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Ultrafast imaging of electronic relaxation in o-xylene:
a new competing intersystem crossing channel

Yuzhu Liu,* Gregor Knopp, Patrick Hemberger, Yaroslav Sych, Peter Radi,
Andras Bodi and Thomas Gerber

The ultrafast dynamics of the second singlet electronically excited state (S2) in o-xylene was investigated

by femtosecond time-resolved photoelectron imaging. A new competing relaxation channel of the S2

state was observed and assigned to the T3 ’ S2 intersystem crossing. Interestingly, it is found that the

relaxation via this channel occurs on a comparable femtosecond timescale as the S1 ’ S2 internal

conversion. A lifetime of B60 fs for the initially excited S2 state, of 540 (�17) fs for the secondary

populated S1 state, and of 7.23 (�0.21) ps for the T3 state could be inferred.

Introduction

After light absorption, a molecule can undergo radiationless
processes, which are of two general types: photochemical and
photophysical.1 The photophysical processes involve internal
conversion (IC) due to electronic nonadiabaticity and intersystem
crossing (ISC) induced by spin–orbit coupling.2,3

As a prototypical aromatic molecule, benzene’s photophysical
and photochemical properties posed a challenge to scientists for
decades. It is well-known that benzene exhibits a sharp, apparently
anomalous, fluorescence decrease approximately 3000 cm�1 above
the origin of the S1 state (lB2u) for which no satisfying explanation
has appeared. This loss of excitation into a nonradiative channel
has come to be known as ‘channel three’. It was first observed by
Callomon and coworkers.4 Consistent with the highly reduced
excited state lifetime, they observed only diffuse vibronic bands in
the associated spectral domain. Since it was not possible to explain
this effect by any of the standard processes (IC, ISC or IVR
(Intramolecular Vibrational Redistribution)), this ‘channel three’
remained mysterious for a long time.5–8

Several real-time investigations on benzene have been
reported during the last three years.9–12 The results show that
the assessment of molecular dynamics of photo excited benzene
states is still challenging with controversies and remains a hot
issue in this decade.9,10 Minns and coworkers have performed
the experiments as well as ab initio calculations on the S1 state of
benzene.9 Their findings demonstrated that ISC competes
directly with IC on a femtosecond time scale. Niu and coworkers
have investigated 611n vibrational levels in the S1 state of
benzene,10 from which relaxation by IVR was clearly observed.

Recently, Suzuki et al. studied the ultrafast IC of benzene from
the S2 state. A time constant of 48 fs for the S2 state was found by
measuring the decay profile of the total photoelectron intensity.11

Lately, Qiu et al., found a second ultrafast deactivation channel of
the S2 state of benzene.12

We now study the S2 state of o-xylene. Xylenes play an
important role in combustion as they are a major component
of aromatic compounds in gasolines.13 In contrast to benzene,
o-xylene has a reduced symmetry. The therefore removed
degeneracy entails a higher density of vibrational levels
together with an increase of otherwise symmetry-forbidden
interactions.14 Hence, higher rates for electronically nonadiabatic
transitions are expected than for benzene. Liu and coworkers have
studied the ultrafast IC mechanism of the S2 state of o-xylene by
time-resolved photoelectron imaging.15 In this work the S2 state
dynamics have been monitored for the first 87 fs only. Longer
evolution times have not been exploited.

By measuring photoelectron spectra to several picoseconds
of pump–probe delay and an energy resolution better than
DE/E = 0.01@1 eV, provided by our new experimental setup,
we found that an additional electronic state is involved in the
deactivation of the S2 state. This new competing relaxation
channel has been assigned to T3 ’ S2 ISC according to the
experimental data and theoretical considerations.

Experiment

The experiments were performed using a home-built double-sided
velocity map imaging setup, which has been introduced in our
recent work.16 Briefly, the system consists of two symmetrical,
collinear 50 cm long time-of-flight (TOF) mass spectrometers
sharing the same interaction region. Each spectrometer comprises
a 7 element electrostatic optic providing a coincident longitudinal
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(Wiley–McLaren) and lateral VMI (Velocity Map Image)17 focus
at the image plane. The molecular beam was produced by
seeding o-xylene (Sigma-Aldrich, 99.0% purity) in helium buffer
gas (1.5 atm) through a miniature valve (Fa. Gyger) pulsed at a
rate of 400 Hz.

