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In this article, we report studies of the time- and frequency-resolved picosecond dynamics of trans-stilbene solvated with one
n-hexane molecule in a van der Waals complex. Excitations are made to several overtones of a low-frequency intermolecular
vibration and to combination bands of these overtones with the symmetric in-plane ethylene bend mode ».; in the S, state of two
distinct conformers, A and C, of these complexes. A Franck—-Condon analysis of these spectra allows a characterization of the
potential for this intermolecular mode in the ground and excited electronic state of both conformers. From the time-resolved
dynamics of the A-isomer, the three different types of IVR behavior in the cluster, as in the bare molecule, are identified and
studied. Single exponential fluorescence decays are observed at low excess energies, showing 70 IVR on the time scale of the
lifetime of the molecule. At intermediate energies, between 220 and 260 cm ™, quantum-beat modulated decay profiles indicate
restricted IVR dynamics. At higher excess energies IVR becomes dissipative and biexponential decays are observed. The decrease
in the lowest excess energy at which dissipative IVR behavior sets in, from 1200 cm~! in the bare t-stilbene molecule to less than
300 cm™! in the complex, is attributed to a large increase in the density of vibrational states of the complex due to the six low-
frequency intermolecular vibrations of the cluster. A similar study of the C-isomer reveals that the IVR dynamics become even
more accelerated. Excitation of the stilbene mode v,5 at 200 cm~! leads to dissipative energy flow from the stilbene molecule into
the cluster vibrations within tens of picoseconds, becoming faster for higher excess energies. The results present a nice example of
the significant impact that low-frequency “solvent-like” cluster vibrations have on the dynamics of vibrational energy redistri-

bution and the coherent transfer of vibrational energy between the solute and the cluster modes.

1. Introduction

The dynamics of intramolecular vibrational-en-
ergy redistribution (IVR) can generally be divided
according to three different regimes [1-5]: no IVR
at very low vibrational energies; restricted IVR in an
intermediate energy range, characterized by quan-
tum-beat modulated fluorescence decay profiles; and
dissipative IVR, occurring within tens of picosec-
onds, at higher energies. These regions of IVR have
been identified and studied in the prototype systems
anthracene [1,2] and trans-stilbene {3-5] by resolv-
ing the picosecond dynamics (in time and fre-
quency) of beam-cooled molecules. A number of
other aromatic molecules have been shown to exhibit
the same kind of behavior, and these include pery-
lene [6], fluorene [7], azulene [8], n-alkyl anilines
{9], 1-methylindole [10], naphthol [11], p-cyclo-
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hexylaniline {12,13], 2,5-diphenylfuran [14], deu-
terated analogs of anthracene [15], and derivatives
of t-stilbene [ 16]. There is yet no quantitative theory
to predict the onset of IVR in these large systems, but
one can relate the role of the two key factors, the den-
sity-of-states and the coupling matrix elements, to the
dynamics.

It is interesting to examine IVR in van der Waals
complexes as, due to the large number of low-fre-
quency intermolecular modes, the density-of-states is
very high, and, unlike small systems [17-20], both
intramolecular and intermolecular energy flow are
possible.

One class of these systems involves complexes of
aromatic molecules with one or more rare gas atoms.
Such complexes are characterized by a low binding
energy, on the order of some hundred cm—!, so that
IVR is generally followed by fast vibrational predis-
sociation of the complex [21-23]. The time scale of
IVR depends on the coupling of the initially excited
mode to other modes in the molecule. In Rettschnick’s
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original work on tetrazine/argon complexes [24],
IVR was found to occur on a time scale of several
nanoseconds at excess vibrational energies of 500 to
800 cm~!. This is in marked contrast to the ex-
tremely slow energy redistribution in the electronic
ground state of these clusters [25]. Experiments on
anthracene [22] and stilbene [21] rare gas com-
plexes show that in the energy range from 300 to 800
cm~! IVR is extensive within hundreds of picosec-
onds, considerably faster than in the bare molecule.
This was attributed to an increase in the density of
ro-vibrational states caused by the low-frequency in-
termolecular vibrations. Topp’s group [14] ob-
served a quantum-beat modulated fluorescence de-
cay in 2,5-diphenylfuran/argon complexes, indicating
that restricted IVR occurs on a time scale of some
hundreds of picoseconds.

For some “solute/solvent™ clusters, the binding
energy is much larger than that of the rare gas sys-
tems. IVR should be observable without dissociating
the complex, and these systems should provide an
opportunity to test the influence of intermolecular
modes and solute-solvent interactions on IVR. One
interesting example came from a study [26,27] by
the group of Topp. They found that the vibrational-
energy redistribution from molecular into cluster
modes is more than one order of magnitude slower in
the case of perylene/naphthalene than for perylene/
benzene or perylene/alkane complexes. These results

are not expected if intermolecular modes are the -

dominating states of the redistribution in both
complexes. '

Stilbene solvated by hexane has many attractive
features, and here we examine the picosecond dy-
namics of IVR in the 1:1 complex using time- and
frequency-resolved picosecond fluorescence spec-
troscopy. The rich fluorescence excitation spectrum
[28] of these complexes allows us to investigate the
dynamics of molecular stilbene modes in addition to
several overtones of a low-frequency intermolecular
vibration and combination bands of molecular and
cluster vibrations. Consequently, the energy flow from
the stilbene molecule into the cluster as well as be-
tween different intermolecular modes can be exam-
ined. In the studies reported here, all three regions of
IVR were observed and the dynamics reflect the in-
fluence of “sofvent-like” modes on the flow of vibra-
tional energy. The fact that bare stilbene dynamics

are known [3-5] makes the comparison in this study
particularly important.

2. Experimental

The molecular beam, the laser system and the time-
correlated single photon counting data acquisition
have been described in previous publications [1,29].
Briefly, mixed clusters were produced in a seeded
supersonic jet expansion. Trans-stilbene (Aldrich,
96% purity, used without further purification) was
placed in the sample compartment of a Pyrex nozzle
{D~70 um) and heated to ~ 100°C. The helium ex-
pansion gas was maintained at ~70 psi and con-
tained about 1% of n-hexane vapor. A heatable stain-
less steel reservoir filled with n-hexane (Aldrich, UV
spectroscopy grade, 99% purity) was connected to the
gas supply via a tee and a short capillary (& =3 mm,
L=50 mm), so that the hexane vapor above the lig-
uid had to diffuse into the rare gas stream through
the capillary. In this way, the partial pressure of n-
hexane (& 50 mbar) in the expansion gas was con-
siderably lower than the hexane vapor pressure above
the liquid. Heating the hexane sample provided con-
trol over the beam composition and allowed suppres-
sion of larger clusters (n>2).

The supersonic beam was crossed at ~2 mm
downstream from the nozzle with the frequency-dou-
bled output of a synchronously pumped, cavity-
dumped dye-laser (Spectra Physics), operating at a
repetition rate of 4 MHz. The UV pulses, which were
generated in a LilO, crystal, had a temporal width of
15 ps fwhm and a spectral bandwidth of 5cm—!. The
laser-induced fluorescence was collected at right an-
gles to both the laser and the molecular beam through
a collimating lens, and was focused by a second lens
onto the entrance slit of a microprocessor controiled
0.5 m monochromator (SPEX Industries 1870). At
the exit slit, single photons were detected by a micro-
channel plate photomultiplier tube (Hamamatsu R-
2287 U), whose output was amplified (Hewlett

Packard HP 8447), fed through a constant-fraction

discriminator (Tennelec CFD 545) and used to trig-
ger the start channel of a biased time-to-amplitude
converter (EG&G TAC 457). The stop channel of
the TAC was triggered by the delayed and amplified
output of a fast photodiode detecting the visible laser
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pulses. The TAC output was fed to a multichannel
analyzer in pulse-height-analysis mode, producing a
histogram of photon arrival times. This data was
transferred to a PDP11/23 computer for storage and
analysis.

