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� The ultrafast dynamics the S2 state in
n-propylbenzene has been
investigated.
� The intermediate state for the

deactivation of the S2 state is
evidenced.
� An ultrafast internal conversion on
�50 fs from the S2- to S1 state is
observed.
� The time constant of 1.23 (±0.2) ps is

determined for the intermediate S1

state.
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The ultrafast dynamics of the second singlet electronically excited state (S2) in n-propylbenzene has been
investigated by femtosecond time-resolved photoelectron imaging coupled with photofragmentation
spectroscopy. The intermediate state for the deactivation of the S2 state is observed by transient photo-
electron kinetic energy distributions and photoelectron angular distributions. An ultrafast electronic
relaxation process on timescale of the fitted �50 fs was observed in the S2 state by time-resolved photo-
electron imaging and it is attributed to the S1 S2 internal conversion (IC). The time constant of 1.23
(±0.2) ps is determined for the further deactivation of the intermediate S1 state.

� 2015 Elsevier B.V. All rights reserved.
Introduction

n-Propylbenzene is considered as one of volatile organic com-
pounds (VOCs) and pollutants, and it plays great role in atmo-
spheric chemistry [1–3]. Huang and coworkers have studied the
photodissociation of jet-cooled n-propylbenzene in the S1 and S2

state using a vacuum ultraviolet (VUV) photoionization multi-mass
ion imaging technique [4]. They concluded that n-propylbenzene
in the S2 state excited by a 193 nm photon dissociates through
the hot molecule mechanism. Their experiments show that the
coupling between the S2 and S0 states, or the coupling between
the S2 and S0 states through some transient intermediate states,
is very strong at this energy level. Recently, the absolute photoion-
ization cross-sections and photo-induced fragments of n-propyl-
benzene are measured by tunable synchrotron vacuum
ultraviolet (VUV) photoionization mass spectrometry [5].
However, to our best knowledge, despite its great importance, time
resolved studies of n-propylbenzene on femtosecond time scale
have never been addressed so far.

A molecule by absorption of light can undergo radiationless
processes, which consist of two general types: photochemical
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and photophysical [6]. The photophysical processes involve inter-
nal conversion (IC) due to electronic nonadiabaticity and intersys-
tem crossing (ISC) induced by spin–orbit coupling [7–11].
Femtosecond pump–probe technique has been proved to be a pow-
erful tool for tracking the ultrafast radiationless processes and the
involved transient intermediate states [12–18]. Compared with
benzene, the reduced symmetry of the n-propylbenzene results
in a nondegeneracy of electronic states, which entails a higher den-
sity of vibrational levels and an increase of otherwise symmetry–
forbidden interactions [19,20]. n-Propylbenzene can have at most
CS symmetry [21]. Hence, higher rates for electronically nonadia-
batic transitions are expected.

In this paper, we study the S2 state of n-propylbenzene by fem-
tosecond pump–probe photoelectron imaging [22]. The transient
photoelectron kinetic energy (PKE) and photoelectron angular dis-
tributions (PADs) are analyzed and discussed. Ultrafast photophys-
ical dynamics with involved intermediate states following the
initial populated S2 state are unveiled.
Experimental setup

The experiments were performed with a home-built double-
sided velocity map imaging setup, which has been introduced in
the previous work [23]. Briefly, the system consists of two sym-
metrical, collinear 50 cm long time-of-flight (TOF) mass spectrom-
eters sharing the same interaction region. Each spectrometer
comprises a 7 element electrostatic optic providing a coincident
longitudinal (Wiley–McLaren) and lateral VMI (Velocity Map
Image) focus at the image plane. The molecular beam (MB) was
produced by seeding n-propylbenzene (Sigma–Aldrich, 99.0% pur-
ity) in helium buffer gas (1.0 atm) through a miniature valve
pulsed at a rate of 400 Hz. After skimming, the molecular beam
enters a differentially pumped chamber reaching 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 ions and electrons generated were extracted and accelerated in
two opposite directions and imaged onto the detectors, composed
with a microchannel plate (MCP)/phosphor screen and a CCD
camera.