The femtosecond laser system (Clark-MXR CPA-1000) has
been described in detail previously.18 The near infrared output
of the laser system (at B800 nm) was split into two beams with
equal intensity. One part was frequency doubled to B400 nm in
a beta barium borate crystal (BBO type I) and used as ‘pump’
beam, while the other part passed an optical delay stage (PI,
M-403.4PD) and acted as the ‘probe’. Utilizing half wave plates
and thin film polarizers, both, pump and probe pulses were
‘horizontally’ polarized (with respect to the detector plane),
merged with a dichroic mirror and focused into the molecular
beam chamber by a f = 40 cm lens.

Results

An energy of 5.63 eV was inferred for the lowest S2 state of
o-xylene.15,19 Thus, a two-photon absorption process with 3.10 eV
photons (400 nm) populates the S2 state of o-xylene with an
excess ro-vibrational energy of 0.57 eV. Two 3.1 eV photons
cannot excite states in the S3 state manifold having energies
above 6.49 eV (52 360 cm�1).19 Thus, pumping to the S3 or higher
states has been neglected in the current considerations. The
power of the pump and the probe beams was chosen to be
minimal, yet providing a treatable signal, to decrease three-
and higher multiple photon probing, which could compromise
disambiguation of transitions between the investigated electronic
bands. The time-resolved photoelectron images upon two-photon
ionization starting from the S2 and possibly secondary populated

states are acquired at different delays between the pump and
the probe.

Fig. 1 shows images in which photoelectrons with different
kinetic energy are displayed at various delay times. The corre-
sponding photoelectron kinetic energy (PKE) distributions can
be inferred from the measured photoelectron images using
Basex transform20 and lin-Basex21 as a function of energy and
of the pump–probe time delay (Fig. 2). No typical features of
resonance with intermediate Rydberg states, like extremely
narrow peaks limited by the bandwidth of the ionization pulsed
laser,22 were observed in the measured PKE distributions.
Diffuse spectra could also show up due to dynamics among
intermediate Rydberg states23 reached in the multiphoton
ionization scheme a topic that goes beyond the scope of
the current study. In this paper, we focus on dynamics of the
intermediate S2 state as a function of the delay between the
pump and probe pulses. The time-resolved PKE distributions
provide transients with three distinct relaxation time scales
indicated by the three arrows shown in Fig. 2. For longer delay
times (>5 ps), photoelectron intensities were too small for an
energy dispersed analysis and thus, only the total photoelectrons-
yield, i.e. the integral over a full image, was considered. The total
photoelectron intensity as a function of the pump–probe
time delay is shown in Fig. 3. The temporal behavior can be well
fitted to three exponential decays, convoluted with a 100 fs wide
Gaussian instrument response function. Three distinct lifetimes
of B60 fs, 540 (�17) fs, and 7.23 (�0.21) ps have been deter-
mined from the least squares fit. The three constants correspond
to the time scale of the three PKE-bands indicated with arrows in
Fig. 2. The observed PKEs depend on the energy difference
between the excited intermediate states and the final ion state.
In this respect, time dependent photoelectron imaging allows for

Fig. 1 A series of time-resolved raw photoelectron images of o-xylene observed using a pump laser wavelength of 400 nm and a probe wavelength of 800 nm.
The linear polarizations of the pump and probe lasers are aligned vertical in the plane of the figure.
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simultaneous monitoring of the electronic and ro-vibrational
excited-state dynamics.24,25

An energy excitation scheme including the electronically
ground, excited and ion states of o-xylene is sketched in Fig. 4.
The state characters are obtained from density functional theory
(B3LYP/6-311++G**) calculations performed using the GAUSSIAN 09
programs.26 The ro-vibrational stacks are numbered consecutively
according to the observed peaks in the PKE (Fig. 5) to ease the
discussion.