The instrument response was measured by advanc-
ing the tip of the nozzle close to the laser beam and
detecting the scattered light. The average full-width
at half-maximum (fwhm) of the detected response
function was 75 ps. The time calibration of the TAC
was provided by the very stable rf-source of the mode
locked Ar* laser. This calibration was checked by re-
producing the precisely known recurrence period of
the polarization analyzed fluorescence of the
S, (v=0) «Sy¢(v=0) transition in trans-stilbene {30].
The time-resolved fluorescence decays were fitted us-
ing a nonlinear least-squares curve fitting routine
[31,32] based on Marquardt’s algorithm [33]. The
instrument response function used for convolution
was monitored after each fluorescence decay curve.

3. Spectra and the potential
3.1. Fluorescence excitation spectrum

The fluorescence excitation spectrum of the first
excited clectronic state (S,) of t-stilbene/n-hexane
(1:1) complexes, which has recently been reported
by Lienau et al. [28], is reproduced in fig. 1. It re-
veals the presence of three structural isomers, labeled
A, B, and C, whose origins are red-shifted by 380
cm~' (A-isomer), 348 cm~! (B-isomer) and 265
cm~! (C-isomer) relative to the electronic origin of
trans-stilbene [3,34] at 32234.744+0.002 cm™!
[35]. The assignment of the isomers is taken from
ref. {28], where it is based on a series of measure-
ments of the fluorescence excitation spectrum as a
function of hexane concentration and on an analysis
of vibrational spacings in the spectra. The intensity
of the origin transition of the B- and C-isomer rela-
tive to the intensity of the A-isomer is 0.04 and 0.5,
respectively. The prominent feature of the excitation
spectrum is a long progression of one optically active
low-frequency cluster mode (labeled X) with a spac-
ing of ¥=2010.5 cm~! for the A-isomer (B:
P=18t1cm~}, C:#=1720.5cm ") [28]. Follow-
ing the interpretation given by Mangle et al. [36] for
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Fig. 1. Fluorescence excitation spectrum of tmns-snlbcne/ n-hex-
ane complexes as reported by Lienau et al. {28]. The energy is
given in cm~! relative to the 03-transition of z-stilbene, which
has a relative intensity of 1.0. The progressions AX§ and
A25,X3 for the A-isomer and CX3 and C25}X3 for the C-isomer
are highlighted in the spectrum.

the low-frequency mode observed in the excitation
spectrum of 2,5-diphenylfuran/hexane (1:1) com-
plexes, this mode is presumably related to a torsion
motion of the alkane molecule aroume an axis per-
pendicular to the plane of the stilbene ftiolecule. For
each isomer this progression isfound again shifted by
200 cm~" to the blue due to the excitstionof a com-
bination of the symmetric in-plane, m—phase vibra-
tion v,5 [37,3,34] of the stilbene molecule and the
low-frequency cluster mode X.

Potential energy calculations based on atom-atom
pair potentials [36], together with measurements of
the rotational constants of 2, §-diphenylfuran/alkane
complexes using rotational coherence spectroscopy
[38,27] provide evidence that, in this case, the long
axis of the diphenylfuran and alkane molecules are
oriented parallel to each other. We assume that a sim-
ilar structure will be the most energeticalfy favorable
for stilbene/hexane. Preliminary experiments on the
rotational coherence spectroscopy of thes¢ com-
plexes [28] are in agreement with the structure shown
in fig. 2, where the hexane molecule is located in a
plane parallel to that spanned by the two phenyl rings,
with its long axis parallel to the long axis of trans-
stilbene. Semiempirical calculations to confirm this
structure are given in the Appendix. These caicula-
tions provide an estimate of the dissociation energy
of these clusters.
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Fig. 2. Structure of the A-isomer (a) and C-isomer (b) of ¢-stil-
bene/n-hexane (1:1) complexes (see text and Appendix).

3.2. Dispersed fluorescence spectra

3.2.1. Excitation of the 09 transition

The dispersed fluorescence spectra of the A- and C-
isomer of t-stilbene/n-hexane (1:1) complexes re-
corded for 0§ excitation are displayed in fig. 3. Both
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Fig. 3. Dispersed fluorescence spectra of trans-stilbene and the
two isomers A and C excited to the origin 0§ in their S,-electronic
state. The energy is given in cm ™! relative to the electronic origin
of trans-stilbene (32235 cm='), A-isomer (31855 cm~') and C-
isomer (31970 cm—!), respectively. All three spectra have been
recorded under the same experimental conditions: z-stilbene
temperature T=100°C, helium backing pressure P=60 psi, laser-
to-nozzle distance X= 30D (nozzle diameter D=70 um) and
spectral resolution R=8 cm~".

spectra have the same general features. The most
prominent feature is a four-membered (A-isomer)
and five-membered (C-isomer) progression of the
low-frequency cluster mode X, already observed in
the fluorescence excitation spectrum. The spacing of
this progression is 17.2+0.5 cm ~! for the A-isomer
and 14.8+0.5 cm~! for the C-isomer. This progres-
sion is found to be repeated in intervals of 205+ 1
cm~! (A) and 2041 cm~! (C). A look at the dis-
persed fluorescence spectrum of the 03 transition of
the bare trans-stilbene molecule, given in fig. 3 for
comparison, shows that this repetition of the low-fre-
quency pattern is due to the combined excitation of
overtones of the cluster mode X and overtones of the
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symmetric in-plane ethylene bend mode »,; of stil-
bene [39] in the ground electronic state of the clus-
ter. The vast majority of bands detected in the dis-
persed fluorescence spectrum can be assigned to
252 X9 transitions (see table 1).

The frequency spacing between overtones of this
stilbene mode (205 cm —!), as well as the relative in-
tensity of these bands in the bare molecule, are found
to be almost the same as in the cluster, indicating that
this symmetric in-plane mode is only weakly affected
by complexation. A much stronger perturbation of all
out-of-plane stilbene modes, however, can be ex-
pected in the complex. A comparison of the dis-
persed fluorescence spectra shows that this is indeed
the case. Neither the ethylenic carbon (C.)-phenyl-
out-of-plane bending mode »;4, nor the very anhar-

Table 1

monic, very low-frequency C.-phenyl-out-of-plane
twisting mode v5; [39-42], or combinations thereof,
can be found in the fluorescence spectra of the com-
plexes. These are prominent, features in the low-en-
ergy region of the spectrum of the bare molecule
[3,40].

Several low intensity bands can be resolved in the
low-energy region of the fluorescence spectra of the
A-isomer (table 1, see also fig. 4). These bands can
be tentatively assigned to a second cluster mode Y
(#7=76 cm~!'), and to combinations of this mode
with the cluster mode X and »,5 (25%,X%Y9), al-
though a conclusive assignment cannot be given
without a normal mode analysis of the cluster [43].

Assignment of the 03 level dispersed fluorescence spectrum of the A- and C-isomer of trans-stilbene/n-hexane (1:1) complexes

A-isomer C-isomer
frequency » relative assignment » frequency relative assignment
(ecm~1) intensity (cm™Y) intensity
0 0.67 A0 0 0.34 (01

17 1.00 AX? 15 0.86 X8

35 0.59 AX?Y 30 1.00 (o ¢

52 0.18 AXS 45 0.67 (¢

76 0.07 AY{(?) 59 0.24 (9.4

92 0.06 AY9{X? 204 0.24 Cc259
205 0.57 A259 219 0.66 C259x9
221 0.95 A259X9¢ 234 0.94 C257%9
239 0.66 A259X9 248 0.79 C259x3
256 0.19 A259X%9% 262 0.36 C259X3¢
279 0.07 A250Y¢ 282 0.18 ?
297 0.12 A250Y9X$ 407 0.09 C259
314 0.05 A257Y X9 421 0.29 C259X9
409 0.27 A25% 436 0.47 C253X3
426 0.55 A253X¢ 453 0.53 C259X9
443 0.42 A259X$9 467 0.25 C258X3
460 0.14 A259X$ 625 0.06 C259X9
485 0.02 A25%Y¢ 639 0.18 C253X$
503 0.08 A253Y9X? 654 0.22 C25%3X$¢
519 0.05 A25%Y9X$ 668 0.15 C253%9
616 0.09 A253
632 0.22 A253X¢
649 0.19 A253X9
665 0.10 A259%9

*) Frequencies are reported relative to the 0§ transition of each isomer: 7(A03)=31855 cm —', #(C03)=31970 cm ! (see fig. 1, from

ref. [28]).

