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Ultrafast dynamics of ethylbenzene (EB) cation has been studied by time-resolved photofragmentation
mass-spectrometry (PFMS) in combination with photoelectron spectrometry. EB cations were prepared
by multiphoton ionization. The photoelectron spectrum was registered by photoelectron velocity map
imaging (PEVMI) and the observed bands were assigned to different cation states. The ultrafast dynamics
of these cation states are measured by monitoring the time dependent parent-ion depletion and the
fragment-ion appearance, simultaneously. An ultrafast relaxation time of the parent ion of 2.50 (±0.13)
ps has been inferred, which is attributed to a dissipative intramolecular vibrational redistribution (IVR)
process within the D0 cation state. The results were compared with o-xylene cations, an isomer of EB.

� 2014 Elsevier B.V. All rights reserved.
Introduction electronic states, IC and ISC to vibronic levels of lower electronic
Ultrafast electronic relaxation processes [1] play a central role
in photochemistry and photobiology. The two major nonradiative
pathways are internal conversion (IC) due to electronic nonadiaba-
ticity and intersystem crossing (ISC) induced by spin–orbit
coupling. In polyatomic molecules that are excited to higher
states are two dominant mechanisms. Electronic relaxation pro-
cesses can be unveiled [2–8] by ultrafast laser spectroscopy.
Besides a vast array of investigations that are focused on molecular
neutrals, fs time-resolved studies on molecular cations are rarely
reported [9–12]. Tracking the transient dynamics of ion states is
challenging. In a previous paper, we demonstrated that an ade-
quate characterization of the produced ions can be achieved by
combining PEVMI with PFMS in a pump–probe experiment [13].

In this present study, we investigate the ultrafast dynamics of
the EB cations. EB plays a great role in combustion chemistry.
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Fig. 1. Ionization scheme and corresponding assignments of the multiphoton
ionization [16,24]. The expected photoelectron bands are arbitrarily numbered I to
III. S0 is the ground state. The D0, D1 and D2 stand for the ionic ground state, and the
first two lowest excited states, respectively. The thresholds of these states marked
in brackets are taken from Refs. [16,24].
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Compared with benzene, toluene and xylene, it has a higher reactiv-
ity and thus exhibits noticeably different combustion properties
such as short ignition delay time [14] and a high flame speed [15].
Photoionization [16–18], photodissociation dynamics [19,20] and
excited dynamics of the neutral EB [21] have drawn great attention.
To the best of our knowledge, ultrafast dynamics of cationic EB has
never been addressed so far. In our experiment, the ionization is
achieved by fs-multiphoton absorption (pump) and the population
of the generated cations is characterized by imaging the emitted
photoelectrons. After ionization, the ions are excited to an energet-
ically higher electronic state by a time delayed probe photon inter-
action [13] from where fragmentation may occur. Presuming
fragmentation of the excited ions, ion dynamics can be measured
monitoring the excited parent-ion C6H5C2H5

+ depletion and the frag-
ment-ion C6H5CH2

+ formation as a function of the probe pulse delay.
The aim of the current study is to unveil redistribution processes
taking place within the lowest electronic ion states by IC and IVR.

Experiment

The experiments were performed with a home-built double-
sided velocity map imaging setup [21]. The system consists of
two symmetrical, collinear 50 cm long time-of-flight (TOF) mass
spectrometers sharing the same interaction region for detecting
electrons and ions at opposite sides. Each spectrometer comprises
a 7 element electrostatic optic providing a coincident longitudinal
(Wiley–McLaren) [22] and lateral VMI (Velocity Map Image) [23]
focus at the image plane. VMI’s can be registered with a 2-stage
MCP/phosphor detector (Proxivision GmbH) read out by a CCD
camera (Hamamtsu Orca-03G).

The near infrared (�800 nm) output of a fs laser system (Clark-
MXR CPA-1000) was split into two beams with equal intensity. One
part was used as ‘pump’ beam, while the other part was frequency
doubled to �400 nm in a beta barium borate crystal (BBO type I)
and acts as a delayed ‘probe’ beam after passing an optical delay
stage (PI, M-403.4PD). The pump and probe pulses have a duration
of less than 100 fs. The cross-correlation of the pump and probe is
about 110 fs. Both beams were merged by a dichroic mirror to
propagate on the same axis with parallel polarization adjusted by
half wave plates and thin film polarizers.

