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The dynamics of the internal conversion in toluene molecules and dimers excited to the electronicS2 state by
150 fs laser pulses at 202 nm has been studied in pump-probe experiments by detection of the ions and the
coincident photoelectrons. The time-dependent ion signals reflect an ultrafast (∼50 fs) internal conversion
from the excitedS2 state down to the lower electronicS1 andS0 states for the monomer as well as the dimer.
The decay of the secondarily populatedS1 state proceeds within 4.3 ps for the toluene molecule and more
than 100 ps for the dimer. The energy distribution of the photoelectron spectra for the monomer and the
dimer ion demonstrate the significant geometry differences between the corresponding electronic states included
in the processes of excitation, ionization and relaxation. The structure of the photoelectron spectra measured
at simultaneous absorption of the pump and probe photons is tentatively assigned to vibrational modes of the
ion states. The comparison of the electron spectra before and after the internal conversion out of theS2 state
directly reflects the growth of the vibrational energy in the secondarily populatedS1 states of the toluene
monomer and dimer.

1. Introduction

In polyatomic molecules and molecular clusters excited to
higher electronic states, internal conversion (IC) to vibronic
levels of lower electronic states is one of the dominant
mechanisms for deactivation. As a prototype molecule, benzene
has been studied for many years in great detail by the group of
E. Schlag (see e.g., ref 1). Here, higher vibrational levels of
the S1 electronic state (in the channel three region) as well as
S2 state levels are deactivated very rapidly by IC. The dynamics
of this process in aromatic molecules (e.g., benzene and
pyrazine) has been discussed theoretically on a microscopic level
in terms of a conical intersection of the respective potential
energy surfaces within the Franck-Condon region. Experimen-
tally, the dynamics of internal conversion and the change of
the internal energy during this process have been analyzed by
photoelectron spectroscopy for a few isolated molecules of a
somewhat more complex structure, for example, 1,3,5-hexatriene4

and decatetraene.5

Recently, we have studied the dynamics of IC in the benzene
monomer and dimer in a femtosecond pump-probe experiment.
TheS2 electronic state is excited by laser pulses at 200 nm and
probed at 267 nm by ionization.6 The analysis of the time-
dependent ion signals obtained gives lifetimes of about 40 fs
for both, the benzene monomer and dimer. The decay process
is attributed to IC from theS2 state to higher vibrational levels
of theS1 and theS0 state, the former process being the dominant
mechanism. In contrast, theS2 to S1 transition occurs only with
a very small branching ratio of 1% and 2.3% for the benzene
monomer and dimer, respectively. This has been estimated from
the relative strengths of the ion signals at longer delay times,
the S1 state being depopulated with a time constant of 6.7 ps,

and 100-200 ps for the monomer and dimer, respectively.6

Equal ionization efficiencies were assumed for theS2 and the
S1 state in both species, an assumption which appears justified
in view of the broad Franck-Condon regions found for the
corresponding transitions7 implying an only weak dependence
of the transition probabilities on the different levels of vibrational
excitation.

The femtosecond time-resolved photoelectron spectroscopy
developed and applied by us for the analysis of clusters has
allowed us to follow directly the time evolution of the internal
cluster energy distribution during the internal conversion
processes in the benzene monomer and dimer.7 Relatively broad
electron spectra are observed in this case immediately after
excitation (zero delay time between pump and probe pulse),
while already after a few 100 fs, the energy distribution is
narrowed and concentrated on low electron kinetic energies
onlysreflecting the increase of the internal energy in the
monomer and dimer due to IC. Surprisingly, despite of the high
internal energy, contained in the neutral and in the ionic state
after the internal conversion, which is significantly larger than
the binding energy of the benzene dimer, no fragmentation has
been observed. Apparently, theS2 to S1 state conversion leads
to a stable combination of excited intramolecular vibrations in
theS1 state of the dimer (and after ionization in the ionic state).
The energy transfer to intermolecular vibrations in the benzene
dimer ion appears to be rather inefficient so that fragmentation
on a time scale of some 100 ns (the time spent by the ions in
the extraction region of the mass spectrometer) does not occur.