The type of the femtosecond laser system is Clark-MXR CPA-
1000. The near infrared output of the laser system (at �800 nm)
was split into two beams with equal intensity. One beam was fre-
quency doubled to �400 nm in a beta barium borate crystal (BBO
type I) and used as ‘pump’ beam, while the other one passed an
optical delay stage (PI, M-403.4PD) and acted as ‘probe’ for
Fig. 1. (a) The total C6H5C3H7
+ parent ion and (b) the C6H5CH2

+ fragment ion signals recor
data. The best fits (solid lines) yield the corresponding time constants.
pump–probe ionization measurement. The cross-correlation width
of around 100 fs is determined by recording the temporal sum fre-
quency signal of the pump and probe pulses.
Results and discussion

The energies of ES1 = �4.66 eV and ES2 = �5.90 eV were inferred
for the two lowest S1 and S2 states of n-propylbenzene [4,24]. Thus,
a two-photon absorption process with 3.10 eV photons (400 nm)
populates the S2 state of n-propylbenzene with an excess ro-vibra-
tional energy of D = 2 hmpump � ES2 = 0.30 eV. The power of the
pump and the probe beams was chosen minimal, yet providing a
treatable signal, to decrease higher multiple photon probing, which
could compromise disambiguation of transitions between the
investigated electronic bands. In the current study, the pulse ener-
gies for the pump and the probe beams are �3 and �21 uJ, respec-
tively. The higher intensity for the probe beam is required for its
using as probing by multi-photon ionization. The time-resolved
photoions and photoelectrons upon two-photon ionization starting
from the S2 and possibly secondary populated states are acquired
at different delays between pump and probe.

The n-propylbenzene time of flight mass spectrum displays two
peaks, with an intensity ratio of 17:1, corresponding to the
C6H5C3H7

+ parent and the C6H5CH2
+ fragment ion, respectively.

Overall contribution to the photoelectron signal from the fragment
ion are assumed to be negligible. As shown in Fig. 1, the fragment
ion C6H5CH2

+ with ethyl radical loss has the similar transient trend
as the parent ion C6H5C3H7

+. The similar temporal behavior for both
parent and fragment ions can be fitted to a biexponential decay,
convoluted with a 100 fs wide Gaussian instrument response func-
tion. Thus, it is reasonable to attribute C6H5CH2

+ to be from the dis-
sociation of C6H5C3H7

+. Two distinct lifetimes of s1 = �50 fs and
s2 = 1.23 (±0.2) ps for parent ion have been determined from the
least square fit. While for fragment ion, s1 = �100 fs and
s2 = �1.75 (±0.4) ps are obtained. The lifetime difference between
C6H5C3H7

+ and C6H5CH2
+ may come from different involved interme-

diate vibration modes. The dissociation of parent ions into C6H5CH2
+

may only have correspondence with some special mode, while the
appearance of C6H5C3H7

+ is a colligation effect of several intermedi-
ate vibration modes.

The photoelectron signals show the similar trend with consis-
tent time constants of s1 = �50 fs and s2 = �1.23 ps as the parent
ions. Fig. 2 shows photoelectron images in which photoelectrons
with different kinetic energy are displayed at various delay times.
The corresponding photoelectron kinetic energy distributions can
be inferred from the measured photoelectron images by lin-
Basex [25] as a function of energy and of the pump–probe time
delay (Fig. 3). The time-resolved PKE distributions provide
ded as a function of the pump–probe delay. Open circles indicate the experimental



Fig. 2. A series of time-resolved photoelectron images of n-propylbenzene observed using a pump laser wavelength of 400 nm and a probe wavelength of 800 nm.

Fig. 3. Transient PKE distributions extracted from the images of Fig. 2.
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transients with two distinct relaxation time scales. As shown in
Fig. 3, the green and pink decay arrows are corresponding to a fas-
ter time constant of s1 = �50 fs and a slower one s2 = 1.23 (±0.2) ps,
respectively.