The molecular beam (MB) was produced by expansion of �2%
EB (Sigma Aldrich, 99.0% purity) diluted in helium buffer gas at a
pressure of 1.5 bar through a miniature valve (Fa. Gyger) pulsed
at a rate of 400 Hz. After skimming, the molecular beam enters a
differentially pumped chamber where it reaches the common
interaction region of the two independent TOF spectrometers
5 cm downstream of the skimmer. The TOF axis is orthogonal to
the MB in a horizontal plane. The vertical laser beams are focused
into the molecular beam by an f = 400 mm lens with their polariza-
tion pointing along the MB, i.e., parallel to the two detector planes.

The energy of the pump laser pulse was optimized to produce
the highest possible multiphoton ionization yield, yet avoiding
direct fragmentation due to higher order photon interactions. All
photoelectron images of EB have been recorded with pump pulse
energies at which only spurious fragmentation was observed
applying the pump pulse only. With interaction of the probe pulse
alone, almost no ionization signal was observed. To achieve such
condition, the energies for the pump- and the probe pulses are
chosen to �20 uJ and �1.5 uJ for the measurement, respectively.

Results and discussion

The prepared cation states

Gunzer and Grotemeyer measured an EB ionization energy of
8.77 eV via MATI spectroscopy [16]. The energy map of the lowest
ion states of EB is depicted in Fig. 1 [16,24]. The photoelectron
bands expected in our experiment after multiphoton ionization
are indicated by black arrows. At least six photons at 800 nm
(1.55 eV) are required to ionize EB. The main ion-fragmentation
product is C6H5CH2

+ (due to CH3 loss) and the corresponding
appearance energy of 10.81 eV has been reported [18]. The absorp-
tion of six photons will not produce fragments, directly. At the
chosen pump pulse intensity of about 2 � 1012 W/cm2, ionization
with seven or more photons produced only negligibly few frag-
ments [18,25]. Thus a minimal entanglement of photoelectron
images can be expected.

At a wavelength of 800 nm, 7 photons suffice to ionize EB to the
D1 ionic state at 9.29 eV but not to the D2 state at 11.25 eV [24].
The photoelectron image of EB by multiphoton ionization
(@800 nm) as registered by the detector CCD camera is shown in
Fig. 2(a). The radial distance of a hit indicates the transverse
momentum of photoelectrons. At the chosen electro-static settings
of the TOF race the detector range (maximum diameter) covers
momenta of photoelectrons leaving the ionization process with a
kinetic energy between 0 and 3.5 eV. The linear polarizations of
the laser beams are aligned vertical in the plane of the figure.
The photoelectron spectrum derived from this PEVMI by lin-Basex
algorithm [26] is shown in Fig. 2(b). The arrows in Fig. 2(b) indicate
the maximum possible kinetic energies of 0.53 eV after absorption
of six photons and 2.08 eV of seven photons at a wavelength of
800 nm (pump) in respect to the ionic D0 state. The observed bands
are marked as band I, band II and band III in Fig. 2(b) corresponding
to the notation in Fig. 1.

The strongest contribution, band I (see Fig. 2(b)), can safely be
attributed to a six-photon excitation to D0, whereas the faint bands
II and III are interpreted as seven-photon ionization to states D0

and D1, respectively. The ethyl substituent lifts the degeneracy of
benzene orbital, which leads to an electronic splitting of cationic
states. The two lowest resulting ionic states (D0, D1) have an energy
difference of �0.52 eV [20]. With six-photon ionization (9.3 eV), it
is unlikely to reach the D1 state at the threshold energy of 9.29 eV
resulting in close to zero kinetic energy electrons. Actually, no peak
at zero photoelectron energy is observed. Only band I in the regime
of six-photon ionization is present and can therefore be attributed
to ionization to the D0 state by six photons.

With seven photons, both ionic states (D0, D1) become accessi-
ble, yielding band II and III in the photoelectron image shown in
Fig. 2(b). The energy difference between band I and band III is less
than one-photon energy (1.55 eV). Thus band III can be assumed to
be due to ionization to vibrationally excited ionic D0 states with
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Fig. 2. (a) Photoelectron image of EB ionized by the pump pulse at 800 nm. The linear polarizations of the laser beams are aligned vertical in the plane of the figure. (b)
Photoelectron spectrum of the multiphoton ionization extracted from the photoelectron image by the lin-BASEX algorithm. The band numbers ‘‘I, II, III’’ correspond to those
introduced in Fig. 1.
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Fig. 3. (a) Time evolution of parent C6H5C2H5
+ ions and (b) C6H5CH2

+ fragment ions.
The dashed lines indicate the ion signal levels produced by the pump pulse alone.
(c) The two transient signals are plotted together for comparison.
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seven photons. The offset of band II and band III matches the
energy difference between D0 and D1 of 0.52 eV. It is thus
reasonable to attribute band II to the ionization out of D1 state
by seven-photon ionization. The ionization scheme for the
observed energy map is depicted in Fig. 2.

