar solvents is intimately involved in the dielectric environ-
ments, and it greatly affects the recombination in the later
nanosecond time region. We are now undertaking the detailed
investigation of the solvent effect on the initial interionic
distance of the electron–cation pair and recombination
dynamics by using the Smoluchowski equation taking account
of the transient dielectric change.
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