In the present paper, we report a study on the corresponding
processes in toluene and toluene dimers as an example of a
system with strongly reduced symmetry (noD6h symmetry). The
nondegeneracy of states in this benzene derivative leads to a
higher density of the vibrational levels and to a reduction of
symmetry-forbidden interactions. Hence, higher coupling rates
for nonadiabatic transitions are expected. Again, we use
femtosecond pump-probe techniques and time-resolved photo-
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electron photoion coincidence spectroscopy (fs-PEPICO). The
toluene monomer and dimer are excited by pump photons with
an energy of 6.14 eV (wavelength 202 nm), which exceeds the
energies of theS1 and theS2 electronic states.

2. Experimental Section

The toluene molecules and clusters are cooled in a supersonic
molecular beam by adiabatic expansion of toluene (0.16%)
seeded in He gas (1.2 bar) through a pulsed nozzle. At such
low concentration, the cluster size distribution is restricted
mainly to small cluster masses. This is documented in a typical
mass spectrum shown in Figure 1.

After passing a skimmer (1 mm), the molecular beam interacts
with the femtosecond laser pulses of two weakly focused
copropagating laser beams. The molecules and clusters are
excited with a pump pulse (wavelength 202 nm) and ionized
by a probe pulse (wavelength 269 nm) delayed by the timeτ
with respect to the pump pulse. The ions are detected by a
Wiley-McLaren time-of-flight mass spectrometer while the
coincident photoelectrons are analyzed by a time-of-flight
“magnetic bottle” electron spectrometer. The ion and electron
signals detected by microchannel plate detectors are registered
in a multihit time-to-digital converter (Le Croy 4208) started
by the laser pulses.8

The laser system used is a commercial Ti-sapphire laser and
amplifier system (Clark MXR) tuned to 808 nm. The pulsed
laser beam is split into two parts, one of which is transformed
to the fourth harmonic by three successive BBO crystals (pump),
while the second part is frequency tripled by two additional
BBO crystals (probe).9 The widthτL (FWHM) of the laser pulses
is about 150 fs. For the electron spectroscopy (fs-PEPICO), the
laser fluences have to be reduced strongly to ensure ionization
rates significantly below 1 per laser pulse so that accidental
coincidences are suppressed. Typically, we use 20µJ/cm2 for
the pump and 500µJ/cm2 for the probe pulse. With these
fluences, we obtain total coincidence rates below 0.1 per laser
pulse, so that uncorrelated coincidences remain below 10%.8

Hence, at a pulse repetition frequency of 1 kHz a data acquisition
time of 1 h is needed to accumulate about 4‚105 coincidences.

3. Results and Discussion

Figure 2 shows the energy scheme of the ground, excited
and ionic states of toluene monomer involved in the present
pump-probe study. The pump photon energyhV1 exceeds the
energies of theS1 and theS2 electronic states. In contrast to the
term energy of theS1 state (4.647 eV, vibrationlessS0 f S1

transition10), the position of theS2 state is not exactly known

and has been estimated by the measured absorption spectrum.11

For the dimer, theS0 f S1 (0-0) transition energy is about
4.58 eV and the ionization potential is 8.34 eV.12 The probe
photon energyhV2 ) 4.61 eV is below (for the monomer) or
close to (for the dimer) theS1 state energy, thus avoiding any
significant signal due to ionization with the pump photon (i.e.,
at negative delay timesτ).

Figure 3 shows the time-dependent ion signals for the toluene
monomer and dimer as determined by the pump-probe experi-

Figure 1. Typical mass spectrum of toluene clusters, indicating only
a small fraction of clusters withn > 2.

Figure 2. Energy scheme of the toluene monomer (all quantities in
eV). The energies of the pump (hV1) and the probe (hV2) photons are
drawn in scale.