The relative populations of the addressed ion states can be
estimated from the ratio of photoelectron intensities integrated
over appropriate kinetic energy ranges of the corresponding linear
speed distributions [13]. The six-photon ionization band I
(0–0.53 eV) contributes �83% of the total signal intensity, whereas
the seven-photon ionization (ranging from 0.53 eV to 2.08 eV) con-
tributes only �17%. The 17% can be approximately grouped into
band II (ranging from 0.53 eV to 0.93 eV) with 7% of the total signal
due to ionization into D1 and band III (ranging from 0.93 eV to
2.08 eV) with 10% into D0. Thus after the pump excitation 93% of
the produced ions are found in D0 and only 7% in D1.

Dynamics of the cations

With PFMS-measurements, the initially produced ions by the
800 nm pump pulse were sampled with a time delayed 400 nm fs
probe pulse. The delayed probe pulse interaction yields ions in
highly excited states which subsequently undergo fragmentation.
The generated fragmentation products are measured with a TOF
mass spectrometer as a function of the delay time [13]. In the cho-
sen experimental setting, an additional one-photon absorption of
the probe pulse (400 nm) is sufficient to excite EB well above the
appearance energy of the C6H5CH2

+ at 10.81 eV [18].
The dynamics of the initial ion states are inferred from monitor-

ing the C6H5C2H5
+ parent-ion depletion and the C6H5CH2

+ fragment-
ion formation as a function of the delay time as shown in Fig. 3(a)
and (b), respectively. The dashed lines in Fig. 3(a) and (b) indicate
the signal level of parent C6H5C2H5

+ ions (red) and fragment
C6H5CH2

+ ions (black) with pump pulse interaction only. The very
narrow peak at t = 0 reflects the interaction of overlapping pump
and probe pulses leading to combined multiphoton interactions
not discussed here. Data taken during the time of overlapping
pulses (�110 fs) are omitted from the evaluation below.

The ion signals are non-zero at all delay times, even at negative
delays. At negative delays (t < 0) ion signals are due to excitations
by the probe pulse at 400 nm (now acting as ‘pump’) followed by
ionization due to the ‘pump’ pulse at 800 nm. The behavior of tran-
sients at negative delay at the described experimental settings
indicates the dynamics of the neutral excited states [21], which
will not be discussed here. To address the cation dynamics within
the experimental intention, we focus on the transients at positive
time delays only. As shown in Fig. 3(a), the parent-ion intensity
drops abruptly around zero time delay, and then slowly increases
again within several picoseconds, approaching asymptotically a
constant value. The fast drop of the parent-ion signal within the
probe pulse duration can be attributed to ion fragmentation
induced by the probe pulse. The fragmentation is evidenced by
the appearance of C6H5CH2

+ ions that are the main fragmentation
product of EB at these energies. The amount of detected C6H5CH2

+

ion fragments almost equals the loss of parent C6H5C2H5
+ ions,



Table 1
Comparison of experimental results for EB and o-xylene.

EB o-Xylene [13]

Populated states 93% D0, 7% D1 93% D0, 7% D1

Fast component s1 = �2.50 ps s1 = �734 fs
Contribution ratio: 56% Contribution ratio: 15%

Slow component s2 > �18 ns s2 > �27 ns
Contribution ratio: 44% Contribution ratio: 85%
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which can be inferred from Fig. 3(c), showing the parent-ion
depletion and fragment-ion formation transients together.

Fig. 4 shows the quotient signal S(C6H5CH2
+)/S(C6H5C2H5

+) as a
function of time. The temporal behavior exhibits a fast initial decay
in the first 10 ps followed by a much slower temporal feature. The
data are fitted with two exponential curves convoluted with a
�100 fs wide Gaussian instrument response function. The fitting
reveals a decay time s1 = 2.50 (±0.13) ps for the fast initial decay
and s2 > �18 ns for the slower persisting decay. As the maximal
delay in our experiment is limited to �700 ps, s2 cannot be
determined accurately.

