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State mixing and vibrational predissociation in large molecule van der Waals
complexes: frans-stilbene-X complexes where X=He, H,, Ne, and Ar

David O. DeHaan, Alicia L. Holton, and Timothy S. Zwier®
Department of Chemistry, Calvin College, Grand Rapids, Michigan 49506

{Received 10 August 1988; accepted 30 November 1988)

We report a detailed study of vibrational predissociation and intramolecular-intermolecular
state mixing in the first excited singlet state of trans-stilbene van der Waals complexes with
helium, hydrogen, neon, and argon. We present evidence that the helium atom in stilbene~He
and the H, molecule in stilbene—H, possess very low frequency van der Waals bending levels
involving delocalization of the complexed species over both phenyl rings. In stilbene-He, the
mode-selective, strong coupling of the out-of-plane phenyl ring modes with the
pseudotranslation van der Waals modes leads to a dramatic, inhomogeneous broadening of the
transitions to several times their breadth in in-plane vibrations. The observed dispersed
fluorescence spectra give product state distributions and internal clock lifetime estimates which
can only be made consistent with direct lifetime measurements by assuming extensive state
mixing of the intramolecular levels with the van der Waals levels in which the states accessed
by the laser are actually only about 30% intramolecular in character. We conclude that in
these complexes the processes of intramolecular—intermolecular state mixing (static IVR) and
vibrational predissociation are not independent processes but are closely tied to one another. In
fact, the vibrational product state distributions observed for the out-of-plane phenyl ring levels

can best be interpreted as reflecting the percentage van der Waals character in the initially
prepared state. In stilbene-H, the mode selective coupling exhibits itself as a splitting of the
out-of-plane transitions into a set of 56 closely spaced transitions separated by only about 1
cm ™~ '. The sequence of transitions is suggestive of an in-plane potential for H, motion which is
nearly flat across the entire length of the stilbene molecule with a small barrier presented by
the ethylenic carbons through which the H, molecule can tunnel. Dispersed fluorescence
spectra from these levels point to a two-tiered coupling scheme with the bound van der Waals
levels. In contrast, the out-of-plane phenyl transitions in stilbene-Ne and stilbene-Ar possess
unusual shifts, but the transitions are narrow once again. In these cases the complexed atom
appears to be largely localized over a single phenyl ring.

1. INTRODUCTION

The field of gas-phase van der Waals cluster spectrosco-
py has had as one of its recent focuses a better understanding
of the time scale and mechanism of intramolecular vibra-
tional redistribution (IVR) and vibrational predissociation
(VP) of the cluster, A great stimulus to the current intense
activity in the field was provided by the work of Janda and
co-workers who observed very broad line shapes in the in-
frared spectra of ethylene clusters."? Since then, many stud-
ies, most of them in the infrared, have focused on determin-
ing the energy and mode dependence of the observed
linewidths, and the dependence of the linewidth on the na-
ture of the parent molecules involved in the cluster.>® One
common feature of most of the studies involving ground
state vibrational excitation in the complex is that the laser
deposits energy far in excess of the van der Waals binding.
Thus, all vibrational modes pumped have vibrational predis-
sociation open to the complexes. Surprisingly, such studies
have found large differences in the linewidths of transitions
within a single complex, pointing to high mode selectivity in
the lifetime-broadening processes. It is sometimes difficult
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to experimentally determine which process one should asso-
ciate with the observed linewidths—rvibrational predissocia-
tion or intramolecular vibrational redistribution of the com-
plex.'® Growing evidence points to vibrational predissocia-
tion as the source of the line broadening observed in the high
resolution infrared spectra of most small binary and ternary
molecular complexes. In many cases, IVR (probably better
referred to as state mixing) is also seen as a localized, J-
dependent perturbation in the spectrum which reflects the
interaction of the intramolecular levels excited by the laser
with a sparse set of background levels. Yet it sill remains to
be determined how large a role IVR plays in the observed
linewidths as the molecules which make up the clusters in-
crease in size.'”

Several studies utilizing electronic excitation in the
complex have addressed similar processes in electronically
excited states.''~!* In favorable cases, studies involving elec-
tronic excitation can probe the fate of the intramolecular
vibronic excitation by dispersing the fluorescence to deter-
mine the fraction of the emission due to resonance fluores-
cence, IVR, and vibrational predissociation. Of particular
interest here is the recent careful work of Butz et a/ '""'? on
the p-difluorobenzene~Ar complex. They report striking
mode selectivity both in the vibrational predissociation rates
and in the vibrational state distributions of the dissociated
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products. The authors recognize the possibility that Fermi
resonance between the intramolecular vibrational levels and
near-isoenergetic combination levels involving large
amounts of van der Waals stretching and bending excitation
could account for the product state distributions they ob-
serve. However, their most recent evidence'? suggests that
such state mixing is not very important in this complex and
the authors are left without a clear explanation of their ob-
served product state distributions. Thus, much more needs
to be learned about the kinds of complexes, vibrational mo-
tions, state densities, and coupling strengths for which state
mixing is important. Furthermore, the effect of such mixing
on vibrational predissociation needs further clarification. It
is on these questions that the body of this work will focus.

We report here a detailed study of the first excited sing-
let state of several trans-stilbene van der Waals complexes.
These complexes, by virtue of the low frequency out-of-
plane vibrations of the phenyl rings, possess a fine grid of
initial energies which in many cases range below the thresh-
old for vibrational predissociation. By choosing a chromo-
phore of this sort we are afforded the opportunity of probing
levels ranging from below the predissociation threshold to
well above it. We will see that the nature of the vibrational
mode excited has a dramatic effect on the appearance of both
the fluorescence excitation and dispersed fluorescence spec-
tra of these complexes.

