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Abstract. Femtosecond time-resolved photoion and photoand thetrans—cis isomerization process, as well as electronic
electron spectroscopy were employed to study the transitiorearrangement to yield 4a,4b-dihydrophenanthrene (DHP),
state dynamics ofis-stilbene in a molecular beam experi- have been used in liquid phase experiments. However, only
ment. Two long-lived photoproducts were found with excita-recently has information become available about those pro-
tion of 267 nm radiation. cesses for the isolated molecule in the gas phase [24-27].
For cis-stilbene, Greene and Farrow [25] were the first to
PACS: 82.30.Qt; 82.40.Js; 82.50.Fv; 82.80.Ms; 82.80.Pv  measure the initial decay in the gas phase at room temperature
with sub-picosecond laser pulses, and they reported a lifetime
for the electronically excited molecule of 320 fs when excited
With the exceptional time resolution of femtosecond lasersyith 312 nm. For 285 nm excitation wavelengths, Pedersen
a new era in studying atomic, molecular and condensed magt al. [27] reported a lifetime of 360 fs. Additionally, they ob-
ter processes has begun [1, 2]. For the first time it has becom@rved a coherent wavepacket motion, which was attributed
possible to directly observe primary photophysical, phototo a phenyl torsional motion of the molecule while undergo-
chemical and photobiological processes in real time. A varing isomerization. Similar results were obtained by Szarka
iety of different detection schemes have been successfully ingt al. [28] in solution while observing solvent-dependent
plemented for this purpose, such as ion mass spectrometry [havepacket dynamics.
3] and photoelectron spectroscopy [4—6], transient absorption Here we report the observation of the ultrafast dynam-
spectroscopy [7], laser-induced fluorescence (LIF) [8], angcs of the transition state (TS) in the isomerization reaction
electron [9, 10] and X-ray scattering [11,12]. of cis-stilbene under collisionless conditions. The excitation
lon mass spectrometry in combination with femtosec-scheme of the experiment is depicted in Fig. 1 and shows the
ond pump-probe and molecular beam techniques has begp and theS, potential energy surfaces (PES) for this—
applied successfully to investigate the photodissociation dytrans isomerization coordinate (adapted from [29]). As the
namics of large molecules [1,13]. The energy resolved depnic potential (IP) is known only foé = 0° and6 = 180
tection of the corresponding photoelectrons has proven tgnd these values only differ by150 meV, the IP is approx-
be a powerful tool in studying primary processes in smalimated to be constant for this reaction coordinate. In order
molecules with high temporal and spatial resolution [6].to study the excited state dynamicsaié-stilbene, a 267 nm
Today, molecular dynamics in neutral intermediate statepump laser pulse excites the molecule from Seground-
can be mapped along the reaction coordinate without bestate to theS excited-state potential energy surface. The
Ing limited to Only a small fraction of internuclear dlstanceSexcitation Wave|ength matches the broad absorption band of
or bond angles. Several groups have employed femtosecomge ground-stateis-stilbene [29, 30]. The temporal evolution
time-resolved photoelectron spectroscopy studies on largsf the excited molecular system is then probed by a time-

molecules in the gas phase [14-16]. delayed 400 nm laser pulse by ionizing the system.
In this paper, we use ion mass spectrometry as well as

photoelectron spectroscopy in combination with pump—probe

and molecular beam techniques to study the femtosecond Experimental setup

transition state dynamics of stilbene. This molecule is an ex-

tensively studied prototype system, experimentally ([17-22jrhe femtosecond laser pulses are provided by a home-built
and references therein) as well as theoretically [23]. A varTi:Sapphire oscillator with a chirped pulse amplification
iety of different techniques to study the geometr@atrans  (CPA) system. Output pulses of 800 nm (90 fs, 1 mJ, 1 kHz)
- are frequency-doubled to yield pulses of 400 nm by second
*Corresponding author. harmonic generation (SHG) in a 1(ién BBO crystal. By
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0 90 180 pendicularly) the laser beam in a high vacuum chamber. The formed ions
cis twisted trans are detected by a linear time-of-flight (TOF) mass spectrometer, while the
©\/_© corresponding photoelectrons are recorded with a magnetic bottle electron
© © spectrometer

Fig. 1. Excitation scheme. The ground sta)(and excited state) po-
tential energy surfaces (PES) are shown alongctketrans isomerization
angle6d (adapted from [29]). The ionic PES are not yet known. Therefor

only the thresholds for ionization are depictetbtfed lines) 92 Experiment and discussion