Figure 3. Ion signals of the toluene monomer and dimer as a function
of the delay timeτ between the pump (202 nm) and probe (269 nm)
pulses. The signals are superimposed by two contributions (S2) and
(S1) with decay timesτIC

(2) andτIC
(1) (see text). The numbers in the upper

right corner denote the magnification factors for the different ion signals.
Below, for comparison, the time-dependent benzene ion signal is given
along with the cross correlation curve of the laser pulses (dotted line).
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ment and a comparison with benzene. The observed time
dependence can be interpreted by the superposition of two
contributions: one part (S2) reflects the excitation and decay
of the initially excitedS2 state and the other part (S1) is due to
the population of theS1 state. The first contribution is fitted
within our model of optical Bloch equations,13 which describe
the resonant coherent excitation of theS2 state by the pump
pulse followed by a single-exponential decay with a time
constantτIC

(2). The second contribution, which builds up with
τIC

(2) and decays with the time constantτIC
(1) can be described by

a simple rate equation. As a result of a least-squares fit, we
obtain anS2 state lifetimeτIC

(2) ) 50 ( 10 femtosecond for both
the monomer and the dimer. It is again attributed to IC down
to the S1 and S0 state in both cases. This accuracy of the
measured lifetimeτIC

(2) relies on an exact determination of the
zero delay time between pump and probe pulse by comparison
with the simultaneously measured benzene signal. That, in turn
has been calibrated in earlier experiments. The extremely large
IC rates for both the toluene molecule and dimer are again
attributed to conical intersections of the corresponding potential
energy surfaces (apparently unaffected by intermolecular effects
in the dimer)sin close analogy to the benzene system.2,3 A
quantitative interpretation of these observations constitutes a
major challenge for future theoretical work.

From extended delay scans, as shown in Figure 4, we can
also derive the lifetime of the product stateS1, which is much
longer: τIC

(1) ) (4.3 ( 0.2) ps for the monomer andτIC
(1) > 100

ps for the dimer. IC to theS0 state is held responsible for this
decay. Assuming, as in the benzene case (see the Introduction),
nearly equal ionization efficiencies for theS2 and theS1 state,
we can estimate the branching ratio forS2 f S1 state conversion
to be∼30% for the toluene monomer and∼70% for the dimer.
These branching ratios are about 30 times larger than the
corresponding ones for benzene. Whereas for the benzene
monomer and dimerS2 f S0 internal conversion is the dominant
decay channel, for toluene, theS2 f S1 IC-rate state is of the
same order of magnitude. Most likely, this is caused by the

higher density of vibrational levels in theS1 state of toluene
which couple by nonadiabatic interaction to the levels of the
excitedS2 state. In contrast, the lifetimes of both, theS2 andS1

states of the toluene monomer and dimer are roughly the same
as the corresponding lifetimes in benzene.

Turning now to the results of the photoelectron spectroscopy,
we discuss at first the background signal for the toluene
monomer (measured at a pump-probe delayτ ) -1 ps). Figure
5 shows two sharp edges at electron kinetic energiesEel ) 0.45
eV and Eel ) 3.4 eV which correspond to the maximum
expected for absorption of two probe photons (Eel ) 2hV2 -
IP) and two pump photons (Eel ) 2hV1 - IP), respectively.

Figure 6 shows the femtosecond-PEPICO electron spectra
for the toluene molecule at pump-probe delay timesτ ) 0.1
ps (a) andτ ) 1 ps (b). The background signal has been
subtracted in both cases. The maximum electron signal (and
ion signal, see Figure 3) is obtained atτ ) 0.1 ps. Here, the
signal is dominated by theS2 contribution, i.e., by ionization
of molecules which are still in the initially excitedS2 state.
However, as already documented in Figure 3, a small fraction
of about 15% has already undergone IC to theS1 state and gives
rise to an enhanced signal at low electron kinetic energies.

The distribution of this additional part in Figure 6a is identical
to the energy spectrum atτ ) 1 ps where all toluene molecules
are either in theS1 state (cf. Figure 6b) or in theS0 ground
state from where they cannot be ionized.

By scaling the distribution shown in Figure 6b according to
the ratio betweenS1 and S2 population derived from the ion
signal Figure 3, we can subtract theS1 contribution from the
signal shown in Figure 6a to obtain the pureS2 electron spectrum
(thin line in Figure 6a). This relatively flat distribution reflects
a broadS2 f ion Franck-Condon region. Vibrational energies
in the ion (Evib) range from zero (atEel ) Eel

max) up to the
maximum possible value ofEvib

max ) hV1 + hV2 - IP ) 1.9 eV
(Eel ) 0), with a maximum in the distribution at around 0.5 eV
(Eel ) 1.4 eV) which appears to reflect a (weak) propensity
rule ∆v = 0, the vibrational energy in the excitedS2 state being
0.45 eV (cf. Figure 2).