The fast transient component with s1 = 2.50 (±0.13) ps may be
due to three concurrent processes: rotational coherence, internal
conversion (IC) between the D1 to D0 ion states, and IVR in these
states. The first two mechanisms can be excluded. Rotational
coherence yields signals that strongly depend on the chosen
mutual polarization of the two beams used in a pump–probe
experiment. Our measurements did, within the measurement
accuracy, not depend on the polarization. Accordingly, a depen-
dence of the measured signals on rotational coherence can be
neglected. Two ionic states D0 and D1 are prepared simultaneously
by the pump pulse. The population of both states could change due
to internal conversion. However, the prepared D1 state only takes
up 7% of the total population. Assuming that population of the
lower D0 state is favoured, even a substantial repopulation of the
D0 and D1 states could not much affect the observed ion depletion
signal. Therefore, the fast process appears to be mainly linked to
the prepared ground D0 state rather than to the first excited D1

state.
The ground D0 state is expected to be a long-lived state and

slow time constant of s2 > 18 ns can be ascribed to its lifetime.
Since the fast process with time constant of s1 = 2.50 (±0.13) ps
is much faster than the disappearance of ions in the D0 state
(s2 > 18 ns), the decrease in fragmentation yield has to be
attributed to IVR within the D0 state. IVR is a ‘‘vibrational cooling
process’’, resulting in a population of vibrational states less prone
to dissociation in the interaction with a probe photon, i.e., the life-
time of the EB cation ensemble originally in D0 increases substan-
tially in respect to the probe interaction.

IVR can occur in two forms: restricted and dissipative [27].
Restricted IVR is a periodic energy transfer with features of
quantum beats between two coupled zeroth-order vibrations.
Dissipative IVR represents the irreversible flow of vibrational
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energy out of the initially excited mode into the many equi-ener-
getic bath modes of the molecule. There is no signature of oscilla-
tory behavior in the transients shown in Fig. 3. The observed IVR in
EB ions has thus to be assumed as a dissipative IVR.
Comparisons of two isomers

The structural differences between EB and o-xylene ions have
an impact on their IVR in the two lowest states. EB and o-xylene
are isomers consisting of a benzene ring with an ethyl substituent
or with two methyl substituents on adjacent C-atoms, respectively.
The applied experimental strategies for the assessment of relaxa-
tion dynamics in the ionic states were similar in both experiments
using the same pump–probe scheme. The obtained results are
summarized in Table 1. The contribution ratios of the fast compo-
nent in EB ions and the slow component are estimated from the
signal of Fig. 3 (see Fig. S1).

The pump beam power was adjusted to obtain about the same
population ratio between states D0 and D1. For both isomers, a pop-
ulation of 93% in state D0 and 7% in state D1 state could be realized.
In both cases the transients can be described by a fast and a slow
contribution. As mentioned above, the slow contribution can be
attributed to the lifetime of the ground cation D0 states, which
was found to be several ns for both isomers. However, the time-
scale for the fast components are different for EB (s1 = �2.50 ps)
and o-xylene (s1 = �0.743 ps). The contribution ratio of the fast
component for EB is 56%, which is quite different from the ratio
of 15% for o-xylene, reflecting different relaxation mechanisms.
For EB, the fast contribution stems from a dissipative IVR process
within the D0 state alone (see the above discussion). For o-xylene,
the fast contribution has to be attributed to a combination of IC
between the two ionic states (D0 and D1) together with IVR process
within the D0 state [13].

Radiationless dynamics of the states depend on the potential
energy surface (PES) and the symmetry of the involved states.
Earlier it was found that the second electronically excited singlet
S2 state of o-xylene relaxes via one more competing intersystem
crossing (ISC) channel [28] compared to EB [21]. The similar
difference seems to persist in the lowest two cation states of these
two isomers as evidenced in the present study.
Conclusion

We combine PEI and PFMS to investigate the ultrafast dynamics
of the EB cations prepared by multiphoton ionization at a wave-
length of 800 nm. The population in the cationic states has been
inferred from a PEVMI spectrum. The dynamics of the EB cations
are obtained by monitoring the parent-ion depletion and the
fragment-ion formation with a delayed 400 nm pulse. A fast
relaxation process with lifetime of 2.50 (±0.13) ps has been
observed and is attributed to a dissipative IVR process within D0

state. The vibrational cooling process makes the population of
vibrational states less prone to dissociation in the interaction with
a probe photon. In contrast to the isomer o-xylene, for which a
combination of IC and IVR was ascribed, the relaxation
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mechanisms in the cation D0, D1 states of EB are predominantly
due to a dissipative IVR process.
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