We have previously made a preliminary report'® of
mode-selective broadening in several low-frequency transi-
tions of the first-excited singlet state of zrans-stilbene van der
Waals complexes. In this paper we present a full account of
our work which has been extended in several significant
ways. First, our recent analysis'® of the low energy region of
the trans-stilbene S,-S, spectrum has provided an unam-
biguous assignment for the low-frequency transitions exhi-
biting mode selectivity. Second, much of the earlier work
was carried out using resonance-enhanced two-photon ioni-
zation with total ion collection and thus was restricted to
excitation scans. The present results utilize total fluores-
cence excitation, dispersed fluorescence, and wavelength-re-
solved fluorescence excitation techniques. The dispersed flu-
orescence spectra have provided a wealth of new data on the
fate of the excitation energy in the complex. The wavelength-
resolved fluorescence excitation scans have provided true
band shapes of the broadened contours of the stilbene-He
complex. The improved signal-to-noise ratio of the fluores-
cence excitation experiments has allowed us to identify and
characterize van der Waals transitions associated with the
out-of-plane stilbene vibrations for several other stilbene-X
complexes which have in turn shed considerable light on the
source of the broadening in these complexes.

Il. EXPERIMENTAL

The experimental apparatus has been described pre-
viously.'® For the present experiments the trans-stilbene
sample was heated to ~ 110 °C, entrained in buffer gas, and
expanded through a pulsed valve. Spectra of the parent com-
pound were recorded with backing pressures of 2-3 atm heli-
um (1 atm = 101.325 kPa). Stilbene-He van der Waals
complex transitions were observed at 10-30 atm backing
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pressure with the valve operating at a minimum open time of
about 150 us. The stilbene—H, complex was observed with
best intensity when expanding a 2% H, in helium mixture
through the nozzle at backing pressures of 8-12 atm. Stil-
bene-Ne complexes were formed from a 5%-10% neon in
helium mixture while stilbene-Ar complexes were prepared
by using a 1% Ar in helium mixture. Both neon and argon
complexes utilized a 5 atm backing pressure. The stilbene~
Ar and stilbene—H, complex transition intensities were espe-
cially sensitive to higher argon or hygrogen concentrations
which readily led to broad backgrounds due to higher com-
plex formation.

The jet was crossed 1 cm downstream with the doubled
output of an excimer-pumped dye laser ( ~0.30 cm ! band-
width in the ultraviolet) which was attenuated to 1 uJ/pulse
or less to avoid saturation of the transition when such satura-
tion is a concern. Total fluorescence was detected with an
EMI 9829QB photomultiplier tube using gated integration.
Dispersed fluorescence spectra were recorded with a 3/4
meter SPEX monochromator at a bandwidth of 6-9 cm ™!
FWHM.

Ill. RESULTS AND INTERPRETATION

At the time of our preliminary report'> on mode-selec-
tive broadening in van der Waals complexes of trans-stil-
bene, the low frequency parent transitions which carried the
broadened van der Waals transitions had not been assigned.
Since then, the partial assignment of Suzuki ez al.'” and its
extension to a complete assignment by our group'® have now
clearly identified these transitions. An overview of the first
200 cm ™! of the S, « S, transition taken under high helium
backing pressures is shown in Fig. 1. The calculations of
Warshel'® point out two low-frequency transitions of a,
symmetry in C,, :v;4 (ethylenic carbon-phenyl out-of-plane
bend) and v;, (ethylenic carbon—phenyl out-of-plane tor-
sion). These modes are present in the spectrum only as even
overtones and combinations. In addition, there is a strong
progression in v,s, an @, symmetry ethylenic carbon—phenyl
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FIG. 1. Partially saturated laser-induced fluorescence excitation spectrum
of trans-stilbene in the region near the S, < -S; origin under expansion con-
ditions (P, = 20 atm helium) in which stilbene—(He) , complexes are pres-
ent.
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in-plane bending mode at 197 cm ~*. The entire low-frequen-
cy region of the trans-stilbene spectrum can be assigned us-
ing only these three modes. In particular, the 82 cm ™! transi-
tion is 36}37) while the 95 cm ™' transition is 373, as is
marked in Fig. 1. Much of the remainder of our discussion
will concentrate on the van der Waals transitions associated
with these parent transitions.

A. Stilbene-He
1. 05 and in-plane vibrations

The spectrum of Fig. 1 shows the low-energy region
near the origin of the S| .S, transition under partially satu-
rated laser power conditions. A high backing pressure of
helium (15 atm) enables the formation of a series of trans-
stilbene-He, van der Waals complexes. The origin of the
S-He, and S-He, complexes are clearly seen as satellite
bands on the parent transition, shifted by — 6.5and — 13.0
from the stilbene origin. The equal successive shifts of these
transitions from the parent transition point to the helium
atoms taking up similar positions on the z-stilbene molecule.
While we do not have the spectral resolution needed to di-
rectly determine the structure of the complex, past experi-
ence with other aromatic-rare gas complexes point to the
helium atom being positioned above the plane of the stilbene
molelcule where it can interact with the 7 orbital electrons of
stilbene.

Stilbene-He,, transitions are also readily identifiable
built on the strong progression in v,s at 197 cm ™' (25} ) and
394 cm~' (253). These transitions exhibit identical shifts
from the parent transition ( — 6.5 cm~! for $~He and -13.0
cm ™! for S-He,) to those at the origin. Unfortunately, both
the 25,—He and 252 —He transitions experience some inter-
ference from the 373 and 253373 parent transitions, respec-
tively. However, at the highest backing pressure conditions
used, the van der Waals transition can be made considerably
larger than the parent transition. Under these conditions it is
clear that both the 25)—He and 253—He transitions possess
rotational band contours which, at our resolution, are identi-
cal to those of the peaks built on the origin. The S-He, tran-
sitions built on 253 and 25 are free from interference and are
also narrow in contour.