It is reasonable to propose that the faster one ascribes to the ini-
tial populated state, i.e. the S2 state, and while the slower one is
related to the secondary populated state. The detailed mechanisms
can be obtained with energy consideration by careful analysis of the
measured PKE distributions and the energy levels of n-propylben-
zene. Two typical PKE distributions at t = 0 fs and 1 ps are shown
in Fig. 4(a). n-Propylbenzene can have at most CS symmetry [21].
Under the assumption of CS symmetry, the electronic states of n-
propylbenzene are either A0 or A00. Within the bandwidth of our
excitation pulses, there exist single- and multi-photon transitions
between the all considered electronic singlet (S1,2) and ionic (D0,1)
states. For the interpretation of our experimental findings, we
neglect in a first approach differences in excitation or ionization
efficiencies. The excitation scheme of the states of n-propylbenzene
is shown as Fig. 4(b) for reference. For alkyl-benzenes, the sub-
stituent lifts the degeneracy of benzene orbital upon the ionization,
which leads to an electronic splitting of cationic states. The energy
difference between the first excited cationic state (D1) and the
ground cationic state (D0) levels for n-propylbenzene’ analogues,
like toluene [26], ethylbenzene [27], and o-xylene [28] have been
determined to �0.50 eV. Here, we take �0.50 eV approximately
for n-propylbenzene as the distance for the D1 and D0 levels.

In Fig. 4(a), five peaks centered at 0.13 eV, 0.43 eV, 0.95 eV,
1.66 eV and 1.99 eV are resolved in the PKE distributions. We
assign them as peak 1, 2, 4, 5, 6 in the order of increasing kinetic
energy. It is noted that the existence of the weak features of peaks
4, 5, 6 are evidenced by several different measurements. All peak
intensities gradually decrease with time (see Fig. 3). Peaks 1, 2, 5,
6 decay faster while peak 4 decay slower. At a delay of 1 ps, only
peak 4 remain. The other peaks 1, 2, 5, 6 are reduced to the noise
level. Therefore, peaks 1, 2, 5, 6 can be attributed to probe pulse
ionization of the initial S2 state (Fig. 4(b)). These peaks share a
common intensity decay that corresponds to the fitted time con-
stant of s1 = �50 fs, as inferred from the integral photoelectron sig-
nal. The ultrafast intensity drop denotes a quick depopulation of
the initially excited S2 state.

The red arrow at 0.58 eV in Fig. 4(a) indicates the maximum
possible electron energy after two-photon ionization from S2 using



Fig. 4. (a) Two typical PKE distributions at Dt = 0 fs and 1 ps and (b) the excitation scheme of the ground, excited and ionic states of n-propylbenzene.

Fig. 5. Polar plots of PADs with distributions of PKE of 0.27–0.58 eV at Dt = 0 fs (a)
and 200 fs (b). The linear polarizations of lasers are aligned vertical in the plane of
the figure.

Y. Liu et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 149 (2015) 54–58 57
an 800 nm probe beam, according to the ionization energy of
�8.72 eV [24]. A two-photon ionization with 800 nm pulses to D1

is not possible. The two strongest bands 1 and 2 below are thus
due to two-photon ionization from the vibrationally excited S2

state. The energy difference between peak 1 and 5 is 1.53 eV and
1.56 eV between 2 and 6. Both differences are close to the probe
photon energy (1.55 eV). Also peak 5 and 6 have the same temporal
evolution as peak 1 and 2. Thus we conclude that peaks 5 and 6
stem from ionization of the S2 state to D0 by three-photon absorp-
tion. The energy difference of 0.30 eV between peak 1 and 2 is
closed to the distance of 0.33 eV between peak 5 and 6, which
can be interpreted as the cationic vibrational splitting. It is noted
that three-photon ionization from the S2 state also can reach D1

state. The peaks ascribing to S2 ? D1 are expected to appear
between peak 4 and 5. Despite some observed features among this
region, we cannot give clear attribution due to the overlapping pro-
file in current study.