®) We use the following notation: IYLZ?,, where I denotes the isomer (A or C), and Y and Z the vibrational modes. The sub- and super-
scripts indicate the number of vibrational quanta in the ground and excited state, respectively.
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Fig. 4. Low-energy region (0 to 400 cm~') of the dispersed flu-
orescence spectra following excitation of the electronic origin 03
and overtones X3, 1 € n< 4, of the low-frequency cluster mode X
in the A- and C-isomer of t-stilbene/n-hexane (1:1) complexes.
All spectra have been recorded under the same experimental con-
ditions: T'=100°C, P(He) =60 psi, X~ 30D, and R=8 cm~".

3.2.2. Excitation of higher vibrational levels

Dispersed fluorescence spectra for nineteen vibra-
tional levels in the S,-state of the A- and C-isomer of
trans-stilbene/n-hexane (1:1) complexes have been
recorded. Excitation energy, wavelength, and assign-
ment of the excited bands are given in table 2. For all
of these levels, the excitation wavelength was red-
shifted with.respect to the origin of the bare stilbene
molecule, so that the reported cluster spectra are
mostly free from overlap with the fluorescence of the
bare molecule. All spectra have been recorded with a
spectral resolution of 8 cm~! fwhm.

(a) The A-isomer. The fluorescence spectra re-
corded for excitation of overtones X% (0<k<4) of
the low-frequency cluster mode X are shown in fig. 4.
In all cases a clear structured spectrum is observed,
showing no sign of severe spectral congestion. One
prominent feature of these spectra is a long low-fre-
quency progression, which is repeatedly shifted by 200

Table 2 i

Fluorescence decay times 7, of trans-stilbene/n-hexane (1:1)
complexes for total fluorescence detection. All measurements have
been performed with monochromator slits fully open (fwhm=35
nm) at a central detection wavelength of 332 nm

Transition Energy ¥ T
(cm™') (ns)
A0 0 2.79
AX) 20 2.79
AX3 40 2.79
AX3 60 2.80
AXS 80 2.78
AX3 100 2.78
Co3 © 115 2.80
CX} 132 2.78
cxX3 149 2.78
CX3 166 2.76
(9. ¢ 183 2.78
A25} 200 2.78
A250X3 220 2.77
A25)X2 240 2.1
A250X3 260 2.717
A25)X3 280 2.76
A250X3 300 2.76
C25}8 315 2.76
C254X3 332 2.76
C254 X3 349 2.75

*) Energy relative to 7(A03)=31855cm™".

cm~!, All bands of the progression are assigned to
transitions of the family A25%9X* (0<k<4,
0<m<1, 0gn<9). It will be shown below that the
observed complex intensity pattern can be under-
stood by performing a Franck-Condon analysis based
on a shifted anharmonic oscillator model.

Several low-intensity bands are found between 100
and 200 cm~! and above 300 cm~!. As noted previ-
ously for the fluorescence spectrum of the 0§ transi-
tion, these bands are tentatively assigned as
259 XkY9, where Y denotes a second, low-frequency
cluster mode with #=76 cm—'. We found no indica-
tion of the presence of a band attributable to a tran-
sition of the uncomplexed ¢-stilbene molecule in any
of the spectra, so that dissociation of the complex can
be ruled out at these energies. An assignment cannot
be given for two bands found in the AX3 (at 46 and
250 cm—!) and AX3 spectrum (at 59 and 263 cm~—!).
The dispersed fluorescence spectrum for an excita-
tion energy of 200 cm~' (A25} ) shows again a struc-
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tured spectrum, with the progression at low energies
assigned to transitions A25/X%. Transitions
A25}X¢ are not detected, since the relative intensity
of the transition 25 for the bare stilbene molecule is
very low, as found in the fluorescence spectrum for
this transition (not shown). However, A25{X$ tran-
sitions, shifted by 408 cm~! relative to the A25)X?
progression, are observed, in agreement with the
Franck-Condon analysis for this mode [3]. Some
congestion of the spectrum is found in the energy
range between 100 and 400 cm—!, indicating a pos-
sible onset of fast IVR or severe mixing of the opti-
cally active modes.

A strikingly different fluorescence spectrum is
monitored for excitation of the first combination
band, A25'X]. Although the amount of excess energy
is raised by only 20 ¢m~—! compared to A25}, the
spectrum shows almost complete congestion at this
transition. Only the A255 X1 progression remains, al-
beit strongly reduced in intensity compared to the
broadband relaxed fluorescence. This spectrumi in-
dicates that IVR is presumably faster than the fluo-
rescence rate even at this very low excess energy of
220 cm~! in the S, state of the cluster. We shall ex-
amine this point below with time-resolved studies.

" The fluorescence spectra for excitation of the next
overtore of the low-frequency cluster mode, 254 X3,
is even more congested; only two very weak isolated
bands can be observed at this energy. The excitation
of all higher overtones 25} X4, 3<n<5, leads to com-
pletely congested spectra without isolated bands. This
onset of congested spectra for the excitation of com-
bination bands 25} X5 at excitation energies between
220 and 300 cm~! above the origin of the A-isomer
has to be compared with that of the bare stilbene
molecule. For the latter, completely congested spec-
- tra are not observed at energies below the threshold
for photoisomerization ( ~1250 cm™! [3,44,45]).In
all spectra recorded at lower energies, well-resolved
lines are present. The amount of spectral congestion
in these spectra is generally found to increase with
excess energy [3,4].

(b) The C-isomer. The dispersed fluorescence
spectra of the C-isomer at low energies (excitation of
CX3, 0<n<2) are very similar to those for the A-
isomer at corresponding excess energies. Again struc-
tured spectra are recorded, showing no sign of spec-

tral congestion. Prominent features are two low-fre-
quency progressions CX% and C259X%. More
members of these progressions are detectable than for
the A-isomer, indicating a slightly larger displace-
ment between the potential energy surfacés of the
ground and the excited state in the C-isomer (see
below).

Excitation of a higher overtone of the cluster mode,
CX3, does not lead to a sharp spectrum, but to an
almost completely congested one. Some sharp fea-
tures are still observable, but their intensity is very
weak. The absorption band of the next higher over-
tone, CX4, overlaps with a hot band of the A-isomer
(A25.X9) and therefore the fluorescence spectrum
for the transition CX3 shown in fig. 4 is a combina-
tion of the spectrum of A25} and CX§. The three dis-
tinct bands around 0 cm~! in this spectrum are as-
signed as transitions A25¢ X3, 0< n<2, and are found
at the same wavelength as in spectrum A25} (fig. 5).

A2, hk C25‘

M\./M Cj‘:“//\'

251 xz
0 200 400

A28} X3

1y 4
A25) X3

A25h X3

N *\

0 200 400

Relative energy (cm-1)

Fig. 5. Dispersed fluorescence spectra (0 to 500 cm~!) following
excitation of the symmetric in-plane ethylene bend mode »,; and
the combination bands 25} X3, 1 < n< 5, for the A- and C-isomer
of tstilbene/n-hexane (1:1) complexes. Experimental condi-
tions as in fig. 4.
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The rest of the spectrum can be assigned to the emis-
sion from CX$ and is found to be slightly more con-
gested than that for CX3.

At higher excitation energies all measured spectra
are congested without any unrelaxed (sharp) fluo-
rescence structure. Attention is drawn to the fact that
excitation of the in-plane stilbene mode v, yields a
congested spectrum, indicating presumably rapid IVR
for the C-isomer (see below), whereas for the A-iso-
mer the corresponding spectrum is only slightly con-
gested, and a clear structured spectrum is observed
for the bare stilbene molecule.