The dispersed fluorescence spectrum of the 25;-He
transition is shown in Fig. 2. The spectrum was taken under
conditions where interference from the 37¢ parent level was
insignificant. The peaks furthest to the blue (left) in the
spectrum are due to resonance fluorescence from the initial-
ly excited level of the undissociated complex, i.e., 25'-He.
The other peaks arise from levels which are not so clearly
identified. We will see in the next section that the excited
state dissociation energy of the stilbene—-He complex is less
than 47 cm~'. Thus, the complex excited to 25' has energy
far in excess of the dissociation threshold and we would ex-
pect that the emission we observe is from the stilbene parent
molecule following vibrational predissociation. Direct life-
time measurements on several of these peaks by Semmes et
al.'® (hereafter referred to as SBZ) confirm this assumption,
yielding free stilbene emission rise times of 156 ps. The only
levels below 150 cm ™' in the fluorescence excitation spec-
trum involve the two out-of-plane phenyl ring modes v, and

a) 254-He

| i | 1 | 1 1
0 —200 -400 -600
RELATIVE FREQUENCY (cm-y)

FIG. 2. Dispersed fluorescence spectrum of the 25)—He transition. The
peaks furthest to the blue in the spectrum are resonance fluorescence from
the initially excited 25'-He level. The X" transition is an unassigned parent
transition following dissociation of the complex. The tie lines indicate the
positions of the 25¢ transition built on the X™ peaks.

vap; ie., 07, 367, 371, 36%,36137!, 372, 36%, 362377, 36'37%, and

37°. We have recorded the dispersed fluorescence spectra
from all these levels and have eliminated all of them as possi-

ble sources of the emission we observe, except for the 0° level
which may be a minor channel at most. SBZ also recognized
this quandary and ascribed the observed peaks to dark states
reached by IVR in the complex. We concur that the observed
emission must be from levels which, if they are allowed at all,

are only very weakly present in the absorption spectrum aris-
ing from the zero point level of the ground state. Thus, this
level or levels must be either very weak a, levels or funda-
mentals of a,,b,, or b, symmetry. We have carried out an
extensive search for the X}, (in the case of a weak a, mode)

or X3 transitions by taking dispersed fluorescence spectra of
any parent transitions in these regions of the fluorescence
excitation spectrum whose identity is not known with cer-
tainty.'® Unfortunately, we have not been able to identify the
responsible parent transition from this search. The observed
dispersed fluorescence spectrum is a sparse one. In particu-
lar, it shows little or no activity in v,,, indicating little or no
coupling between the new vibration and the out-of-plane
phenyl ring torsion. The dispersed fluorescence spectrum of
the 252—He transition is very similar to that from 25;-He,
just shifted from the latter by one quantum in v, i.e., the
major transitions would be 255 X7 and 25, X7, ,.

In summary, the helium van der Waals transitions built
on the in-plane vibrations 25" and 25 are easily identifiable,
narrow, unshifted, and vibrationally predissociate to form a
new stilbene level or levels which are not accessible in ab-
sorption and are not coupled with out-of-plane vibrations of
stilbene. The 0° product level is a minor channel at most.

J. Chem. Phys., Vol. 90, No. 8, 15 April 1989



DeHaan, Holton, and Zwier: Vibrational predissociation 3955

2. Out-of-plane vibrations: 36137} and 372

a. Fluorescence excitation spectra: By contrast to these
easily identifiable van der Waals transitions at the origin, the
van der Waals transitions built on 36} 37} and 372 are much
less obvious, appearing with peak intensities far lower than
expected relative to their counterparts built on the origin.
Interestingly, these trnsitions show substantial broadening
by comparison to those at the origin, 255, and 257 . The peaks
are roughly 3 cm™~! FWHM, three times broader than any
other feature in the spectrum of Fig. 1. The broadening is
more clearly seen in the close-up scan around these transi-
tions shown in Fig. 3(a).

The 25536437 (279 cm™') and 25)372 (292 cm™")
stilbene-He van der Waals transitions are also about three
times broader than those associated with the in-plane vibra-
tions. Unfortunately, these transitions suffer from partial in-
terference with parent transitions. Despite this, there is little
doubt that the van der Waals transitions are broad, suggest-
ing that the broadening is a mode-selective phenomenon re-
stricted to the out-of-plane vibrational modes. The broaden-
ing cannot be ascribed to chance interference with stilbene
parent transitions. In succeeding sections we will describe
experiments which point unambiguously to the stilbene-He
complex as the sole source of the broadened contour we ob-
serve.

b. Dispersed fluorescence spectra from the peaks of the
transitions: In Fig. 4 we present the dispersed fluorescence
spectra from the peak of the broadened 3637} and 372 stil-
bene—He transitions. The emission from 36} 37, -He transi-

a ) 364 37} 37;
362
1 i | 1
1 i 1 1
70 80 90 100

RELATIVE FREQUENCY

FIG. 3. (a) Close-up fluorescence excitation spectrum in the region of the
broadened 364 37;—He and 373-He transitions when collecting the total flu-
orescence. (b) Corresponding wavelength-resolved excitation scan taken
with fluorescence detection restricted to a 6 cm ™' band around the origin of
the parent stilbene molelcule. The relative frequency scale has as its zero
frequency position the origin of the stilbene parent molecule.

{cm?)

a) 36! 378 He

25

]

b) 372He
0%
259
37!
N.A"Mn ) i . | \
0 - 200 - 400
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FIG. 4. Dispersed fluorescence spectra from the peaks of (a) the broadened
36437,-He transition and (b) the broadened 372-He transition. In both
cases the dominant fluorescence is from the zero point excited state level of
the parent stilbene molecule following dissociation of the complex. The
372-He transition also forms stilbene in the 37 level to a small extent.

tion is almost exclusively from the 0° level of the parent, as
has been reported previously.'**° Thus, on a time scale fast
compared to fluorescence (2.7 ns), predissociation of the
complex has occured. The two very small peaks just to the
left of the origin emission are due to residual resonance flu-
orescence from the 36'37" level of the undissociated com-
plex.