Interestingly, at Dt = 1 ps, a new peak named 3 centered at
0.46 eV becomes visible (see Fig. 4(b)). At the short delay, peak 3
is overlaid by peak 2. It exhibits a similar time dependency as
the peak 4 (see Fig. 3). The exponential decay rate constant of peak
3 and 4 was fitted to s2 = 1.23 (±0.2) ps. Thus they predominantly
correspond to the ionization of secondarily populated state, which
is verified to the S1 state. The origin of the S1 state has been mea-
sured to be at �4.66 eV by REMPI [24]. After IC from the S2 to the S1

state, the overall ro-vibrational excitation energy in S1 is �1.54 eV.
With the assumption that the ro-vibrational energy remains con-
served in ionization, a two-photon absorption of the probe beam
is most unlikely. As shown in Fig. 4(b), with three-photon probing,
the ionization to both D0 and D1 cation states is possible. The dif-
ference of 0.49 eV between peak 3 and 4 matches the energy differ-
ence between the D0 and D1 state of �0.50 eV. Considering the
energy level of S1 state, the peak 3 and 4 are attributed to the
S1 ? D1 and S1 ? D0 state transition, respectively. The detailed IC
mechanisms are shown in Fig. 4(b).

In addition to energy consideration, temporally resolved PADs
are a powerful tool for real-time observation of dynamics, espe-
cially in the analysis of overlapping bands [29]. It can be inferred
from Fig. 4 that peak 3 attributed to ionization from the S1 state
overlaps peak 2 originating from the S2 state. For a more detailed
analysis the time evolution of PADs with distributions of PKE in
the region from 0.27 to 0.58 eV where the two peaks overlap is
explored. The laboratory frame PADs resulting from ionization
with linear and parallel polarized pump and probe laser beams,
can be described [30] by:
Iðh; tÞ ¼ rðtÞ½1þ b2ðtÞP2ðcos hÞ þ b4ðtÞP4ðcos hÞ
þ b6ðtÞP6ðcos hÞ þ b8ðtÞP8ðcos hÞ� ð1Þ

where r(t) is the integral cross section, bL(t) are the anisotropy
parameters, PL(cosh) are Legendre polynomials, and h the angle
between the laser polarization direction and the direction of the
ejected electron. Time-resolved PADs from 0.27 to 0.58 eV PKE were
obtained by using lin-Basex [25].

It is found that the anisotropy coefficients decrease with the
delay time. The polar plots of PADs for 0 fs delay and 200 fs delay
are shown in Fig. 5 together with the fitting results. E.g. the main
coefficient b2 changes from 1.24 at 0 fs to 1.03 at 200 fs gradually.
Till Dt = 1 ps, b2 value decreases to 0.89. This observed phe-
nomenon can be interpreted as follows: Initially, band 2 from the
S2 state is dominant, while band 3 from the S1 state is too weak
to play a role in the PADs of this region. With the delay time, the
population of the S2 state vanishes while band 3 related to the S1

intermediate state with longer lifetime becomes the exclusive con-
tributor to the PKE in range 0.27–0.58 eV. Due to a ‘coherent’ mul-
tiphoton ionization from S2 within the first 100 fs the induced
anisotropy is maintained, whereas it diminishes after relaxation
to the manifold of highly excited ro-vibrationally states in S1. In
this respect the temporal evolution of the induced anisotropy com-
pares to the ultrafast IC from the S2 to S1 state and supports the
interpretation inferred from time-resolved PKE distributions
above.
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Conclusion

We have studied ultrafast photophysical dynamics arising from
the optically excited S2 state of n-propylbenzene via femtosecond
pump–probe photoelectron imaging. The proposed intermediate
state for the deactivation of the S2 state by Huang and coworkers
[4] is verified and tracked in the femtosecond transient experimen-
tal measurements. The intermediate S1 state for the deactivation of
the S2 state is evidenced. An ultrafast IC with energy transfer from
the S2 to the secondary populated high vibronic S1 state on time
constant of �50 fs is observed in real time. And the lifetime of this
intermediate S1 state is determined to be 1.23 (±0.2) ps.
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