3.3. Franck~Condon analysis and the potential

The prominent feature in the dispersed fluores-
cence spectra of the A- and C-isomer at low excita-
tion energies is a long low-frequency progression as-
signed as X%,. In the following, the relatively complex
intensity pattern of this progression will be examined
by means of a Franck~Condon analysis. We follow
the approach of Coon et al. [46] and Ansbacher [47].
It is assumed that the s normal coordinates of a poly-
atomic molecule in the electronically excited state ¢,
i=1, .., s, are given by a linear displacement 4, of the
corresponding ground-state normal coordinate
q7:q;=q7{ +d;. The Franck-Condon overlap inte-
gral then separates into a product of one-dimensional
overlap integrals, which, under the further assump-
tion of harmonic oscillator wavefunctions in ground
and excited states, are given by [46]

ﬂ 1/2
- tp!}1/29—(m+n—1)/2
R(m,n)=(min!)!/2 (l+ﬂ2)

1—ﬂ2 (m+n)/2 l }Jzﬂz
X (1+ﬂ2) °’“’(“ 2 1+ﬂz)
min[m,n] [( 4,3 ), (__i)m—l
X & [\TZg) sgm=Drin=1y1

X Hp (B (1- %) ~'72)

XHn_z(—ﬁr(l—ﬁ‘)“”)]- (1)

Here, m and n denote the vibrational quantum
number in the excited and ground state, respectively.
Furthermore H,,_; and H,_, are Hermite polyno-
mials, and

,_ 4nic a”

, y=—a'd, (2)

where 7 is the vibrational frequency in cm —!. The pa-
rameter d corresponds to the displacement between
the minima in the electronic ground and excited state
of the cuts through the potential energy surfaces along
the mass-weighted normal coordinate g and is de-
fined such that «d and, therefore, y are dimension-
less. A distortion factor y=2./2In2 then corre-
sponds to a displacement d which is equal to the width
(fwhm) of the wavefunction in the vibrationless ex-
cited state Aq': d=~y Ag' /2,/2In 2,

The relative spectral intensities are then propor-
tional to the square of the overlap integrals |R(m,
n) |2 The relative intensities for the bands of the low-
frequency progression AX7 and CX7", calculated on
the basis of this model are in qualitative, but not
quantitative, agreement with the measured dispersed
fluorescence. For further improvement, we used an-
harmonic potentials for the ground and excited state
with
V(x)=imw? x>+ ohwx? . (3)

Using first order perturbation theory, the anhar-
monic oscillator wavefunction in the eigenstate k is
given as a sum of harmonic oscillator wavefunctions
[48]:

3
lyi)> = Zsc,|¢k+.~>,

with
32
=1, Cl=—30'(-]-c--;—l) , Ca=0,
1/2
_g((k+3)(k+2)(k+1))
-3 8 ’
32
k
C_1=30'(5) N C__2=0,
k(k=1)(k=2)\""*
N “

To second order in the perturbation expansion, the
energy of the eigenstate & is obtained:

Ep=(k+ })ho— Yo% (k+ 1) how-Fo*hw, 5)
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The relative spectral intens;ty is proportional to
| Rann(m, 1) |%, with Ry, (m, 1) given by

3 3
Ry(m,n)= 'Zsjzscfc}R(m+i,n+j) , (6)
where ¢§ and c¥ are the coefficients in the expansion
for the wavefunction of the excited and ground state
(eq. (4)),and R(m+i, n+j)isgiven byeq. (1), with
R(m, n)=0for m<0orn<0.

Figs. 6 and 7 show the low-frequency part of the
measured spectra together with the model calcula-
tions for the A- and C-isomer, respectively. The dis-
played simulations have been performed with the fol-
lowing parameters, which gave the best agreement
between experiment and calculation:

A-isomer:

P,=17.2+05cm =}, 7,=20.0+0.5cm~!,

0
A0J
batondiatonssbunsatasnciosaind
1
AX,
Lssdissbinssbiridoratissatsssnind ladontaasinsaluniissionated
»
2
AXG
bassdassbasstusstatossciiscind Laalasatossdinsstosnsbissaiiasaind
0 100 0 100

Relative energy (cm-1)

Fig. 6. Comparison of the dispersed fluorescence spectra AX3,
n=0, 1, 2 (left), with simulations (right) based on a Franck-
Condon analysis (see text for details ). The following parameters
were used in the simulation: #,=17.2+0.5 em ~', 7, =20.0+0.5
cm—!, 6,=0.028 +0.005, 0,=0.025+0.005, y=1.6010.05. The
highlighted band (*) in the spectrum AX3 cannot be assigned to
a transition AX5,.

0
cod
Lasabassabimatussabimsairosaionated latsadsasalmaniassabsatonsabicarind
1
cx)
2
Xo
0 100 0 100

Relative energy (cm-1)

Fig. 7. Comparisoﬁ of the dispersed fluorescence spectra CXj,
n=0, 1, 2 (left), with simulations (right) based on a Franck-
Condon analysis (see text). The following parameters were used
in the simulation: 7;=14.710.5 cm~!, #,=17.810.5 cm ™',
0,=0.02510.008, g.=0.020+0.005, y=2.25+0.05.

0,=0.028+0.005, 0¢,=0.025+0.005,
y=1.6010.05.

C-isomer:
7,=147105cm"!, 7,=17.810.5cm™!,
0,=0.025+0.008, 0¢.=0.020%£0.005,
y=2.2510.05.

The errors quoted above give a conservative estima-
tion of the range over which each parameter has to be
varied to give a significantly worse fit of the experi-
mental data.

In general the calculated band intensities are in
good agreement with the experimentally observed
ones. For some bands, minor deviations between the-
ory and experiment exist (see for example the inten-
sity ratio of AX1/AX} or the intensity CX%) and
these deviations becomes larger for higher vibra-
tional quantum numbers in ground and excited states,
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where the simple anharmonic model potential be-
comes a less accurate approximation of the real po-
tential. It is also noted that the relative band intensi-
ties in the A- and C-isomer for the progression AX%,
are slightly different from those for the progression
25)A%,, which is probably due to an anharmonic cou-
pling between the 25 and X modes.

The Franck~Condon analysis presented above al-
lows us to determine the parameters of an accurate
anharmonic oscillator model potential for the low-
frequency cluster mode X in both the ground and ex-
cited state. In the (presumably less strongly bound)
C-isomer, the X normal coordinate shows a signifi-
cantly larger displacement between ground and ex-
cited state than in the A-isomer, implying that the
cluster excitation to its S, state induces a larger struc-
tural change in the C- than in the A-isomer.

4. Dynamics
4.1. Fluorescence rates: total fluorescence detection

The fluorescence lifetime for the vibrationless S,
state of bare stilbene has been measured [3,16,44,
49,50] to be 7,=2.65+0.02 ns. Fluorescence life-
times for all absorption bands in the excitation spec-
trum of the A- and C-isomer are reported in table 3.

Table 3

Fluorescence decay times 7; of trans-stilbene/n-hexane (1:1)
complexes for single vibrational level detection in the regime of
absent IVR

Transition Energy® Detectionband® Resolution 1,

(ecm~')  (em~?) (cm™") (ns)
A0S 0 17 33 2.77
A0% 0 222 33 2.78
AX} 20 51 33 2.13
AX3 40 68 33 271
AX3 60 0 33 2.72
AX3 80 48 33 2.65
AXS 80 97 33 2.67
col 115 231 25 2.76
o8 115 1850 33 2.79
cx} 132 49 25 2.67
CX3 149 %0 33 2.73

*) Energy relative to 7(A03) =31855cm~".
) Detection wavelength given in cm=" to the red of the excita-
tion laser.