Neglecting the three fold symmetry of the methyl group
o-xylene can have at most C2v symmetry.27,28 Under this
assumption, the vibronic states of o-xylene have A1, A2, B1 or
B2 symmetry in the neutral and ionic states. No a priori
propensities for particular ionization bands can be derived
from basic group theoretical considerations alone. The blocks
in Fig. 4, thus depict the available excitation energy without
specifying distinct vibrations.

Three PKE distributions at t = 0 fs, 210 fs and 3450 fs are
shown in Fig. 5 together with their raw photoelectron images
for closer inspection. The red arrow at 0.74 eV and the blue
arrow at 2.29 eV indicate the maximum possible electron
energy, i.e., the excess energy above the adiabatic ionization
limit, after two- and three-photon ionization using an 800 nm
probe beam, the ionization energy of o-xylene being 8.56 eV as
reported.29

In o-xylene the methyl substituent lifts the degeneracy of
benzene ionic states, leading to a D1 and a D0 level separated

Fig. 2 Time-resolved PKE distributions extracted from the images of Fig. 1. The three arrows indicate the three different time scales.

Fig. 3 Time-resolved total photoelectron intensity as a function of delay time.
The time evolution signals are shown in two different time scales. The circles are
the experimental results, and solid lines are obtained by a least-squares fit of the
measured data.

Fig. 4 The energy excitation scheme of the ground, excited and ionic states of
o-xylene. The pump beam (400 nm) prepares the S2 state. Due to ultrafast
electronic relaxation, this state converts to the lower-lying states S1 and T3 with
increased vibrational energy. The transitions corresponding to PKE peaks are
named arbitrarily 1–13.
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by 0.45 eV.30 Due to this energy separation a transition to the D0

level with two 1.55 eV (800 nm) photons is possible while the D1

state can only be reached with three probe photons under the
assumption that ro-vibrational energy is conserved (see Fig. 4).

In Fig. 5, nine peaks centered at 0.11 eV, 0.37 eV, 0.53 eV,
0.91 eV, 1.10 eV, 1.44 eV, 1.59 eV, 1.83 eV, 2.01 eV are resolved
in the PKE distribution at t = 0 fs. We assign them as peak 1 to
peak 9 in the order of increasing kinetic energy. All peak
intensities gradually decrease with time. At a delay of 210 fs,
only peaks 1, 4 and 5 remain. The other peaks are reduced to the
noise level at B210 fs. At this time some new peaks (10, 11, 12)
appear around the positions of peaks 2 and 3. Peaks numbered
2, 3, 6, 7, 8 and 9 can be attributed to probe pulse ionization of
the S2 state (Fig. 4). These peaks share a common intensity decay
that corresponds to the fitted time constant of t1 = B60 fs, as
inferred from the integral photoelectron signal. The ultrafast
intensity drop denotes a quick depopulation of the initially
excited S2 state.

According to the scheme in Fig. 4, the most intense peaks at
t = 0 fs are #2 at 0.37 eV and #3 at 0.53 eV and are due to the
ionization of the S2 state to D0 by a two-photon absorption of
the probe beam. The energy difference of D = 0.53 � 0.37 =
0.16 eV between these two peaks compares well to the 0.15 eV
vibrational splitting in the o-xylene cation observed by Maier
and Turner using He I ultraviolet photoelectron spectroscopy.30

Peaks 6, 7, 8 and 9 are beyond the limit of the two-photo
ionization process. The energy difference between peaks 2 and
8 is 1.56 eV and 1.58 eV between 3 and 9. Both differences are
close to the probe photon energy (1.55 eV). Also peaks 8 and 9
have the same temporal evolution as peaks 2 and 3. Thus we
conclude that peaks 8 and 9 stem from ionization of the S2 state
to D0 by three-photon absorption. The energy difference of
0.18 eV between peaks 8 and 9 can again be interpreted as the

cationic vibrational splitting. By three-photon absorption, both
the D0 and D1 ionic states become accessible. The difference of
0.39 eV between the peaks 6 and 8, and 0.42 eV between 7 and 9,
matches the energy difference between the D0 and D1 states of
0.45 eV. Thus it is reasonable to attribute peaks 6 and 7 to the
ionization of the S2 state to the ionic D1 state by three-photon
absorption of the probe beam. Due to the existence of the
cationic vibrational splitting of 0.15 eV, all peaks appear in
pairs, e.g., 2 and 3, 6 and 7, 8 and 9.