2.1 lon spectroscopy

sum frequency mixing of the fundamental and the second har-
monic in a second BBO crystal (1Q@n), the third harmonic Figure 3a shows a mass spectrumaid-stilbene obtained
is generated yielding 267 nm pulses. In a Mach—Zehnder inwith the probe laser pulse alone (400nm), with a pulse
terferometer the 267 nm pulses are separated from the 400 nemergy of E ~ 10pJ. A clear peak appears at a mass of
pulses with a dichroic beam splitter and time delayed byl80 amu, which can be assigned to the mass peak of the
a computer-controlled translation stage. The two beams agarent ion. Additionally, a variety of fragment ions are ob-
finally recombined collinearly and focused with a 300 mmserved, which result from the subsequent loss,df {Cgroups
guartz lens into the vacuum chamber. Both beams can be &tom the parent molecule. Note, that due to the limited
tenuated separately to adjust the intensity of the pump anaksolution of the spectrometer, the loss of H atoms can-
probe lasers. not be resolved, and therefore the observed ion signal is an

To generate a molecular beam @f-stilbene, we em-
ploy the seeded-beam technigugis-stilbene vapor from
a liquid reservoir at room temperature is coexpanded with
the inert carrier gas heliun®1.5 bar) through a nozzle of a \
~ 200pum diameter. The molecular beam is skimmed anc
directed through the pole-pieces of a magnetic bottle elec \
tron spectrometer [31] (MBES, Applied Laser Technology),

Hy
where it intersects the laser beam perpendicularly (see Fig. z | ’ \
oty At po S be ‘\J’ WQW\AMM\“JM “

stilbene .
(CeHs)2CoHo

Cq
The time of flight (TOF) distribution of the photoelectrons is © Eo=10 1 |
recorded with the MBES employing a 1 GHz, 2 gigasample2, '
digital oscilloscope, and the spectra are averaged over seve c | b n

thousands of laser shots. The energy resolution is 30 meV 2
electrons with a kinetic energy of 0.7 to0leV. A small ex- #\

traction voltage of BV is applied to enhance the detection
probability of photoelectrons of almost-zero kinetic energy. \
The TOF photoelectron spectra are calibrated using the wel | 0.5xEqg A, n}t)
known electron spectra of atomic xenon and krypton. hsonprstmis i ot 0 *Wwww
In addition a linear TOF mass spectrometer is used to de , - ‘
tect the corresponding ions. This enables us to compare tt © S 10 15 20
excitation condition in the photoelectron experiment with that time-of-flight / s
in the multiphoton ionization case offs-stilbene dynamics. Fig.3a,b. Mass spectraa The interaction of the stilbene molecule with
Thed'sstbene (Sigma Aldich, purty 9796) was used {STessnd o2 pses 3 8000, 663 s i o Teaenaon
WIthOUt.further purification. According to [25] an impurity of tation grocess can be sig%ficantly gr]educed. Nc?te that thegg’road pegks result
trans-stilbene would only lead to a long lifetime component from a successive loss of H atoms, which cannot be resolved with the mass
in the pump—probe transients, which we did not observe.  spectrometer used in this experiment
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integral measure of the number of photoproductss(z, 2.2 Photoelectron spectroscopy
x=12...8 and GHy, x=4...0). Reducing the laser pulse
energy toE ~ 5uJ, the fragments nearly disappear and onlyAs well as ion mass spectrometry, energy-resolved photoelec-
the stilbene parent ion is produced (Fig. 3b). This behavtron spectroscopy was employed. Figure 5a and b show the
ior is in agreement with femtosecond experiments on thg@hotoelectron spectra obtained with the pump laser (267 nm)
photodissociation of large organometallic molecules, wherand the probe laser (400 nm). Both spectra show a broad en-
the relative photoproduct yields strongly depend on the apergy distribution. By calibrating the electron spectrometer,
plied laser pulse intensity as well as on the pulse durathe kinetic energies of the observed photoelectrons were de-
tion [13]. For decreasing pulse energy as well as for determined to range from 0 eV to almosbkV. Thecis-stilbene
creasing pulse duration, the yield of the smaller fragments imolecule is ionized either by a three-photon excitation with
reduced. 400 nm or by a two-photon excitation with 267 nm radia-
For an investigation of the TS dynamics a&-stilbene tion (Fig. 1). Although the total excitation energy is the same
after femtosecond excitation, a pump-probe experimenn both measurements, the corresponding spectra look quite
was performed with properly attenuated laser pulse intendifferent. The spectrum shown in Fig. 5¢c was recorded em-
sities, such that neither pump nor probe produced any ioploying pump and probe laser pulses at a delay time of 5 ps.
signal. The dynamics initiated by a 267 nm pump laseltis essentially the sum of the spectra obtained with the pump
pulse was probed with a time-delayed 400 nm probe laseand probe lasers individually. The coarse structure in the pho-
pulse. The transient ion yield of the parent molecdls  toelectron spectra are not assigned yet, because the involved
stilbene and that of the fragmentsl&, were recorded PES are notyet known accurately enough.
(Fig. 4). We also measured the photoelectron spectra, using the
The parent and the fragment transients were fitted wittsame wavelengths as for the mass spectra. The shape of the
exponential functions. In order to take into account the temspectra does not change for the two pulse energigand
poral resolution of the experiment, the molecular respons8.5- Ey. This is clear evidence that all the detected photoelec-
was convoluted with a Gaussian (FWHMA400fs). For the trons have their origin in the photoionization process of the
parent molecule, a decay time ofecay= 320+ 10fs was parent moleculeis-stilbene.
found, giving a lifetime of the transition state consistent with  In order to monitor the dynamics of the wave packet mo-
the range observed in earlier experiments [25, 27]. THe,C tion on the excited state PES started by the 267 nm pump
transient showed a decay time of the order of 1ps. Théaser, two segments of the TOF electron spectrum (Fig. 5c,
ion signal seemed to reach a constant level for longer degray blocks) were integrated and recorded as a function of
lay times, indicating an additional rising component. Duethe delay time between the pump and probe laser pulses.
to the poor signal-to-noise ratio, we cannot assign a tim@hose windows were selected such that one measures two
constant for this rising component. However, the existencelearly separated kinetic energies, one &ty (11 €V) and
of an additional component is consistent with a sequentiahe second at.4 ps (0.25 €V). Figure 6 shows the transient
dissociation model where 4E is due to a dissociation of photoelectron signals at these two different kinetic energies.
a larger photoproduct. A detailed investigation of the pho-The transients are normalized, and the time-independent con-
todissociation mechanisms taking into account all the observ-
able photoproducts with a better time resolution is currently

