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New details of the dynamics and spectroscopy of trans-stilbene are revealed by picosecond excitation of jet-cooled and
collision-free molecules. The fluorescence spectra clearly show the low-frequency torsional modes of the ground state. The
time-resolved fluorescence following S, excitation exhibit exponential decay times ranging from 2.7 ns to ~190 ps for ex-
citation wavelengths varying from 3102 A (0 excess energy) to 2850 A (2851 cm™! excess energy). The results indicate
that an energy threshold for isomerization occurs at ~1200 cm™!. The redistribution of vibrational energy from the op-
tically excited modes to the ethylene bond torsional modes leading to isomerization is discussed.

1. Introduction

The problem of trans—cis photoisomerization of
stilbene has been actively pursued for well over two
decades, yet the mechanism is still not fully under-
stood. Many fundamental questions remain regard-
ing both the spectroscopy and photochemistry of
this system. Neither the form of the excited-state sur-
face near the trans configuration nor the shifts in
equilibrium values of coordinates critical to the iso-
merization are known. The approaches that have
been applied in the past range from the pioneering
studies of fluorescence yields in solution by Lewis et
al. [1] to the more elaborate picosecond time-resolv-
ed studies of vapor phase stilbene [2,3]. The latter
studies showed that the lifetime, which relates to the-
isomerization rate, varies with excess energy in the
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excited singlet state of trans-stilbene. They measured
time constants of 15 and 55 ps for excess energies

of 8000 and 5200 cm_l, respectively, and correlated
these values with changes in the quantum yield of
fluorescence from zero to 8000 cm™! of excess ener-
gy. The predicted decay time for the 0,0 excitation
was 1.6 ns and the barrier to isomerization was esti-
mated to be between 1000 and 2000 cm™~!. The optical
spectra in the bulb [3], however, show no vibrational
structure of consequence; a fact which is attributed
to spectral congestion arising from excitation of a
thermal distribution involving low-frequency tor-
sional modes. This congestion also prevents one from
selectively éxciting a single vibrational mode. Conse-
quently the dynamical properties of levels below the
barrier, the height of the barrier and the pathways of
vibrational energy redistribution are not well known,
being obscured in these bulb experiments by the
thermal energy.

The ideal conditions in which to study the mech-
anism for the photoisomerization of ethylenes (and
many other photochemical/photophysical processes)
are those in which the molecules being studied are



Volume 88, number 3 .

free from intermolecular interactions (i.e. collision
free) and which may be excited into specific excited-
state vibronic levels. To this end, we have undertaken
the study of the photoisomerization of trans-stilbene
in a supersonic jet expansion to produce collision-free
and vibrationally cold molecules. We present for the
first time vibrationally resolved spectra of isolated
trans-stilbene molecules. Furthermore, we report
direct time-resolved fluorescence measurements in
the jet which allow us to focus on the state-selective
rate of photoisomerization as a function of excess
energy in the S; manifold.

2. Experimental

The use of scintillation grade (Eastman) and zone-
refined (46 passes) trans-stilbene was found to give
identical fluorescence spectra when exciting the 0,0
band. Hence, both grades were used throughout the
experiments. The experimental arrangement (pico-
second-jet setup) is very similar to the one published
before by Lambert et al. [4]. In what follows we give
a brief description and defer the details to a later
publication.

The results in this paper were obtained by expand-
ing #-stilbene at a nozzle temperature of ~80°C
through a 150 um pinhole with a backing pressure of
~35 psi of Ne. A variation of backing pressure and
the use of He as the carrier gas resulted in identical
fluorescence spectra indicating that no major cluster-
ing was occurring. The nozzle-to-laser distance was set
at ~5 mm. The molecular beam apparatus is equipped
with a 12" bore ring jet diffusion pump which main-
tains an ambient pressure in the expansion chamber
of 1074 Torr.

The laser pulses originated from a synchronously
pumped dye laser employing a mode-locked (81.6
MHz) argon ion pump laser. The dye (rhodamine 6G)
laser pulses were cavity-dumped to give a pulse repeti-
tion rate of 4.08 MHz. The frequency doubled
(LIO 3) UV pulses were determined to have temporal
and frequency pulsewidths (fwhm) of 15 ps and
~0.3 A (3 cm™1), respectively.