The peaks numbered 1, 4 and 5 persist for longer time
delays and three new peaks assigned as 10, 11 and 12 appear
after B210 fs delay time (Fig. 5). At zero delay the latter peaks
are overlaid by peaks numbered 2 and 3 and therefore not
visible. At a delay of 210 fs, a total of six peaks (1, 10, 11, 12, 4,
and 5) can be observed in the PKE distributions which
predominantly correspond to the ionization of secondarily
populated states.

Further inspection shows that peaks 4 and 5 exhibit a
similar time dependency as peaks 11 and 12. The exponential
decay rate constant of all four peaks was fitted to t2 = 540 (�17) fs.
According to the energy term scheme in Fig. 4 these four peaks
are due to the ionization from the S1 state after IC from S2. The
origin of the S1 state has been measured to be at 4.63 eV
by REMPI.31 After IC from the S2 to the S1 state, the overall
ro-vibrational excitation energy in S1 is B1.57 eV. With the
assumption that the ro-vibrational energy remains conserved in
ionization, a two-photon absorption of the probe beam is most
unlikely.

The difference of 0.41 eV between peaks 4 and 11, and
0.46 eV between 5 and 12, matches the energy difference
between the D0 and D1 states of 0.45 eV. This is similar to the
6, 8 and 7, 9 peak combinations regarding S2. Considering the
energy level of the S1 state, the peaks 4, 5 and 11, 12 relate to
the S1 - D0 and S1 - D1 state transition, respectively. The
difference of 0.15 and 0.19 eV between peaks 4 and 5 and
between peaks 11 and 12 is due to the vibrational splitting in
the cation, mentioned before. It is important to note that it is
difficult to clearly distinguish and identify the specific vibra-
tional mode in the current measurement. Given the large
number of vibrational states with excess energy of B1.57 eV,
it is likely that the observed peaks correspond to combined
excitation of several different modes. Yet, the profile of double
peaks appears due to the splitting of two dominant distribu-
tions of vibrational modes.

As shown in Fig. 2, all peaks related to the S1 state ionization
vanish within a few hundred fs. By exponential data fitting the
lifetime of the hot vibrational S1 state has been determined to
be 540 (�17) fs. This is consistent with the fast decay time of
550 fs observed for high vibronic states (with excess energy >
4000 cm�1) in the S1 state of benzene, which can be explained
by a conical intersection of the S1 and S0 potential-energy
surfaces.32

As is evident from PKEs at delay times >1 ps we observed a
third longer-lived component with a decay constant of 7.23
(�0.21) ps. Mainly the three peaks, numbered 1, 10 and 13,
contribute to this component (Fig. 5). Energetic considerations

Fig. 5 Three typical PKE distributions at t = 0 fs, 210 fs and 3450 fs. The red
arrow at 0.74 eV and blue arrow at 2.29 eV indicate the maximum electron
energy by two-photon and three-photon absorption of probe beam at 800 nm
after two-photon excitation of the S2 state at 400 nm.
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(see Fig. 4) suggest that these peaks can be attributed to the
ionization from a triplet state. The position of the first three
triplet states has been measured to be 3.7–3.8 eV for T1, 4.6 eV
for T2, and 5.5 eV for T3 by Yamamoto and coworkers, respec-
tively.33 In benzene, an ultrafast competing ISC with the similar
timescale as IC in the S1 state and T1/T2 state has been
observed.9 They state that the ultrafast ISC is due to the near
degeneracy of the involved singlet and triplet states over a wide
range of geometries traversed by the wave packet as it moves
away from the Franck–Condon region. For o-xylene, the posi-
tion of the T3 state at 5.5 eV is also very close to the S2 state at
5.63 eV. Considering o-xylene as an analogue of benzene a
significant coupling between the S2 state and the T3 state due to
a comparable spin–orbit interaction is most probable.