underway. 1.0
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Fig.4a,b. lon pump—probe spectra. The 267 nm py®®0 nm probe tran- TOF / us

sients are plottea for the stilbene molecule anld for the photofragment

C4Hx, x=4...0 (see Fig. 3). Whereas the parent molecule shows a singleig. 5a—c. Photoelectron spectra. The photoelectron yield was recorded ap-
exponential decay, the fragment transient exhibits a decay as well as a n#ging a the pump laser at 267 nm andthe probe laser at 400 nm.The

time component, resulting in a time-independent plateau at positive delajgnal of both lasers at a delay time of 5 @ay blocks: integration win-
times dows in the pump—probe experiment (see text)
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Fig.6a,b. Pump—probe photoelectron spectra. The 267 nm pd@{pnm

probe transients are plotted for the photoelectrona @25 eV andb 1.1 eV

a similar time constant going down to significantly different levels at posi-
tive delay times

12.

tribution for negative delay times, where the 400 nm laser
interacts first, was set to zero. The transients were fitted to an
exponential function convoluted with a Gaussian (FWHM
400fs). The decay time constants are similar in both tran-;,
sients fgecay™ 450fs), whereas the levels of the constant

plateaus at positive delay times are significantly different.15.

This indicates two different rising components. By including

correlated for the given transients. Therefore we cannot give

accurate time constants. However, the existence of thes&s.
plateaus is an indication that long-lived photoproducts arel®

20.

formed after the initial excitation to the transition stateist
stilbene.

In future experiments the complete TOF electron spectrae1.
will be recorded as a function of the delay time. Such experi-22.

ments together with theoretical calculations of the involved
PES would give much more insight into the transition state

dynamics and would allow a detailed interpretation of the ob-24.

served dynamics dfi s-stilbene and its isomerization into the

trans species as well as into the DHP species. gg

27.
28.

3 Conclusion

29.

We applied femtosecond time-resolved photoelectron and,,
ion spectroscopy to study a configurational rearrangement in

a large organic molecule in real time. The transition statesi.

1b Ekin =11eV 2.

dynamics of gas phasgs-stilbene indicates that long-lived
photoproducts are prepared with 267 nm excitation.
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