The detection of “total” fluorescence has been
achieved by opening the monochromator slits com-
pletely and setting the detection wavelength far to the
red of the excitation wavelength. The measured life-
times of the hexane cluster are in excellent agreement
with those recently reported by the Troe group [28].
As shown in fig. 8, a slight decrease in the fluores-
cence lifetimes can be observed as the vibrational en-
ergy in the S state of the cluster is increased. Assum-
ing that the fluorescence quantum yield in the cluster
is equal to unity (as it is for the isolated molecule
[51,52]), the fluorescence lifetimes of the vibration-
less excited state are equal to the inverse of the radia-
tive rate, which are then:

keaa (A-isomer) = (0.358 £0.003) X 10° s,
k.aq(C-isomer) = (0.3571+0.003) X 10°s ",

Thus, the radiative rate of the S$;— S, transition in
the cluster is slightly larger than that of the isolated
molecule, k.4(bare f-stilbene) =0.377%10% s—. As
has been pointed out by Strickler and Berg [53], and
by Birks and Dyson [54,55], the radiative rate of the
S, -8, transition is approximately given by

8nx2303n¢ , _, _IJ’E
CZNA Mg <Vf )av ydv’ (7)

krnd=

where n;and n, are the mean refractive indices of the
solvent over the fluorescence and absorption spec-
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Fig. 8. Encrgy dependence of the fluorescence lifetime 1, of the
electronically excited configuration S; of rstilbene/n-hexane
compiexes. Filled circles denote A-isomer, open circles C-isomer
transitions. Total fluorescence detection has been achicved by
opening the monochromator slits and setting the détection wave-
length far to the red of the excitation wavelength (see text).
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trum, respectively. In eq. (7), » denotes the fre-
quency of the optical transition in s~ ', and (»73),,
is the mean value of ¥—3 over the fluorescence spec-
trum. Furthermore, € is the molar extinction coeffi-
cientin2mol~'cm~1.

For isolated molecules and small clusters n;=1 and
n,= 1, thus the ~ 5% decrease in k.4 of the A-isomer
can be attributed in part to a solvation effect on
(i3> 5! and to the effect of the electrostatic inter-
action between the solute and the solvent molecule
on the fluorescence spectrum. Knowing the red-shift
of 380 cm ! for the cluster, the first factor gives a
decrease in k.4 in the cluster of 3.5%. The effect of
the solvent on the fluorescence spectrum in small
clusters can, in principle, be calculated by an exten-
sion of the model suggested by Shalev and Jortner for
solute/rare-gas heteroclusters [56].

It should be mentioned that the effect of the refrac-
tive index on the radiative lifetime becomes impor-
tant in clusters with dimensions much larger than the
wavelength of the absorbed light and in solution.

The radiative lifetime of trans-stilbene in (3:2)
methylcyclohexane/iso-hexane solvent has been
found by Sumitami et al. to be 6.0 10% s—! [57],
which agrees closely with the value of 5.9 10%s~! in
n-pentane at 30°C calculated by Saltiel et al. using
eq. (7) [58]. The refractive index of the solvent
(n=1.36 at 30°C and 403 nm [59]) thus induces an
increase in the radiative rate by approximately a fac-
tor of n?=1.85 and counteracts the decrease in the
radiative rate due to the solvent effect on the fluores-
cence spectrum.

In the gas-phase measurements at 390 K of the
Hochstrasser group [60,61 ], the lifetime of z-stilbene
was found to be 15 ps at 265 nm and 55 ps at 287 nm
excitation wavelength. In this case, the refractive in-
dex is one, but the laser excitation together with the
thermal excitation induces a large excess energy in the
molecule and the lifetime represents an average value
over the energy distribution including isomerization
at higher energies [62].

4.2. Time- and frequency-resolved fluorescence

4.2.1. Preliminaries: IVR in trans-stilbene

The dynamics of IVR in the bare trans-stilbene
molecule have been characterized by Felkeret al. [ 3-
5] employing the same technique used in this study.

The timescale of IVR in ¢-stilbene was shown to be
strongly dependent on the amount of excess energy
available, with a correlation to the increased density
of states. At low energies ( <600 cm™!), with a den-
sity < 10, per cm~!, IVR was found to be practically
absent on the time scale of the fluorescence lifetime
of the molecule. In an intermediate energy range (600
cm~!<E<1200 cm™'), restricted IVR manifested
itself by phase-shifted quantum beat modulated flu-
orescence decays. This regime corresponds to a case
where the vibrational energy oscillates between the
initially excited optically active level and a small
number of energetically close “dark™ states. At higher
energies and at density-of-states of more than 150 per
cm—!, energy flow occurs practically irreversibly into
a large number (typically N> 10) of vibrational lev-
els, though some residual quantum beat modulation
can still be observed. This dissipative regime is char-
acterized by quasi-biexponential decays with a fast
component on the order of tens of picoseconds.

The above sequence of three distinct IVR regimes,
from absent to restricted to dissipative IVR, has been
observed in a number of large molecules including
anthracene [ 1-3], n-propyl-aniline [9], fluorene [7],
azulene [8] and others, and seems to be established
as a general characteristic of large polyatomic
molecules.

4.2.2. IVR in t-stilbene/n-hexane (1: 1) complexes

(a) A-isomer. In an attempt to characterize the IVR
behavior of stilbene/hexane clusters, time- and fre-
quency-resolved fluorescence detection has been per-
formed for all 10 transitions observed in the fluores-
cence excitation spectrum of the A-isomer at excess
energies ranging from 0 to 300 cm~! (see figs. 9, 10,
13, 15, 17). Considering the good signal-to-back-
ground ratio in the fluorescence excitation spectrum,
it is assumed that only single vibrational levels in the
S,-state have been excited.

For excitation of all overtones of the low-fre-
quency cluster mode X (AX§, 0<n<5), single ex-
ponential decays have been observed (fig. 9), inde-
pendent of the detection wavelength and resolution.
This indicates that vibrational energy redistribution
is essentially absent at these low excitation energies.
A closer look at the experimental data (table 3) shows
that for all excited overtones, the decay rates mea-
sured with single vibrational level (SVL) detection
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Fig. 9. Time- and frequency-resolved fluorescence decay profiles
following excitation of the electronic origin 03 and overtones
X3, 1 €n<4, of the low-frequency cluster mode X in the A- and
C-isomer of z-stilbene/n-hexane (1:1) complexes. For all mea-
surements, the experimental conditions were the same as given
in fig. 4, The detection wavelength (relative to the respective or-
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1gm) and spectral resolution from top to bottom are: A-isomer:
17 and 33 cm~!, 51 and 33 cm~', 68 and 33 cm~!, 0 and 33
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cm~!, 90 and 33 cm~?, 20 and 33 cm~!, 20 and 18 cm~!. Fit
parameters for these decays are given in tables 3 and 4.

are slightly faster than for total fluorescence detec-
tion. This indicates that energy redistribution be-
tween different cluster modes occurs on a timescale
significantly longer than the radiative Iifetime.
Excitation of the symmetric in-plane stilbene mode

A2Sl laads to a hiexnonential decav for SV, detec-
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tion with a fast lifetime 7, ~# 670 ps and a second com-
ponent 7,~2.7 ns (fig. 10). In contrast to the biex-
ponential decays observed for the bare stilbene
molecule at energies above 1200 cm ™!, the relative
amplitude of the slow component is much larger than
unity (4,/4,=3.6). This large amount of long-lived

flunrecsanca ie nnt antinn radi 1 ad
flucrescence is not due to detavvnvn Gf redistributed

fluorescence since the dispersed fluorescence spec-

trum is clearly uncongested in this region and the de-
tection resolution was sufficient to ensure single vi-
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Biexponential decays are characteristic for dissi-
pative IVR; one optically active zero-order level |s)
couples strongly with a manifold of N (N> 1) opti-
cally dark levels {|/) }. If all these levels decay radia-
tively to the electronic ground state with a rate K,
the fluorescence decay for single vibrational level de-

PO £ 4l 4 1
tection Of ti Gl’hicady active state | ) / 15 bxvuu as

L(t)oc (N—1) exp[ — (kraq +4)1]
+exp(—keaal) , (8)

where 4 corresponds to the rate of dissipative IVR.
The above equation can be obtained quantum me-
chanically, and an analogous kinetic description is
also possible [63] if we consider the coupling in the
Nlevels as reversible and the system decaying by k4.
In this case, 4 is simply the sum of forward and back-
ward rate constants. Based on the above assump-
tions, the amplitude ratio of slow to fast component
is A5/A;=1/(N-1), thus being smaller than unity.
In the case of ihe biexponeniial iransieni observed
for excitation of A25}, however, A;/A,=3.6. Thus,
the above IVR model (dissipative regime) does not
account for the observed decay. In the A25] case, IVR
can only occur by partitioning one high-energy, 200
cm ~! vibrational quantum of the stilbene mode v,
into several quanta of low-frequency intermolecular
vibrations. Once the energy has been transferred into

the intermolecular modes, IVR is relatively more ef-
ficient within the manifold of intermolecular dark