The difference between the S2 and T3 states is 0.13 eV. The
PKE distribution from ionization of the T3 state is thus
expected to shift by B0.13 eV to lower energies than the S2

state based on the same 2-photon ionization mechanism. The
peaks 1, 10, 13 at 3540 fs are centered at 0.11 eV, 0.26 eV,
0.40 eV respectively. The peaks with the same ionization
mechanism (ionization to D0 by two-photon-probe ionization)
from the S2 state are peaks 2 and 3, at 0.37 eV and 0.53 eV,
respectively. The difference between peaks 10 and 2 and
between peaks 13 and 3 is exactly 0.13 eV, fostering the
attribution of peak 10 and of peak 13 to ionization from the
T3 state as depicted in Fig. 5. Peak 1 exhibits the same time
evolution trend as peaks 10 and 13, which suggests that this
stems from the same intermediate triplet state.

Three-photon ionization peaks from the secondary populated
T3 state have not been clearly observed. Some faint features
beyond the red arrow in Fig. 5 may be attributed to such a
process but due to the low intensities a definite assignment is
not possible.

It is interesting to note that the appearance of the peaks
related to the secondary populated T3 state appear on the same
time scale as the S1 state. Therefore we conclude that the T3 ’ S2

ISC occurs on a similar femtosecond timescale as the S1 ’ S2

IC. In fact, ultrafast ISC with a lifetime of less than 100 fs has
been observed in a number of systems.34,35 Recently, Richter
and coworkers reported femtosecond ISC in cytosine.36 It is
found that ISC competes directly with IC in tens of femto-
seconds, thus making cytosine the organic compound with the
fastest triplet population so far. As mentioned before, the same
phenomenon has also been evidenced in the S1 state of
benzene.9 They found that the ultrafast decay of the S1 state
is due to competing IC and ISC processes and both processes
occur on a femtosecond timescale. Spin–orbit coupling is
highly effective when the involved states are nearly isoenergetic.
Compared with benzene, the reduced symmetry of the benzene
derivatives such as o-xylene leads to a higher density of the
vibrational levels and to a reduction of symmetry-forbidden
interactions.14 According to El-Sayed’s rule, the change of
multiplicity is more probable if the angular momentum quantum
number of the involved molecular orbitals also changes. Density
functional theory (B3LYP/6-311++G**) calculations performed
using GAUSSIAN 0926 show that the state characters of o-xylene

are (p,p*) for S2 and (p,s) for T3, respectively. Hence, an effective
ISC T3 ’ S2 on a femtosecond scale similar as (or even stronger
than) in benzene is expected for o-xylene. Due to an unknown
probing efficiency for a specific state, it is difficult to accurately
determine the quantum yield for each channel. Nevertheless,
assuming a similar probing efficiency for the secondary populated
S1- and T3 states by multiphoton ionization, the quantum yields
can be roughly estimated to be B0.1 for S1 ’ S2 and B0.04 for
T3 ’ S2 by integration of the photoelectron signals.

In the current study, a lifetime of 7.23 (�0.21) ps for the
secondary populated T3 state has been inferred. The T3 state is
assumed to decay by IC to T2 and T1. The rate of the IC depends
on the energy gap between the involved states.37–39 For o-xylene
these energy gaps are 0.9 eV between T3 and T2 and 1.8 eV
between T3 and T1. Therefore the slow IC observed in our
experiment can be justified by a weak coupling due to the large
energy gap. Similarly slow T1 ’ Tn IC processes with relatively
long lifetimes have also been found in several other aromatic
compounds, like e.g. B16 ps for 1-nitronaphthalene,39 B9 ps
for carotenoids,40 110–450 ps for benzophenone,41 30–35 ps for
oligo(p-phenylenevinilydene),37 8 ps for o-nitrobenzaldehydes,42

and 220 ps for m-nitrobenzaldehydes.42

Competing ultrafast intersystem crossing T1/T2 ’ S1

was first discovered experimentally in benzene by Minns and
coworkers.9 As the authors state, their interpretation challenges
the widely accepted view and therefore needs justifying.9 There
is another work on ISC reported on the S2 state of benzene.12

