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When excited directly, complexes in transition states
undergo nuclear motions characteristic of bound, quasibound, or unbound dynamics. In elementary reactions, the
motions are on the femtosecondtime scale and depend on
the dimensionality of the potential.’ For example, in the
reaction ABA*+ +A+&
there are two relevant coordinates that describe the motion of the triatomic transition
state species, ABA*+: the symmetric and antisymmetric
stretch modes, in addition to the bend. Near the saddle
point, the motion is bound in the symmetric stretch and
unbound in the antisymmetric stretch (reaction coordinate), and the complex could exhibit vibrational motion in
the symmetric coordinate, perpendicular to the reaction
coordinate. This quantized and bound motion is expected
to remain at infinity (i.e., final products) with well defined
coherence,as observed experimentally’ and studied theoretically.“’
The behavior perpendicular to the reaction coordinate
is different from the Feshbach-type resonance along the
reaction coordinate. For this type of resonance,popular in
reactive scattering (cross section vs energy), the motion is
quasibound along the reaction coordinate and the complex
is trapped (finite lifetime), but has no bound motion at
infinity.3 Transition state (TS) vibrational dynamics,
which are important to the understanding of the nature of
the potential in the TS region,&’ are particularly relevant
to studies which directly or indirectly probe the TS. These
include emission4and Raman scattering during dissociation,5 temporal dynamics,’ photodetachment spectra,6
peaks in the continuum spectra of dissociation reactions, ’
and structure (steps) in the rate constants vs energy.’
For systemswith a large number of degreesof freedom
(N), the situation is more complex. First, the one coordinate, perpendicular to the reaction coordinate, is now replaced by the N-l of TS theory.” Despite the large N,
quantum localization may occur on a dynamic potential.”
Second, the wave packet motion may suffer fast spreading
as its structure is now made of a large number of modes.
The isomerization of diphenylethylene (stilbene) is an example of such a complex reaction with 72 modes; the reaction coordinate is describedby a single motion about the
double bond (torsional angle 0).12 The molecule at the cis
configuration is unbound (or quasibound) in the 8 coordinate, but, in principle, is bound along all the other coordinates: a saddle point TS in its strict definition.
In this communication, we report the observation of
the femtosecond dynamics of the TS in the isomerization
reaction of cis-stilbene under collisionless conditions. An
isolated coherent motion that lasts for several hundred

femtosecondsand depends on the total excessvibrational
energy has been observed.Such motion correlates with the
topology of the potential energy surface (PES) and represents a nonstatistical behavior. The experimental results
are compared with calculations on a model PES for the
reaction.
As shown in Fig. 1, the wave packet is initially prepared by a UV femtosecondlaser pulse. The temporal evolution of the wave packet is then probed by resonance
MPI in a pump-probe scheme.13As in trans-stilbene, the
ionization efficiency14of cis-stilbeneis high due to the existence of resonant intermediate states, studied theoretically” and experimentally.‘6 The PES in Fig. 1 illustrates
the methodology.
The experimental apparatus has been described in detail elsewhere.” Here, the two beams (pump and probe
pulses, -80 fs) were collinearly recombined and focused
into the ionization chamber, evacuated to - 10m5Tot-r.
The cis-stilbeneused in these experimentswas of very high
purity (99.98%), courtesy of the Saltiel group who have
used it in careful studies in solutions.”
Figure 2(b) shows the measured transient for &,,,r
=306 nm, jlprobe=2 X 612 nm. The decay curve is nonexponential and shows a peak at a time delay of -0.5 ps. The
transient has an exponential decay (lifetime) and the oscillatory pattern in Fig. 2(a) [see Eq. (I)]. The singleexponential fit was obtained using a nonlinear least-squares
method where the finite and measured responsefunction
was included. We have used the following molecular responsefunction to describe the population and coherence
decays:19
M(t)=exp(