The dispersed fluorescence spectrum from the peak of
the 37;-He transition is shown in Fig. 4(b). As for the
364 37;-He transition, the spectrum is dominated by emis-
sion from the origin of the parent molecule following disso-
ciation of the stilbene-He complex. However, here in addi-
tion we see emission from the 37" level of the stilbene parent
which is the source of the two peaks just to the left of the
origin (the 37] and 37} transitions). Observation of this
channel'® places an upper bound on the dissociation energy
of the excited state stilbene-He complex of D, = 47cm ™. It
is worth noting that the corresponding channel involving
loss of one quantum of v, (i.e., the 36" product) is not pres-
ent in the spectrum of 36;37;—He.

¢. Wavelength-resolved excitation scans: Because elimi-
nation of congestion from other species is so important to
our understanding of the cause and extent of the broadening
we observe, we decided to carry out the following experi-
ment to help rule it out as a possibility. We just observed that
the fluorescence from the peak of both broadened transitions
was dominated by emission from the origin of the parent
molecule. Because of this fact, we can select for emission
from predissociating stilbene-He complex by taking an exci-
tation scan around the region of these broadened transitions
with the monochromator tuned to detect emission only from

J. Chem. Phys., Vol. 80, No. 8, 15 April 1989
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a small wavelength region around the 0f transition of the
parent molecule. This will suppress emission from all other
sources and in so doing allow us to clearly observe the true
band shape of the broadened transitions. Figure 3(b) shows
such a scan focusing on the broadened stilbene-He transi-
tions. Note that the wavelength-resolved peaks are fully as
broad as the total fluorescence detection scan above it. Thus,
we conclude that the source of the broadening is not simply
due to overlapping peaks from other complexes or stilbene
transitions, but true mode-selective broadening characteris-
tic of the stilbene—He complex.

Figure S presents wavelength-resolved excitation scans
which extend further red than that in Fig. 3(b). We see in
this figure that there are two additional broadened peaks red
shifted from the major broadened peaks. The two scans were
taken under different helium backing pressure conditions. In
the upper trace the stilbene-He, population is less than 10%
of the stilbene—He, population while the lower trace was
taken under conditions where the stilbene-He, population
was over 25% of stilbene~He,. Note that the relative size of
the two smaller, red-shifted peaks has not changed with re-
spect to the primary broadened peaks at 78 and 90 cm ~ 'over
this concentration range, although the overall contour has
grown at higher backing pressure as one would expect. The
only clear change in the spectra is due to the small interfer-
ence apparent in Fig. 5(a) from the stilbene parent transi-
tions at 70, 82, and 95 cm ™' which are masked by the larger
size of the broadened transitions of Fig. 5(b). Thus we con-
clude that the entire band contour of Fig. 5(b), stretching
from 57 to 93 cm ™! is due to transitions of the stilbene-He
complex.

The peak at 65 cm™! in Fig. 5 is 13 cm ™' red shifted
from the 36} 37,-He transition. This is precisely the separa-
tion between the 36}37, and the much weaker 36} parent

a)

b)

] ] ] ] 1
50 60 70 80 90 100
RELATIVE FREQUENCY (cm™)

FIG. 5. Close-up wavelength-resolved fluorescence excitation spectra of the
36,37,—He and 375-He transitions under expansion conditions in which
(a) the stilbene~He, population in the jet is less than 10% of stilbene-He
population, and (b) the stilbene—He, population in the jet is 25% of the
stilbene-He population. Note that the entire band contour from 57 to 93
cm™'is hardly effected by the change. The small peaks which grow in at 70,
82,and 95cm ™ 'in (a) are small interferences from the 363,361 37}, and 372
parent transitions.

DeHaan, Holton, and Zwier: Vibrational predissociation

transitions. We thus tentatively assign the broadened peak at
65 cm ! to 363 -He. Two comments should be made. First,
the 362-He peak appears to be fully as broad as the 37;-He
and 36} 37) -He transitions. Thus, both out-of-plane phenyl
ring motions, the ethylenic carbon—phenyl bend (v;6) and
the ethylenic carbon—phenyl torsion (v;,) are strongly and
selectively coupled to the background states producing the
broadening. Second, the 363-He transition is several times
more intense, relative to 36} 37} and 372, in the stilbene-He
complex than in the bare stilbene molecule. We conclude
that the 363-He transition is borrowing intensity from the
higher oscillator strength v, transition upon complexation
to helium. We are thereby invoking the background states as
mediators of coupling between two out-of-plane phenyl ring
motions, v, and v,;;. We have not been able to assign the
second small, broadened peak located at 59 cm ™' in Fig. 5.

Clearly, transitions involving v, and v, in the stilbene—

He complex are coupled very strongly with other levels
available to the complex. This is very surprising given the
fact that these transitions are less than 100 cm ™! above the
origin. Since we are above the dissociation threshold, the
states we access with the laser are imbedded in the dissocia-
tion continuum. However, direct coupling with this contin-
uum cannot account for the breadth of these transitions
since vibrational predissociation lifetime broadening of these
peaks'® should add no more than about 0.2 cm ™' to the
width of the transitions. Since we are only 90 cm ™' above the
origin and are accessing two of the lowest vibronic energy
levels of the stilbene chromophore, the states to which the
out-of-plane stilbene modes are so strongly coupled must be
van der Waals levels associated with either out-of-plane
(stretching) and/or in-plane (bending) motions of the heli-
um atom.
d. Dispersed fluorescence spectra from the broadened con-
tour: Due to the fact that the broadened transitions we are
studying are stretched over some 30 cm ™!, we decided to
take dispersed fluorescence spectra at other positions in the
contours in addition to those at the top of the major peaks
presented earlier. In Figs. 6(a)-6(c) we present three such
scans which were taken over the comparatively short range
from 88 to 93 cm ™' above the origin, respectively. Figure
6(b) was taken at the peak of the 37 transition, while Figs.
6(a) and 6(c) were taken on the red and blue edges of this
peak. Note the dramatic change in the relative ratios of the
37'/0° stilbene product intensities over this region. While
other groups have reported®"** the dispersed fluorescence
from the 37;—He transition, this sharp wavelength depend-
ence to the emission was not recognized previously. Clearly
even over the 5 cm™! range spanned by these dispersed flu-
orescence spectra the character of the states giving rise to the
emission is changing dramatically. Thus, the broadening we
observe is inhomogeneous broadening due to interaction with
a comparatively dense set of levels.