The fluorescence was dispersed with a micropro-
cesser controlled Spex 0.5 m spectrometer. The reso-
lution was 0.1 A. The fluorescence, which was detect-
ed by a fast (photon-counting) photomultiplier, was
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collected in an MCA in both frequency and kinetic
mode. Fluorescence decays were measured using
time-correlated single-photon counting. The time
response of the system was determined to be better
than 300 ps. The ability to obtain the response func-
tion of the system (by measuring the time response of
a laser pulse) allowed us to deconvolute observed
decay curves to obtain time resolution of better than
100 ps when necessary.

3. Results and discussion
3.1. Jet-cooled fluorescence spectra

The fluorescence spectra of #-stilbene were record-
ed for excitation energies ranging from 3102 A (0—0
band, 7, = 32237 em™1) t0 2850 A (57 =v — 7, =
2851 cm™ ) Representative spectra are presented in
fig. 1.
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Fig. 1. Frequency-resolved fluorescence spectra for f-stilbene.
(a) 0—0 excitation (6v = 0); an expanded view of the low-
frequency intervals is provided in the insert which shows the
prominent 205 cm™! progression and the low-frequency inter-
vals at 19, 44 and 116 cm™! ; (b) excitation at 6v = 1185 cm™!
exhibiting predominantly broad fluorescence. The fluorescence
was not corrected for the spectral response of the system,
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favorably with previous determinations of barriers for
t-stilbene isomerization in solutions which range from
2—4 kecal/mol [5,9,11]. Our observation of a thresh-
old implies that the barrier to isomerization cannot
lie more than ~1200 cm™! above the zero-point
energy of Sy. It is conceivable that the isomerization
is impeded by inefficient coupling between the opti-
cal and torsional modes in the region of relatively
sparse level structure below 1200 em™ L.

We present in fig. 3a an approximate potential
energy diagram for the ethylene C,—C, torsional co-
ordinate (). There is considerable uncertainty regard-
ing the shapes of the potential surfaces important to
isomerization and whether a second excited state S,
participates in the isomerization process. In the view
" of Orlandi et al. [12] the barrier to isomerization
arises from a crossing of the S, and S, surfaces since
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Fig. 3. (a) Approximate potential energy diagram for the
ground state Sp and the two lowest excited states Sy and S,
asa function of the C,—C,, torsional rotation angle 6. (b) A
schematic for the photoisomerization pathway discussed in
the text: |s) represents the optically excited state and {] 1)}
the dissipative states, The rate constants are defined in the
text.
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the latter surface is predicted to have a minimum at

6 =90° [12,13]. Here, we present a general picture of
isomerization (fig. 3a) whereby the potential mini-
mum at the perpendicular configuration (8 = 90°) is
denoted as S_. The minimum may be ascribed to
either the S; surface by an avoided crossing with S,
(or other surfaces) or to the S, surface via an allowed
crossing with S, . '

The simple model in fig. 3b is adequate for inter-
preting our resultsin-regard to the molecular steps
responsible for isomerization, Implicit in this model
are the reasonable assumptions that (i) the optically
excited modes must redistribute into other modes in-
cluding the torsional modes for ethylene bond rota-
tion in order for isomerization to occur, (ii) the con-
version from §; to S (k1p) is irreversible, and (iii)
the principal channelpfor non-radiative decay is iso-
merization. For §7< 1200 cm‘l, the non-radiative
decay rate, (k,,, = Tﬁl - Tr-a(lj) is slow (fig. 2). Other
non-radiative processes (e.g., §; > Sy internal co1-
version) are not expected to account for the rapid
increase in Tf_ll for 55 > 1200 cm™1 [2].

For excitation energies where §v > 1200 em™! , €s-
sentially no sharp (unredistributed) fluorescence is
observed (=1% or less) indicating that the observed
fluorescence decay rates are proportional to the
population of the S; {|/}} modes, and thatk > 100
X k4 in this model. According to the kinetic scheme
in fig. 3b, the time dependence of the S; {11} modes
is given by

Sh @) = kS5 Ok, — K1)

X {1 —exp[—(ky, — kyp) ]} exp[—(ky, +hpq)2],
‘ (0))

where S} (0) is the initial population of the optically
excited mode |s). Under the realistic conditions &,
>k 1p’ kg, it is clear that the fluorescence decays by
a single exponential with a decay constant given by
Tf_ll = klp +k 4 as observed experimentally. Further
evidence that k . >k is found in the smooth de-
pendence of Tf‘ll on 8v (fig. 2) irrespective of the na-
ture of the mode excited. From these observations it
follows that the vibrational redistribution is a crucial
step to the overall process of isomerization. Work is
currently in progress towards unravelling and measur-
ing the specific steps leading to isomerized stilbene
products [14].
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