(R 4 Lo QLI O AARSIAAOSLAARY a8l

states |¢)>. The low-frequency modes can exchange
energy without large changes in the number of quanta
involved. This is a sequential IVR process, where level
coupling occurs between an optically active vibra-
tional level [@) and an optically inactive state |b),
which in turn couples to |c), etc. This state |b) dif-

fers in energy by AE =% (@ may be negative), and

a) and |b) are coupled via an interaction matrix
element V. Both levels can fluoresce to the ground
state with a radiative rate k..q. The strong coupling of
|b)> to a manifold of energetically accessible vibra-
tional levels {|/) } is introduced phenomenologically
by a nonradiative decay of |b) with a rate constant

Iifie 11 \ Such seanential IVR mechanieme were
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first observed in anthracene [1,2,5] and have found
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Table 4

Prominent beat frequencies modulating the decays of trans-stilbene/n-hexane (1:1) complexes of figs. 9, 10 and 13
Transition Energy Detection band Resolution Frequencies w/2x

(cm™!) (cm™!) (cm~') (GHz)

cx3 166 20 33 0.77,1.50
Ccx* 183 20 18 0.76,1.52
A25'X! 220 52 17 0.77,1.71, 2.35
A25'X! 220 52 17 0.74,1.75,2.35
A25'X2 240 68 65 2.97,1.29,3.84
A25'X3 260 68 17 2.02

) Energy relative to #(A0§)=31855cm—".

) Detection wavelength given in cm ! to the red of the excitation laser.

Table 5
Decay parameters of the biexponential fluorescence decay profiles observed for trans-stilbene/n-hexane (1:1) complexes shown in figs.
10, 15and 17
Transition Energy Detection band Resolution Decay parameters
(cm~') (em~') (cm~!)
7, (ns) 72 (ns) A3/ 4,
A25! 200 18 0.67 2.73 3.6
A25! 200 18 11 0.56 2.80 29
A25! 200 18 25 0.57 2.76 30
A25'X* 260 100 80 0.05 2.44 0.18
A25'X3 280 64 65 0.08 2.35 0.25
C2st 315 87 80 0.07 2.40 0.15
C25'x! 332 76 80 0.06 2.03 0.12
C25'x2 349 76 80 0.04 2.45 0.23
*) Energy relative to #(A03)=31855cm~".
a number of applications (see e.g. refs. [21,64]). The .
. . . . 2kq + '+ 2iw
equations of time dependent perturbation theory in Pp=— 4 T2
the interaction picture are then [48,65,661: 4
. L VP40 +4iTw—16V3
ihi= Vs~ }ifikqa , t y : (11)

b=V eia—Lif(kaa+ )b, 9)

where a and b denote the probability amplitude in
states |@) and |b), respectively. The general solu-
tions of eq. (9) are
a=A, exp(u, 1) +4; exp(it) ,
b= (ih/Vap){ (41 +4Kkeaa )41 exp[ (4, +iw)1]

+ (42 + $Keaa) A2 exp[ (12 +iw)i]} (10)

with

The excitation of the optically active |a) state is rep-
resented by the initial conditions a=1, b=0, at =0,
and this gives

_ $Kkraa

, A= . (12)

A= 2+ 1Kaa
H2—

M2 — i

The fluorescence intensity for single-level detec-
tion of the optically active state |a) is proportional
to

la|?= |4, exp(u,1)+4, exp(uyt)|*. (13)
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Fig. 10. Time- and frequency-resolved fluorescence decay of the
A-isomer of t-stilbene/n-hexane complexes following excitation
of (a) A25}, together with biexponential fit (1, =0.67 ns, 1,=2.73
ns, A,/4,=3.6). Detection wavelength (relative to the origin of
the A-isomer) 18 cm~!, spectral resolution 8 cm~'. (b)
A254X . Fourier analysis of the quantum-beat modulated decay
reveals at least three modulation frequencies: v,=0.77 GHz,
v,=1.71 GHz, v;=2.35 GHz. Detection wavelength 52 cm~',
spectral resolution 17 cm—', (¢) A25)X3. Three beat frequen-
cies are distinguished by Fourier analysis: v, =2.97 GHz, v,=1.29
GHz, v;=3.84 GHz. Detection wavelength 68 cm—!, resolution
65¢cm™!,

Using this simplified picture, we can successfully
model the observed decay for excitation of A25] if
we choose the parameters k,,=0.358x10° s-!
(known), V,,=0.6 GHz, w= (E,—E,)/h=2.5 GHz,
and '=1.0x10° s~! (fig. 12). To reproduce quasi-
biexponential decays with the above model, the
damping, introduced by the nonradiative decay rate
T, has to be stronger than the effective vibrational
coupling V,, between states |a) and |b). This is
consistent with the suggested physical picture in which

[b> {i>}
o> -
o :
¢ :
0 <’ <
é 2
§ (’ ()
é S <
b
o ket 0 ket Q et
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o 2 2
2 Q <
2 \ v
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Fig. 11. Sequential model for IVR. The optically active level |a)
is coupled via an interaction matrix element ¥V, to an optically
dark state | b). Both states can fluoresce to the electronic ground
state |g) with a radiative rate k.. The strong coupling of {b) to
a manifold of energetically nearby vibrational levels { | /) } is phe-
nomenologically described by a nonradiative decay of |) with
arate constant I'.

Fluorescence Infensity

0.0 2.5 5.0 7.5 10.0
Time [ns]

Fig. 12. Comparison of the observed biexponential decay for ex-
citation of A25) (dotted line) to model calculations (solid line)
using the sequential IVR model (see fig. 11 and text) with
kna=0.358X10°s™!, Vu=0.6 GHz, w= (E,—E,) /#=2.5 GHz,
and I'=1.0% 10 s~. This corresponds to a coupling between the
optically excited level |a) (A25}) to the dark state |b) (inter-
molecular vibrational level), which is weak relative to the sub-
sequent damping of |b) by vibronic coupling to the manifold of
dark states {|/)}.

the coupling between the intermolecular modes is fa-
cilitated compared to the coupling between the stil-
bene mode v,s and the cluster modes, due to a large
change in the number of vibrational quanta involved
and/or the mismatch in energy. It should be noted
that the above quantum mechanical treatment has a
kinetic analogue, when we let a'sequential process,
with reversibility in the first step, proceed with the
final rate being faster than the equilibration rate in
the first step. Under this condition, the fast compo-
nent would essentially be given by I"and the slow one
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by the equilibration rate, with the amplitude ratio of
fast to slow now being less than one. It should be
noted, however, thatthe quantum treatment is more
appropriate, as these limits of extreme kinetic pa-
rameters are not exact and do not include the coher-
ence in the system.

As shown in fig. 10, excitation of a combination of
the stilbene mode v, with the low-frequency cluster
mode, A254X}, leads to a decay with strong quan-
tum-beat modulation. Fourier analysis {2] of the sig-
nal reveals at least three beat frequencies (more beat
frequencies might be obscured by noise), the most
prominent of which has a frequency of 1.73 GHz,
corresponding to a recurrence period of 580 ps. A
somewhat less modulated decay is observed for exci-
tation of the next overtone A255X3 (fig. 10). Again,
at least three beat frequencies can be identified by
Fourier transformation, indicating that a number of
modes are involved in the energy exchange.

The fluorescence decay underlying the modulation
cannot be described by a single exponential with a
lifetime equal to the inverse radiative rate. In both
cases, for A25)X and A25,X2, the underlying de-
cay is clearly multiexponential and fits well to a sum
of two exponentials with lifetimes of 0.7 and 2.7 ns
(relative amplitude of the fast component is 0.3), as
found in the analysis of the decay of A25}. This leads
us to the conclusion that in the case of all three ex-
cited levels, the underlying biexponential decay is due
to the energy flow out of the stilbene mode »,5 into
the cluster vibrations and can be described in terms
of the simple model (fig. 11) described above.