We have taken a total of 26 dispersed fluorescence scans
over the region from 57 to 93 cm ™! above the origin. In all
these scans the only emission we observe is from the 0° and
37" levels of the parent stilbene molecule following dissocia-
tion of the complex. However, below 80 cm ™' we can only
observe emission from the 0° level to within our signal-to-
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FIG. 6. Dispersed fluorescence spectra taken at three positions in the major
broadened 37} transition. Excitation frequencies are (a) 88, (b) 90,and (c)

93 cm ™' above the origin. Note the dramatic change in the fraction of the
emission due to the 37' level as one proceeds from (a)—-(c).

noise ratio. Since we have only two product channels, we can
summarize our data concisely by plotting the fraction of the
total product molecules ending up in 37', #(37"), vs relative
frequency. In order to determine this fraction we must (i)
choose diagnostic transitions for the 37' and 0° product
channels (e.g., 37! and 03, respectively), (ii) determine the
relative fractions of the total emission from the levels repre-
sented by the diagnostic transitions, and (iii) determine the
relative intensities of the diagnostic transitions as a function
of relative frequency.'"""® The results for ¢(37') are present-
ed in Fig. 7. The figure shows quantitatively just what we
indicated qualitatively earlier. Below 80 cm ™' we do not
observe any 37! emission. Error bars shown on the graph in
this region represent upper bound estimates for ¢(37') and
are generally about 10% of the total product yield. These
bounds become much more stringent in the region of the
major peak at 78 cm ', at the peak of the 36} 37,—He transi-
tion. There appears to be two regions to the graph when 37"
is present: a flat, small probability region from 82-89 cm '
and a sharply rising section as one tunes across the major 373
-correlated peak above 89 cm ™. In Sec. IV we will address
the possible causes of this changing product state distribu-
tion more fully.

e. Internal clock lifetime measurements: Recall that the
dispersed fluorescence spectrum taken at the peak of the
364 37)-He transition [Fig. 4(a)] contained a very small
amount of resonance emission from the undissociated
36, 37,-He complex. The relative intensities of the diagnos-
tic transitions due to the dissociated (0°) and undissociated
(36'37'-He) complex can be used to obtain a rough measure

c;_ ”Im”hl .] I1

RELATIVE FREQUENCY (cm™)

FIG. 7. A plot of the quantum yield of 37' production as a function of the
excitation frequency over the broadened 36;37;~He and 37;-He contours.
The error bars below 80 cm ™" in the figure denote upper bounds on the
fractional 37' population since in these spectra only the 0° level is observed
to within our signal to noise.

of the lifetime of the level toward vibrational predissocia-
tion. Such measurements are referred to as internal clock
measurements' "' of vibrational predissociation lifetimes
since they make use of the known fluorescence lifetime of the
parent molecule to internally calibrate the fluorescence in-
tensities observed. In the present case the calculation affords
a comparison with the elegant direct measurements by SBZ
of the product stilbene (0°) rise time from the peak of the
364375 —He transition obtained using picosecond photo frag-
ment spectroscopy.'® These direct measurements yielded a
value for the vibrational predissociation rise time of 34 ps.
Here we measure the relative intensities of diagnostic transi-
tions for the dissociated and undissociated complex,
I1(36}37)—He)/I(0°). The relative intensities are then com-
bined with the known fluorescence lifetime of the stilbene
molecule in this region of the spectrum (7,4 = 2.7 ns)** and
the relative fraction of the total emission present in the diag-
nostic transition [ F(0°)/F(36'37")] to obtain a rough mea-
sure of the lifetime of the level toward vibrational predisso-
ciation. As in the 37;-He product yield measurements, long
dispersed fluorescence scans from the 0° and 36'37" levels of
the parent have been used to estimate the fraction of the total
emission intensity present in the diagnostic transitions.
Combining these results,

7ve = [{(36;370-He) /F(36'37") }/{I(0°) /F(0°)}] 7,0
= {1(36537(1)—He)/1(00)}{F(OO)/F(36137|)}Trad
- {0035}{6}{2.7 ns} = (0.6 ns.

Thus, our estimate based on fluorescence intensities seems to
differ from the direct lifetime measurements by a factor of
20! We will see in Sec. IV that the internal clock measure-
ments can be made consistent with direct measurements
only if we drop the assumption made implicitly in the inter-
nal clock estimates that the vibrational predissociation and
resonance fluorescence channels proceed directly from the
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initially excited level carrying the oscillator strength in ab-
sorption. '

3. Out-ot-plane vibrations: 36337 3 and 37 %

Since the 36.37) and 372 stilbene-He transitions
proved to be so anomalous, we have attempted to identify
and characterize the corresponding van der Waals transi-
tions built on 363373 and 375 . These have not been observed
previously due to considerable interference with other tran-
sitions in this congested region of the spectrum. Figure 8(a)
shows a close-up total fluorescence excitation scan of this
region of the spectrum. There are three major parent transi-
tions in this region: 25; at 197 ecm™?, 373 at 192 cm ™!, and
36537; at 180 cm™~'. The tie lines originating from these
transitions denote the proposed positions of the correspond-
ing stilbene-He van der Waals transitions. As noted pre-
viously, the 25,-He peak is directly under the 37§ parent
transition while the 25)-He, peak is clearly visible at 186
cm ™~ ', If the van der Waals shifts from the parent peaks were
identical for all vibronic transitions, we would expect the
373-He peak to lie directly underneath the 25)—He, transi-
tions. Nevertheless, a careful look at the spectrum shows a
peak located only 3.0 cm ™! red of the parent transition, as
the tie line indicates. This peak possesses only half the shift
the 0° or the in-plane 25'-He transitions have with respect to
their parent transitions (6.5 cm™'). However, the major
373-He transition exhibited a shift of — 5.5cm ™!, and so we

a ) 363373 a7t | | 25}

175 200
RELATIVE FREGUENCY (cm™)