-yt)*{a+b

cos[o(t)*t]},

(1)

where y is the decay rate and a,b are constants. The timedependent frequency is w(t) = 2~/( To+ kt), where To is
the initial period (Fig. 1) and k gives its changewith time.
The single-exponentialfit of the transient gives y-l = 307 fs
and a= 1.37. For the data in Fig. 2(a), a=O, and we obtained b=0.25, To= 360 fs, and k=0.42. The oscillatory
behavior was found to be independent of the relative polarization2’and intensity (linear regime) of the pump and
probe pulses.
Greene and Farrow were the first to measure the
initial decay of cis-stilbenein the gas phase.They reported
a single exponential decay with a long lifetime component
attributed to some trans impurity. As discussedabove, the
decay is observedto be nonexponential with a peak structure. This behavior is lost when wider pulses are used. In
their case,the decay was reported to be 320f 20 fs and the
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FIG. 1. The potential energy surface describing the isomerization reaction along the 6 and rj coordinates, maintaining all other degrees of freedom fixed (see text). The cut at the bottom showing the potential energy
vs 0 represents the twisting about the double bond. Pt is the perpendicular
state with minimum energy along 6. The initial preparation of the wave
packet is by L, and the probing is by 2X/i, (through ionization). Note
that the zero of energy is different in the two figures. The initial wave
packet is at a nonequilibrium configuration, as determined by I.,.

laser pulse widths were 250 fs. Here, our pulsesare shorter
by a factor of -3, and the peak is clearly visible. Also,
there is no long decay component (tram impurity) in our
transients.Figure 2(b) showsthe sameset of data, but now
for a higher pump energy; note the shape near the t=O
region. The total vibrational energy was changed from
-4300 cm-’ (at 306 nm) to -6700 cm-’ (at 285 nm).23
In the isomerization region there are at least three angular coordinates, out of the 72 modes, directly involved:
the C,-C, torsional angle, 8 (reaction coordinate), the C,C,-C,, in-plane bending angle,a, and the C,-C,, torsional
angle, 4 (Fig. 3). Myers and Mathies28estimated that the
torsional angle 6 increasesfrom 9”to 34”during the first 20
fs (vide infra).
Petek et al.25p29have addressedthe issue of the dimensionality of the PES. They concluded that the + and a
coordinatesmust be considerednot only in the isomerization but also in the photocyclation3’We have modified the
Frederick et al. PES29 to include a complete 8 dependence33for the system to reach large 9’s, up to n-/2 and r
(Fig. 1) . To obtain the dynamics we have consideredthe
wave packet centered at the equilibrium configuration (6

FIG. 2. Femtosecond transients obtained from the ,X2,= 306 nm and 285
nm experiments. (a) The vibrational resonance [cosine term of ( l)] amplitude for d, =306 nm was obtained from (b) after subtracting the overall decay component of Eq. (1) (see text). The smooth line is the best fit
using EL& (1) (setting a=O) with the parameters listed in the text. The
same parameters (with a= 1.37) reproduce the solid line fit in (b) . Also
shown in (b) is the femtosecond transient obtained from the L,=285 nm
experiments. The smooth line is the result of the fit using Eq. (1) and
similar methodology to the I,=306 nm data treatment. A single exponential does not fit the data well, particularly at early times.