The quantum beat monitored for A25X3 (fig. 13)
is different in that only one frequency is prominent
in the Fourier spectrum with »=2.02 GHz, equiva-
lent to a recurrence period of 495 ps. It is worth men-
tioning that more than ten recurrences have been
monitored in this perfect example of quantum beats
in clusters, indicating a coherent and reversible en-
ergy flow involving ' z-stilbene/n-hexane cluster
modes.

To learn about the effect of the nature of the mode
excited on the dynanyics of A25) and A25§ X3, we fit-
ted the quantum beat for A25) X3 to eq. (13). A rea-
sonable fit, especially of the first 3 ns, was obtained
using the following parameter set: k.,,==0.358 X 10°
7, Vp=4.9 GHz, w= (E,—E,)/#=8.0 GHz, and

A8, X3

e,
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Fig. 13. Excitation of the combination band A25}X3 in the A-
isomer showing quantum beats with a large modulation depth.
The frequency of the modulation is 2.02 GHz, equivalent to a
recurrence period of 495 ps. Fluorescence was detected at 68 cm !
to the red of the excitation laser wavelength, the spectral resolu-
tion is 17 cm~! and the other experimental conditions are similar
to those of fig. 4.
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Fig. 14. Comparison of the observed quantum beats for excita-
tion of A25 X3 (filled circles) to model calculations (solid line)
using the sequential IVR model (see fig. 11 and text). The tran-
sitory behavior was obtained with k,.q=0.358 X 10° 5™, V,;,=4.9
GHz, w=(Ey~E,)/#=8.0GHz, and I'=1.6 X 10°s~!. This cor-
responds to a coupling between the optically excited level
la) (A25§X3) to the dark state {b), which is strong relative to
the subsequent damping of |b) by vibronic coupling to the man-
ifold of dark states {|/>}.

I'=1.6x10° s~! (fig. 14). The main difference be-
tween this fit and the fit for A25} is the considerably
larger coupling matrix element V,,, corresponding to
a largely accelerated IVR rate. We suggest that this
acceleration occurs because four vibrational quanta
are excited in A25}X3 and preferred pathways for
energy redistribution are possible with no or rela-
tively little change in the total number of vibrational
quanta. The effective coupling is enhanced when
cluster modes are matched on the solute.



186 C. Lienau et al. / Chemical Physics 175 (1993) 171-191

By increasing the excitation energy further
(A254X8$ and A25)X3 ), one monitors biexponential
decays corresponding to dissipative energy redistri-
bution (fig. 15). In both cases, the fast component of
the decay was less than 100 ps (50 and 80 ps), indi-
cating very rapid vibrational dynamics. From the
amplitude ratio of fast to slow component (F/S) of
5.5 for A25) X4, it can be estimated that the number
of coupled levels N is at least 6. This value can only
serve as a lower limit, because the ratio F/S may ap-
pear too low through detection of vibrationally re-
laxed fluorescence, which is generally characterized
by a single exponential decay constant equal to the
radiative rate of the molecule (long component). In
our case this seems highly probable in view of the
complete congestion of the dispersed fluorescence

J

0.00 1.35 2.70 4.06 5.41 6.76

Time (ns)

Fig. 15. Biexponential fluorescence decays observed for excita-
tion of the A-isomer at excess energies of 280 and 300 cm~"'. (a)
A25)X34. The decay is shown together with the best biexponen-
tial fit (7,==50 ps, 1,=2.44 ns, A,/A4,=0.18). The slight modu-
lation observed is characteristic for excitation energies just high
enough to observe dissipative IVR behavior. Detection wave-
length relative to the origin of the A-isomer; 100 cm~", resolu-
tion: 80 cm™!. (b) A25}X3: Parameters of the best biexponen-
tial fit are 7,=80 ps, 7,=2.35 ns, A4,/4,=0.25. Detection
wavelength: 64 cm~', resolution: 65 cm~!. Experimental condi-
tions as in fig. 4.

spectrum and the relatively low detection resolution
used in this experiment. The important point here is
the development of the dissipative regime and, un-
like lower quanta of X, the dominance of the fast
component. The slight modulation which remains on
the decay for A253X$ is typical of excitation energies
just high enough to observe dissipative behavior, as
has been demonstrated in the case of isolated stilbene
and anthracene molecules [1-5].

The cluster and the bare molecule have both simi-
larities and striking differences in their IVR dynam-
ics. Both exhibit the general regimes of IVR: absent
IVR at low excess energies, manifested by single ex-
ponential decays, restricted IVR in an intermediate
energy region with quantum-beat modulated decays,
and dissipative IVR at high excess energies, identi-
fied by strongly biexponential decays. The excitation
energies at which the three regimes are observed is,
however, very different between the cluster and the
isolated molecule. The bare stilbene molecule needs
more than 600 cm~! of vibrational energy to show
quantum beats and more than 1200 cm™! to reach
the dissipative regime, whereas the corresponding
energies are vastly decreased in the cluster. Quantum
beats are found for energies between 220 and 260
cm~!, and at higher energies IVR is dissipative. One
important factor for this lies in the large number of
low-frequency vibrations (large density-of-states)
provided by the complexation. Currently a normal
mode analysis of the intermolecular vibrations of
stilbene/hexane complexes is not available so that a
precise count of the density-of-states cannof be pre-
sented. To estimated the increase in the density-of-
states on complexation, we calculated the density-of-
states for stilbene/hexane complexes under the as-
sumption that the frequencies of the intermolecular
vibrations are the same as for a fairly similar com-
plex, 2,5-diphenylfuran/»-hexane [36].

Estimates of the frequencies of the six van der
Waals modes of this complex, based on atom-atom
pair-potential calculations of the intermolecular po-
tential, have been recently given by Mangle et al. as:
76, 9, 15, 18, 108, 78 cm~! [36]. Using these fre-
quencies, we find that the density-of-states exceeds
60 per cm~! at an excess energy of 200 cm—! (fig.
16). Considering the fact that in the isolated stilbene
molecule restricted IVR is observed for a density-of-
states between 10 per cm—! and 150 per cm™! and
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Fig. 16. Density-of-states for ~-stilbene/n-hexane complexes and
bare r-stilbene obtained by direct count [67]. For the vibrational
modes of z-stilbene, we used the frequency set given by Negri et
al. [68] and for the six intermolecular modes we used the fre-
quencies given in the Appendix. The dashed line represents the
density-of-states obtained by using the frequencies estimated by
Mangle et al. [36] for 2,5-diphenylfuran/s-hexane (1:1) com-
plexes results. Anharmonicity corrections were neglected. The
energy is given relative to the origin of bare stilbene and stilbene/
hexane, respectively.

IVR is dissipative for higher values, the increase in
the density of states through complexation seems
more than enough to account for the observed dissi-
pative IVR above 260 cm—". This assumes that the
mean coupling matrix elements between optically ac-
tive and dark states in the cluster are at least compa-
rable to those of the bare stilbene molecule. Even for
intermolecular vibrational frequencies 50% higher
than those used in the above estimation, the density-
of-states would exceed 20 per cm~" at 200 cm~' and
100 percm—' at 300 cm™".

Out-of-phase quantum-beats have been observed in
the case of bare t-stilbene and anthracene [1-5]
through detection of relaxed fluorescence, but our at-
tempts for the hexane cluster have not been success-
ful. Contrary to the case of the bare ¢-stilbene and an-
thracene molecules, no sharp bands in the relaxed
fluorescence of the cluster could be detected in the
dispersed fluorescence spectra and this makes single
vibrational level detection very difficult. For two ex-
citation bands, A25} and A25}X3, a slight rise was
found in the time-resolved decays when detecting the
relaxed fluorescence, but the relative amplitude of the
rising component was not large enough to allow an
unambiguous determination of the corresponding
time constant.

(b) C-isomer. A similar investigation of the IVR
behavior in the C-isomer was performed by detecting

the time- and frequency-resolved fluorescence for the
transitions CX3(0<n<4), and C25'X3(0<n<2).
At low excitation energies (CX§, n<2) single expo-
nential decays are observed, as in the case of the A-
isomer (fig. 9). Interestingly, excitation of the next
two overtones of this low-frequency cluster mode,
CX3 and CX3§, reveals beat-modulated decays, al-
though the modulation is far less pronounced than in
the case of the A-isomer. These guantum-beats rep-
resents a unique example of restricted energy redis-
tribution between different cluster modes without an
intramolecular mode being excited.