The ‘‘slow’’ channel with a time scale of 1.06 ps was attributed
to the ISC process by the authors. However, from measure-
ments, applying short time delays (o 160 fs) only, it is difficult
to get detailed information about the relaxation process on a ps
timescale. Our current study is focused on a substituted benzene
with an expected higher spin–orbit coupling due to the reduced
symmetry. The photoelectron imaging spectra have been
measured to several picoseconds of pump–probe delay. Three
distinct lifetimes are clearly obtained. The corresponding two
competing ultrafast radiationless processes S1 ’ S2 IC and
T3 ’ S2 ISC are identified. The S1 ’ S2 IC is due to a conical
intersection between the S1 and S2 potential energy surfaces.15

A similar ultrafast IC process in less than 100 fs via a conical
intersection has also been identified in benzene11,43 and in
toluene.11,14 For the T3 ’ S2 ISC, the small energy difference
and the changes of electronic characters of S2 and T3 enhance
the efficiency of the ISC.

In addition to the PKE considerations, temporally resolved
photoelectron angular distributions (PADs) are a powerful tool
for real-time observation of dynamics.44 The laboratory frame
PADs resulting from ionization with linear and parallel polar-
ized pump and probe laser beams, can be described by:45

I(y;t) = s(t)[1 + b2(t)P2(cos y) + b4(t)P4(cos y) + b6(t)P6(cos y)],
(1)

where s(t) is the integral scattering cross section, bL(t) values
are the anisotropy parameters, PL(cos y) values are Legendre
polynomials, and y is the angle between the laser polarization
direction and the direction of the ejected electron. Here, we
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choose specific peaks for the PAD analysis. As is shown in
Fig. 5, peaks 8 and 9 from the S2 state, peaks 4 and 5 from the S1

state, and peak 1 from the T3 state are well resolved without
overlapping with bands from the other states. The anisotropy
coefficients from these selected peaks were obtained by using
the recently developed lin-Basex algorithm.21 The derived sec-
ond order coefficients b2 as a function of the pump probe delay
are shown in Table 1.

Peaks that stem from the same intermediate state have
similar b2 values. Peaks 8 and 9, related to S2, have b2 values
from B1.6–1.8 and peaks 4 and 5, related to S1 from B0.8–1.0.
These findings further support the given assignments.

In the observed time window, the difference of the minimum
and the maximum of the b2 values are 0.26 for peak 1, 0.19 for
peak 4, 0.49 for peak 5, 0.20 for peak 8 and 0.27 for peak 9,
respectively. The changes as a function of time are not systematic
and most probably are due to statistical errors. Interestingly, the
anisotropy is reduced upon crossing the potential energy surfaces.
As is shown in Table 1, the b2 value for S2 state ionization is around
1.6–1.8, while for S1 and T3 state ionization b2 is reduced to
B0.8–1.0 and B0.1–0.3, respectively. Nevertheless the anisotropy
characteristics observed support the interpretation inferred from
time-resolved PKE distributions given above.

Conclusions

We have used femtosecond time-resolved pump–probe photo-
electron imaging to trace the relaxation processes arising from
the optically excited S2 state of o-xylene in real time. The lifetime
of the S2 state is determined to be B60 fs according to the decay
of the measured photoelectron intensities. A fast conversion
from the S2 to the hot vibrational S1 state is evidenced by time-
resolved PKE distributions. A new competing relaxation process
has been observed in the experiments, which has been assigned
to the T3 ’ S2 ISC. This process occurs on a similar femtosecond
timescale as the process S1 ’ S2 IC. The lifetimes of the
secondary populated S1 state and T3 state have been determined
to be 540 (�17) fs and 7.23 (�0.21) ps, respectively.
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