FIG. 8. Close-up fluorescence excitation spectra in the region near 25],
364375, and 37 taken under expansion conditions in which stilbene-He
complexes are present in the jet. The tie lines in the upper figure denote the
proposed positions of the stilbene-He, transitions built on the levels to
which they are tied. (a) Total fluorescence excitation spectrum. (b) Wave-
length-resolved excitation spectrum in which fluorescence is detected only
from a 9 cm ™' band centered around the parent stilbene origin emission.
Note that there is still some interference from parent transitions in this scan.

might expect yet a smaller red shift for the 37§—He transi-
tion. Similarly, our tentative assignment for the 36;373~He:
transition is the small peak — 3.5 cm ™! from its paren tran-
sition. In Fig. 8(b) we present a wavelength-resolved excita-
tion scan over the same region with the monochromator
tuned to a 9 cm ™! band around the 0 transition of the par-
ent stilbene molecule. Note that the suppression of parent
transitions is not as complete as in the earlier scans. Further-
more, the congestion caused by the 25)-He, transitions
which can also predissociate to form stilbene in the 0° level
interferes with an unambiguous determination of the width
and shape of the band contours of the 364373—He and
373—He transitions.

The dispersed fluorescence spectrum of Fig. 9 presents
the most convincing evidence that the peak we have assigned
the 374-He transition correctly. While the signal-to-noise
ratio of this scan is not very good, we can observe two impor-
tant features of the spectrum. First, the emission appears to
be entirely from parent stilbene levels. Second, the two levels
whose emission dominates the spectrum are 0° and 37%. The
presence of the 37° channel was confirmed by taking a dis-
persed fluorescence scan of the 37; stilbene hot band transi-
tion under the same conditions. The relative intensities and
positions of the peaks identified in the spectrum, as well as
the lack of a significant 373 peak, point to our assignment of

" this product channel as correct. There is evidence of some

37? emission in the spectrum as well, but it is less clear than
the 37° peaks. The obvious conclusion we must draw is that
the transition 3.0 cm ™" red of 37§ is a transition due to a
stilbene—X complex with dissociation energy less than 47
cm™ . The only candidate for this complex is the stilbene—
He complex.

The two major channels for the vibrational predissocia-
tion products are the smallest energy gap channel, 37°, and
the largest energy gap channel, 0°. From the relative intensi-
ties we estimate that the 37> channel has a relative popula-

3
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FIG. 9. Dispersed fluorescence spectrum of the 373~He transition. The ma-
jor peaks are from the 0° level of the stilbene parent. As indicated in the
spectrum, we can also identify peaks due to 37° by comparing the indicated
peak positions and intensities with the dispersed fluorescence spectrum of
the 37; hot-band transition of the stilbene parent molecule.
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tion only about one-half that of the 0° channel. The domi-
nance of the 0° channel occurs despite the presence of a large
number of other channels which are energetically accessible
to the products. Unlike the 372-He transition, there is no
observable change in the relative fractions of these channels
within the limited 3 cm ™' range of the band contour that we
can probe free from interference.

The dispersed fluorescence spectrum of the 363373 ~He
transition shows the predominance of the 0° channel as well.
Unfortunately, the signal-to-noise ratio in this scan was too
poor to provide definite conclusions about other product
channels. In summary, the 36,373 ~He and 374~He transi-
tions both tend to favor 0° channel product formation even
though this channel presents the largest, not the smallest, en-
ergy gap.

Note the stark contrast of these results involving out-of-
plane vibrations with those of 25 -He, an in-plane mode.
The energies available to the stilbene-He complexes excited
to 25! and 37* differ by only 3 cm~! out of a total of 200
cm ™. Yet, despite their near degeneracy, the product state
distributions bear no resemblance to one another. The 25"
level produces a new level or levels with energy between 103
and 150 cm ! and very little 0° formation while excitation of
the 374 level produces mostly 0° and some 37° stilbene prod-
ucts.

B. Stilbene-H,

Replacing helium with hydrogen as the species com-
plexed to stilbene offers interesting comparisons: while hy-
drogen is even lighter than helium, its far greater polarizabil-
ity will give it significantly stronger binding to stilbene,
likely far in excess of the 80-90 cm™! needed to turn off
predissociation from the 36} 37} and 37 levels. Both the
lighter mass and stronger binding should increase the van
der Waals vibrational frequencies and thus decrease the den-
sity of interacting states. An overview fluorescence excita-
tion spectrum in the region of the origin taken with a 2% H,
in helium mixture serving as expansion gas is shown in Fig.

o, | 364375
‘ 37%
0
0o ~He 36437,
e
0 37§_H2
o s \\A\AvﬁJ;IZJJJkJL\»ﬂ
-50 0 50 100
RELATIVE FREQUENCY (cm-)

FIG. 10. Total fluorescence excitation spectrum in the region near the ori-
gin taken with a 29 hydrogen in helium expansion mixture. Note the dense
structure associated with the 36} 37 -H, and 372-H, transitions.

TABLE 1. Stilbene-X complex shifts and vibrational frequencies.

X 0in®  Vie Vi Vis Vis Vi Vz"s

0 348 47.7 197 57 9 200

He — 6.5 353 48.2 197 57 . 8 200

H, —28 33 42 198 58 8 200

Ne —16 25° 49° 200 59 . 6 202

Ar —63 33° 40° e 62 <3 205
He, -—13.0
He, —19.8
(H;), —57
Ar, —132

#Shift from the origin of the parent stilbene molecule in wave numbers.
®Based on our tentative excited state assignments.