=9”, #=26X, a=124“) at t=O. The time evolution in
each coordinate was obtained by solving the equation of
motion for 0(t), b(t), or 4 (t), knowing the total energy
and the derived PES.
At the total energy of interest -2600 cm-’ (uide infra),
the wave packet motion in the 8 coordinate takes
- 210 fs to end at 8= 90”. Along 4, half the vibrational
period is -340 fs, comparableto the decay time along 8.
According to the results of Fig. 2, the wave packet displays
not only a decay but also a significant spreading and a
change of the period. This is consistent with the motion
being along the 8 valley which “opens up” with time; the
period changesby hx time. The changes in the PES are
shown in Fig. 3, together with the representation of the
correlated motions at different 8’s.
There are several points to be made here. First, the
absorption spectrum of cis-stilbeneis unstructured,34and
the results reported here indicate that this simply reflects
the steep slope of the potential in the Franck-Condon region; there are two time scalesinvolved: one for the initial
dephasingand the other for the nuclear dynamics.‘15135
Second, the localization of motion is consistent with a Born-
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FIG. 3. Calculated PES for the cis-stilbene system as outlined in the text.
The angles of interest are defined in one of the structures. Notice that at
low 6 there are two minima in the a+ surface corresponding to cisstilbene and DHP separated by a barrier, of height - 535 cm-‘, above the
cis minimum (see Ref. 29). As 6 is increased, the DHP configuration
becomes more unstable and the stilbene well more stable and wider. At
6=9tY, the only stable configuration is twisted stilbene (phantom state).
We made the 6 dependence to include the change in the potential energy
given in the text and in Fig. 1. This change in 8 is a modification of the
PES in Ref. 29. The contour lines in all three plots are separated by loo0
cm-‘. The lowest and highest contour lines for the different plots are (a)
0=9’, -8600 cm-‘, and 15400 cm-‘, (b) 6=45”, -1600 cm-‘, and
22 400 cm-‘; and (c) 0=90”, -7600 cm-‘, and 16 400 cm-‘.

Oppenheimer dynamical separation” of vibrational frequencies.
Third, the deduction of the slope of the potential at the
Franck-Condon region, obtained from resonanceRaman
studies,28is consistent with the time scale that we have
calculated for the 6 motion. However, our calculated time
is much longer than that deducedusing the approximation
made in Ref. 28 for relating 0 to time.36If we consider the
8 motion, the time scale dependson how far the system is
twisted.37For example, from 8=9” to 20”and back to 9”,
the motion takes only - 80 fs (energy, -2600 cm-‘),
much shorter than the resonanceperiod. But if the packet
moves on beyond 8=20”, there is a well at the phantom
configuration (0=90”) and IVR to other available modes
will produce a very long “return time,” back to the 8 < 20
region. At 8=90”, if the energy is lowered (by IVR) below
that of the cis configuration, the wave packet becomes
bound. We have assumedthat -60% of the total energy
goesto the mode of interest, but if more energy is allocated
to other modes, slower dynamics will be observed. The
fraction of energy in each mode is not known without further experiments.

8803

As the total energywas increased(285 nm excitation),
the results in Fig. 2(b) were observed: the decay gets
longer and near the t=O region the transient does not fit a
single exponential. At this energy, the motion is above the
barrier in the 4 coordinate (free phenyl rotation), and we
expect a significant spreading of the wave packet. Moreover, bath modes may exchangeenergy with the relevant
isomerization modes and this may result in a nonexponential behavior, in analogy with “diffusive” motions. The
overall decay of the wave packet is slower than that at
lower excessenergy, indicating a nonstatistical behavior.
In view of the time scalesinvolved, this reaction represents
a case where there is not enough time for conventional
IVR38 and it is not clear that TS theory is appropriate for
rate constants.
There are further studies to be made and theseinclude:
(a) calculation of the dynamics on the multidimensional
PES, and including the bath modes;40(b) studies at lower
internal energy in supersonicbeams;and (c) identification
of the Franck-Condon modesand their fractional energies.
In our full account 41we plan to complete thesestudies for
this and related reactions.
Note added in proof: We have recently obtained the fs
transients in a molecular beam with helium and argon as
the expandinggases.The isolated moleculesand the cluster
dynamics are currently under examination. In a recent paper by the Hochstrasser group [J. Chem. Phys. 97, 5239
(1992)], they concluded that complete IVR in solution is
not observed. Troe’s group [J. Chem. Phys. 97, 4827
(1992)] has shown, from temperature and viscosity dependences,the needof a bottleneck in explaining the dynamics
in solutions. The nonstatistical behavior reported here
should be relevant to these new studies in solutions.
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