It is interesting to note that the structure on the electron
spectrum Figure 6a appears to represent a vibrational progression
with an energy spacing of 0.19 eV. Tentatively, this progression
is assigned to theV8 bending mode of toluene in the ionic ground
state. As well-known, theV8 mode dominates the spectrum of
the S2 state of benzene because it is the active mode for the

Figure 4. Ion signals of the toluene monomer and dimer for longer
delay timesτ between the pump and probe pulses. Otherwise, they are
as Figure 3.

Figure 5. Electron spectrum of the toluene ion measured at the delay
time τ ) -1 ps. The arrows denote the maximum electron energies
Eel

max for the absorption of two probe (hV2) and two pump (hV1)
photons, respectively.
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pseudo-Jahn-Teller S2 f S3 coupling, leading to a remarkable
change of the benzene geometry in theS2 state.14 It should be
important also in the toluene system. In contrast to benzene,
here, theV8 progression will also exist for the ion state of toluene
due to the lower symmetry of this molecule compared to
benzene. In benzene, this mode is degenerate (e2g), in toluene
the componentV8a is totally symmetric allowing a progression
with ∆V8 ) 0, (1, (2, (3, ... in the ion. In the electronic ground
state the corresponding frequency isV8a ) 1605 cm-1 (0.199
eV).15 Assuming a nearly equal value also for the toluene ion
the observed separation of 0.19 eV in the progression seen in
Figure 6a is very plausible.

The electron spectrum for the longer delay timeτ ) 1 ps
(Figure 6b) reflects the IC from the excited electronicS2 state
to the S1 state which after 1 ps is complete. IC leads to high
vibrational energy in theS1 state of up to 1.5 eV (cf. Figure 2).
Assuming similar geometries in the neutralS1 state and in the
ionic ground-state we expect comparable vibrational excitation
(propensity rule) also in the latter leading to electron energies
up to about 0.4 eV. The observed electron spectrum shown in
Figure 6b displays only a relatively small tail at energiesEel )
0.4 eV, thus confirming this line of arguments. On the other
hand, the electron signal peaks atEel = 0 (vibrational energy
= 1.9 eV) reflecting a certain difference between the geometries
of the S1 state and the ionic ground state.

In Figure 7 the electron spectra for the toluene dimer are
displayed at three different pump-probe delay timesτ. In the
top panel (a) the background spectrum detected atτ ) -1 ps
is shown to be concentrated on the interval betweenEel ) 0 to
0.85 eV. The latter value corresponds to 2hV2 - IP, thus, this
background signal is due to absorption of two probe photons.
The small, nearly constant contribution up to energies above
2.6 eV is caused by absorption of two pump photons. There is,
however, no noticeable contribution from exciting the dimer

with a probe photon of 4.61 eV and ionizing it with a time-
delayed pump photon of 6.14 eV. The complete background
signal has been subtracted from the electron spectra forτ )
+0.1 ps andτ ) +1 ps as represented in Figures 7b,c.

As above, for the toluene monomer, the electron spectrum
for the dimer atτ ) +0.1 ps reflects preferentially the ionization
of the originally excitedS2 state. Here, as determined from
Figure 3, about 25% of the signal at low electron energies results
from theS1 state, which is already partially populated atτ )
+0.1 ps. At this delay time, the electron spectrum ranges up to
nearly the maximum possible electron energyEel

max ) hV1 +
hV2 - IP, again a documentation of a broad Franck-Condon
region for theS2 f ion transition. The observed vibrational
progression on top of the electron signal at energies above 1
eV with a distance of about 0.1 eV between adjacent peaks is
not yet understood due to the lack of spectroscopic data for the
toluene dimer in the neutral excited states and ionic ground state.
Clearly, it is due to an intramolecular vibrational mode, possibly
a combination band of theV8 progression with another mode of
about half of the vibrational energy. Such vibrations, allowed
only for the dimer ion, are the out-of-plane modesV4(b1), V10a(a2)
and V10b(b1) of toluene in the energy range between 700 and
850 cm-1.15 Due to symmetry considerations, the simultaneous
appearance of two combination bands, characterized by theV8

progression (∆V8 ) 0, (1, (2, ..) and∆V ) (0 or ∆V ) (1
for the out-of-plane mode, is forbidden for the toluene monomer
ion; however, it is allowed for the less symmetric dimer.