10. The stilbene-H, origin is clearly visible in the spectrum,
shifted 28 cm ™! red of the parent transition. The stilbene—
(H,), origin is located at — 57 cm ™!, once again pointing to
similar positions for the two hydrogen molecules (one on
either side of the stilbene plane?) in that complex. For ease of
comparison of the various complexes, the shifts of the com-
plex transitions from the corresponding parent transitions
for the complexed species studied in this work is summar-
ized in Table I. The 25,-H, and 252-H, transitions (not
shown in the figure) are also red shifted 28 cm ™! from their
parent transitions and both have identical band contours to
that at the origin. By contrast, the 36}37)-H, and 37%2-H,
transitions are much reduced in peak intensity (as were the
corresponding stilbene—He transitions) instead exhibiting a
dense set of closely spaced peaks. This region is expanded for
closer inspection in Fig. 11(a). The 37} and 36} transitions

a)
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FIG. 11. Close-up fluorescence excitation spectrum(a) in the region of the
36537)-H, and 372-H, transitions, and(b) in the region of the
25436,37,—H, and 25}373-H, transitions. The tie lines indicate the sub-
structure we have assigned to the 3637} and 372 transitions.
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FIG. 12. Dispersed fluorescence spectra of (a) the 03-H, transition, (b)
one of the closely spaced 373 ~H, transitions, (c) the 25)—H, transition, and
(d) one of the closely spaced 25536537, transitions. See the text for a dis-
cussion of these spectra.

marked in the figure are parent transitions. The rest of the
structure can be ascribed to the stilbene~H, complex since it
(i) scales with the stilbene-H, transition at the origin, (ii) is
present in its entirely when only the stilbene-H, complex is
present significantly in the jet, and (iii) disappears in the
absence of H, in the jet. The likely assignments of the peaks
to either 36)37; or 37} are given in the figure. This assign-
ment is based on position relative to the parent transitions
and also the similarity of the dense structure built on the
lowest energy levels indicated by the tie lines in the figure.

Figure 11(b) shows the corresponding structure asso-
ciated with the 25,36,37,—H, and 25} 37%-H, transitions.
Note the overall similarity of the dense structure with that
above it, namely, the 36337,-H, and 375;—H, transitions.
The major difference is that the 255375 grouping is slightly
further red-shifted than the 373 grouping. This similar spac-
ing of these transitions reasons for the out-of-plane levels all
being coupled to the same set of states which are borrowing
oscillator strength from the out-of-plane levels.

In Fig. 12 we present a series of dispersed fluorescence
spectra of the stilbene~H, complex taken at (a) the origin,
(b) one of the 373 peaks, (c¢) 255, and (d) one of the 251372
peaks. At the origin [Fig. 12(a) ] we see a dispersed fluores-
cence spectrum nearly identical to that of the parent origin
except shifted 28 cm ™' red of the parent spectrum. On the
other hand, the 36337} and 37; peaks all show completely
unresolved spectra like that shown in Fig. 12(b). These
spectra are low signal-to-noise spectra both due to the re-
duced intensity of the transitions in absorption and to the
broad nature of the dispersed emission. In Fig. 12(c) we see
the 25)—-H, dispersed fluorescence spectrum. Interestingly,

this spectrum appears as a combination of the two above it,
exhibiting both some structured and some broadened re-
gions of the spectrum. In particular, the resolved peaks on
the left of the spectrum are resonance fluorescence from the
25.-H, transition which carries the oscillator strength in
absorption from the vibrationless ground state. The broad-
ened emission is centered near the 0 and 257 levels of the
complex emission [see Fig. 12(a) above it] but appears in
wide bands of about 50 cm ™! breadth. Such broadened emis-
sion has been observed in the dispersed fluorescence spectra
of other complexes.'®!! It has been ascribed in these cases to
IVR to the van der Waals modes of the complex. A similar
interpretation has been given to dispersed fluorescence spec-
tra in large isolated molecules where the background levels
are low energy intramolelcular levels.?’ In the present case,
the 25'-H, levels carrying the oscillator strength are coupled
to a dense set of van der Waals levels which are isoenergetic
with them. The ratio of structured to broadened emission
intensity then gives a measure of the extent of mixing of the
25)-H, levels with the background van der Waals levels.
The major source of van der Waals state density comes from
the lowest intramolecular vibronic levels of the chromo-
phore molecule (i.e., the 0° level) so that the emission from
these levels is centered around the origin-like emission wave-
lengths but is broadened due to the slightly different transi-
tion wavelengths of these van der Waals levels (0°-vdW")
to levels in the electronic ground state of the complex. For
the 25,—H, transition, the presence of such extensive mixing
with background levels ( ~10% structured/unstructured
emission) despite no apparent change in the rotational band
contour in excitation points to a quite high density of inter-
acting states already 200 cm ™! above the zero-point level in
the excited state.

In Fig. 12(d) we show the dispersed fluorescence spec-
trum of one of the dense set of peaks associated with
25} 373-H,. By comparison to (b) and (c) above it this spec-
trum is structured and characteristic of emission from the 0°
level of the parent stilbene molecule. Thus, by 280 cm™ !
above the origin of the complex we have exceeded the bind-
ing energy of the stilbene-H, ccomplex so that vibrational
predissociation occurs from this level. The fact that the 25,
level shows no dissociated complex points to the 25'-H, lev-
el being below the dissociation threshold. Thus, the excited
state binding energy of the stilbene—H, complex is bracketed
between 197 and 273 cm ™! (Table II).

The comparison of Figs. 12(b) and 12(c) is particularly
important for our understanding of the mode selective cou-
pling to the van der Waals bending modes. While Fig. 12(c)
shows significant resonance fluorescence from the original

TABLE I1. Excited state binding energies of several of the stilbene-X van
der Waals complexes.