Excitation of the symmetric stilbene vibration
C25} shows dissipative energy flow into the inter-
molecular vibrations on a time scale of less than 100
ps, which is faster than the rate found for the A-iso-
mer. This dissipative energy relaxation becomes
slightly more rapid for excitation of the combination
bands C254X} and C25,X3 (fig. 17). We thus con-
clude that vibrational energy redistribution in the C-
isomer again proceeds via the three distinguishable
regimes, i.e. absent, restricted and dissipative. In
comparison to the A-isomer, IVR is accelerated in the
C-isomer. This is due, at least in part, to a lowering
of the frequencies of intermolecular vibrations, as
shown for the X-mode which has a frequency of 17
cm~! in the C-isomer compared to 20 ¢cm~! in the
excited state of A. Even a small decrease in the low-
frequency intermolecular vibrational frequencies
raises the density-of-states significantly, leading to
faster IVR. The less rigid structure of the C-isomer,
as revealed by a smaller red-shift and a larger dis-
placement of the X normal coordinate between
ground and excited state, should lead to larger ampli-
tude motions, and hence larger anharmonicities for
the coupling. However, more detailed analysis is
needed to justify the magnitude of the couplings.

5. Conclusions

In this work, the picosecond dynamics of IVR in
“solute/solvent” complexes of trans-stilbene and n-
hexane was investigated using time- and frequency-
resolved picosecond fluorescence spectroscopy. Due
to the large binding energy and number of transitions
in the fluorescence excitation spectrum, trans-stil-
bene/n-hexane (1:1) clusters provide a unique op-
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Fig. 17. The fluorescence decay profiles observed for excitation
of C25X3, n=0, 1, 2 at excess energies of 200, 217 and 234 cm ™!
relative to the origin of the C-isomer. The data are shown to-
gether with the best biexponential fit with the following parame-
ters: (a) C25): 7,=70 ps, 1;=2.40 ns, A,/4,=0.15. (b)
C25§X4: 1, =60ps, T,=2.03 ns, 4,/4,=0.12. (c) C25}X3}: 7,=40
D8, T;=2.45 ns, 4A,/4,=0.23. All éxperiments have been per-
formed with a spectral resolution of 80 cm—'. Fluorescence de-
tection occurred at 87 cm~! (a) and 76 cm~' (b and c) to the
red of the excitation laser wavelength.

portunity to follow the energy redistribution from the
solute molecule to the intermolecular solute-solvent
vibrations without vibrational predissociation.

As in the bare z-stilbene molecule, we identified and
studied three different IVR regimes in this cluster. At
low energies, no apparent vibrational redistribution
of the optically excited level occurs on the timescale
of the fluorescence lifetime. At intermediate ener-
gies, restricted IVR manifests itself through quan-
tum-beat modulated fluorescence decays, whereas
quasibiexponential decays at higher energy indicate
the dissipative character of IVR. The mechanism of
IVR involves sequential steps with an effective cou-
pling depending on the solute or the cluster mode
excited.

The striking difference between IVR behavior in
the isolated molecule and in the complex is the ex-
treme lowering of the amount of excess energy nec-
essary for rapid energy redistribution. While the bare
stilbene molecule must be excited to vibrational
energies of at least 600 cm~! to observe restricted
IVR, quantum beats in the A-isomer of the complex
were observed at energies between 200 and 240 cm !
and between 60 and 80 cm~! in the case of the C-
isomer. At all higher energies, vibrational energy re-
distributes dissipatively on a timescale of tens of pi-
coseconds. This factor of five decrease in the amount
of energy needed for IVR to occur dissipatively com-
pared to the bare stilbene molecule, where dissipa-
tive IVR sets in at 1200 cm~", is related to the in-
creased density-of-states provided by the six low-
frequency intermolecular cluster vibrations.

The coherent transfer of energy between the solute
and cluster modes becomes evident in a quantum-beat
pattern (up to ten recurrences) with a redistribution
time of = 500 ps. There is an interplay between the
structure and the dynamics of IVR in the two isomers
studied. Further studies of the dynamics are planned
for the larger members of the cluster family.
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Appendix

To deduce a structure for trans-stilbene/n-hexane,
we have carried out atom-atom pair-potential energy
calculations ¥! using intermolecular potentials of the
Buckingham 6-exp-1 type:

V=Y 2(— A +Bexp(~Cry)+ ﬂ) (14)
i ry ry
and Lennard-Jones 6-12-1 type:

*1 We are grateful to Professor Peter Felker and Dr. Paul Joire-
man for providing us with the energy minimization program.
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A, B g
V=Z):(_;;+;ﬁ+lrf—’1). (15)
iJ i ¥ '}

In these equations the Coulombic third term [69-
71] provides a correction for the electrostatic inter-
action for non-uniform charge distributions. The po-
tential parameters were taken from the work of Wil-
liams [69] and Scheraga [70]. The distribution of
partial charges was also based on the work of Wil-
liams [69]. The partial charge of all H-atoms was as-
sumed to be gy = ~0.153, whereas for the carbon at-
oms ge= —Nuqu, With ny denoting the number of
hydrogen atoms connected to the respective carbon
atom.

The structural parameters of trans-stilbene in the
electronic ground state were taken from the theoreti-
cal study of Negri et al. [68], and those of n-hexane
from ref. [ 72]. We note that the excited state geom-
etry is also planar [30,35], so that, as far as the cal-
culations are concerned, the structures of trans-stil-
bene in the ground and excited electronic state are
similar.

The most energetically favorable geometry of the
cluster is characterized by the carbon atoms of the
hexane molecule being located in a plane parallel to
that spanned by the two phenyl rings, with its long
axis parallel to the trans-stilbene long axis (see fig.
2). Usingeq. (14) and the parameter set given in ref.
[69], we find a binding energy for this configuration
of 2040 cm~!, whereas the use of eq. (15) with the
parameters taken from ref. [70] results in a binding
energy of 2260 cm~—!.

We note that for this specific cluster the introduc-
tion of the Coulombic term in egs. (14) and (15)
has no effect on the most energetically favorable con-
figuration. Here, the Coulombic energy, which is on
the order of 100 cm~—!, is much smaller than the at-
tractive and repulsive energies calculated from the
first and second term of egs. (14) and (15).

This energetically favorable configuration is de-
noted as isomer A. The potential energy calculations
predict the existence of a second stable isomer (la-
beled isomer C), with a binding energy of 2170 cm—!
(eq. (15)). This configuration differs in that the
hexane molecule is rotated by 180° around its long
axis, and that the long axes of the molecules are no
longer parallel to each other. The distance between

the center of mass of both molecules (3.72 A using
eq. (15)) is also slightly larger than for configuration
A (3.67A).

The above binding energies should be regarded as
estimates. Our purpose here is to illustrate the consis-
tency of the larger spectral red shift for hexane com-
plexes as compared to, e.g., rare gas complexes under
normal conditions. The structures are consistent with
recent rotational coherence experiments |28, see text ]
and more refinement can be done in further experi-
mental studies.

As an extension of the above calculation we have
also obtained the eigenfrequencies of the six cluster
normal modes, following the external force field
method outlined by Bernstein [43]. Using eq. (15)
together with Scheraga’s parameter set, these fre-
quencies are: 17, 19, 23, 50, 77, and 154 cm ™~

In a Cartesian coordinate system where the x-axis
points along the stilbene long axis, the y-axis lies in
the plane spanned by the stilbene molecule and z-axis
connects the center-of-mass of stilbene and hexane in
the equilibrium A-configuration, the two lowest ei-
genfrequencies correspond to vibrational motions
along the y- and x-axis, respectively. The third eigen-
value, 22 cm~!, represents a torsional motion around
the z-axis, and the fifth, 77 cm~!, a vibrational mo-
tion along the z-axis. The two remaining eigenfre-
quencies correspond to “out-of-plane” torsions, where
the two molecules leave the preferred parallel
configuration.
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