At a delay timeτ ) +1 ps (Figure 6c), the measured electron
spectrum exclusively reflects the ionization of the dimer out of
the S1 state, which is populated by internal conversion from

Figure 6. Electron spectra of the toluene monomer ion for delay times
τ ) +0.1 ps (a) andτ ) +1 ps (b). Spectrum (a) extends up to the
maximum energyEel

max ) 1.9 eV and contains a small contribution
from S1 in addition to major component arising fromS2 ionization (thin
line). The structure on top of the spectrum is attributed to the vibrational
progression of theV8 bending mode. Spectrum (b) arises from ionizating
the S1 state after the internal conversion fromS2.

Figure 7. Electron spectra of the toluene dimer ion at delay timesτ
) -1 ps (a, background),τ ) +0.1 ps (b) andτ ) +1 ps (c). The
main part of the background spectrum (a) extends up toEel

max ) 0.85
eV corresponding to the absorption of two probe photonshV2. The
background (a) is already subtracted from the electron spectra atτ )
+0.1 ps (b) andτ ) +1 ps (c). The maximum electron energy of 2.4
eV atτ ) +0.2 ps is given byEel

max ) hV1 + hV2 - IP. The vibrational
structure is tentatively assigned in the text.
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theS2 state. IC to theS0 state cannot be detected because at our
probe pulse energy the highly excitedS0 state cannot be ionized.
According to the energetics (cf. Figure 2), the electron spectrum
of the dimer should extend up toEel

max ) hV1 + hV2 - IP - Eint

) 0.85 eV if the internal energyEint in the ion is equal to the
vibrational energy of 1.55 eV in theS1 state. That is indeed
essentially what we observe in Figure 7c. Because of this and
the fact that the maximum of the electron signal occurs at
energiesEel > 0, we conclude that the geometries of the neutral
S1 and the ionic ground state of the toluene dimer do not differ
very much.

As for the benzene case, a very astonishing result for the
toluene dimer is the fact, that its ions do not dissociate despite
of a vibrational energy content of up to about 2.4 eV, an energy
far above the dissociation threshold in the dimer ion. This result
can be understood only by assuming that the high vibrational
energies, deposited in the ion state via theS2 or theS1 state, are
concentrated for long times preferentially inintramolecular
vibrations. The energy transfer to theintermolecular vibrations
in the toluene dimer seems to be rather slow so that fragmenta-
tion of the ions does not occur during their residence time of a
few 100 ns in the extraction region of the mass spectrometer.
Comparative experiments with a narrow and a broad cluster
distribution in the molecular beam (as realized, e.g., by different
seed ratios) do not lead to significantly different electron signal
relations. We can thus exclude that the dimer ion signal is
obscured by fragmentation of the trimer.

4. Conclusions

We have studied the internal conversion processes of toluene
molecules and dimers excited to the electronicS2 state by 150
fs laser pulses at 202 nm. The analysis of the time-dependent
ion signals reveals an ultrafast decay of the primarily excited
state down to the lower electronicS1 andS0 states within about
50 fs for the monomer as well as for the dimer. The decay of
the secondarily populatedS1 state levels proceeds within 4.3
ps for the toluene molecule and more than 100 ps for the dimer.
These lifetimes are roughly comparable to the corresponding
values for the benzene monomer and dimer. In contrast,
however, the branching ratios for theS2 f S1 conversion are
much larger for the toluene species than for the benzene system.

The photoelectron spectra reveal broad Franck-Condon
regions for the ionization of the toluene monomer and dimer

via the S2 electronic state reflecting significant differences in
the geometries of the corresponding electronic states. The
discrete structure on the electron spectrum of the toluene ion
can be identified as being due to theV8 bending mode, whereas
for the dimer ion the assignment to a combination band of the
V8 mode with an out-of-plane mode is only tentative.

For delay times at which internal conversion from theS2 state
is completed, we observed much narrower electron spectra with
low photoelectron energies reflecting the increase of the
vibrational energy in the terminalS1 state. Despite of the high
internal energy, the toluene dimer does not fragment signifi-
cantly. Obviously, this energy is preferentially deposited into
intramolecular modes that do not couple to theintermolecular
bond.
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