Complex Excited state binding energy D,
Stilbene-He <49 cm™!
Stilbene-H, 197<Dy<273 cm™!
Stilbene-Ne 88<D,<150 cm™!
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25" level carrying the oscillator strength, the 37% level shows
no such resonance fluorescence even though it is 2.5 times
lower in energy. Thus, it appears that intramolecular-inter-
molecular state mixing is a highly mode-selective process
which is enhanced by out-of-plane vibrational excitation even
when vibrational predissociation is not energetically accessi-
ble to the complex. The excitation spectrum exhibits this
mode selectivity in the splitting of the 36537,-H, and
372-H, levels into a dense of transitions spaced by only 1
cm ™~ !. The dispersed fluorescence spectra provide additional
evidence by the complete broadening of the emission from
these levels even though the much higher energy 25-H,
level retains some structured resonance fluorescence.

The dense, repeated structure of the stilbene-H, transi-
tions built on these out-of-plane stilbene modes appears to be
the result of changing transitions with strong Av,.,4 =0
Franck—-Condon factors for in-plane motions into a set of 5—
6 strong Av,,..q > 0 transitions when out-of-plane vibrational
motion is excited. Each of these individual transitions in stil-
bene-H, can support further extensive state mixing and thus
each must be coupled to an even higher density of back-
ground states. Our hypothesis is that the closely spaced lev-
els are a progression in the van der Waals bend whose vibra-
tional frequency in stilbene-H, is only about 1 cm™'(!).
This is one to two orders of magnitude smaller than the
bending mode vibrational frequencies typical of other aro-
matic-X van der Waals complexes.?*?

The obvious difference between aromatic systems such
as benzene or tetrazine and the trans-stilbene molecule is
that the trans-stilbene molecule possesses an aromatic sys-
tem which extends over both phenyl rings of the molecule.
The aromatic system is thus spread over the entire 10 A
length of the molecule and the bending mode vibrations
could in principle involve H, motion over this entire 10 A
length. As we will show in Sec. IV, such delocalization of the
complexed H, molecule over the two phenyl rings of trans-
stilbene can account for both the anomalous state density and
low vibrational frequencies we observe. This bending mode
structure was not resolved in the corresponding stilbene—He
transitions like it is here. However, the close similarity of
these system makes it quite natural to assume that a similar
set of states, merely unresolved, is responsible for the broad-
ening and the red-shaded tail apparent in that system.

C. Stilbene-Ne and stilbene-Ar

The stilbene~Ne and stilbene-Ar complexes have been
studied in much the same fashion as the stilbene—He and H,
complexes already discussed. Unfortunately, it is difficult to
make the stilbene-Ne and stilbene-Ar complexes at high
concentration free from a broad background due to higher
complexes. As a result, we will only summarize our observa-
tions briefly. The tentative assignments for the ground and
excited state vibrational frequencies for these complexes are
given in Table I. Table II places bounds on the stilbene—Ne
binding energy taken from dispersed flourescence spectra of
this complex. Figure 13 shows the fluorescence excitation
spectrum of the stilbene—Ar complex. Two features of the
spectrum stand out. First, unlike the stilbene-He and stil-
bene-H, spectra, this spectrum is replete with a large num-
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FIG. 13. Total fluorescence excitation spectra of the region near the S, — S,
origin with (a) a 1% Ar in helium expansion mixture, and (b) under identi-
cal expansion conditions but with no argon flowing. The tie lines indicated
the tentative assignments of the van der Waals structure built on the origin.
The peaks marked by an asterisk are those we have tentatively assigned as
the 36,37, —Ar and 372-Ar transitions.

ber of van der Waals transitions**?° built on the origin. We
have indicated the probable members of the van der Waals
bending and stretching progressions by tie lines extending
from the origin of the complex. Second, the tentatively as-
signed 36} 37,—Arand 37;-Ar transitions (marked by aster-
isks in the figure) are shifted, but do not appear broadened
relative to the in-plane transitions. It is interesting that the
narrowing in the out-of-plane transitions occurs for the same
complex for which the strong van der Waals structure ap-
pears built on the origin. At least some of this structure is
probably bending mode structure, and indicates a significant
increase in frequency from that seen in stilbene-H,, prob-
ably resulting from the localization of the argon atom on a
single phenyl ring.

IV. DISCUSSION

A. The source of the high density of interacting states:
Delocalization of the complexed species

We have already alluded in the results section to a very
fundamental puzzle presented by the mode-selective broad-
ening we observe, particularly in the stilbene-He complex;
namely, how we can generate a high enough density of states
to account for the broadening we observe less than 100 cm !
above the origin in the excited state. This is such a small
excess energy that conventional wisdom would say that the
density of bound states should be far too low to act as a bath
of several states per cm ™. We have already noted the major
source of the high density of states: the van der Waals bend-
ing modes. Due to the light mass of the helium atom, the
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normal mode motion of the in-plane van der Waals bend
involves motion of the helium atom along, but above the
plane of, an immobile stilbene molecule. If the complexed
species were localized above one of the phenyl rings, it would
have a bending frequency much like that of other aromatic—
rare gas complexes (e.g., ~20 cm ™' for X = Ar).?> How-
ever, in the extreme case of complete delocalization of the
helium atom over the 7 framework of stilbene, the com-
plexed species will move in a nearly flat-bottomed potential
which will allow it to sample both phenyl rings during its
oscillation. The distance between the centers of the two phe-
nyl rings is about 7 A, while the end-to-end distance of the
molecule along its long in-plane axis is about 10 A. Thus, we
hypothesize that in stilbene-He the “long axis” bending
mode is really more a pseudotranslation within a long, one-
dimensional square well than it is a simple harmonic oscilla-
tor. The narrow band contours of the stilbene—He origin and
in-plane transitions point to strong Av,gw vena = 0 Franck-
Condon factors (FCF) in these cases. However, when out-
of-plane phenyl ring modes are excited in the stilbene chro-
mophore, the additional out-of-plane motion of the phenyl
rings modifies the potential energy surface in which the heli-
um atom moves. The result is a changed set of van der Waals
bend FCFs for these levels which now spreads the
362,365 375, and 373 oscillator strength over a series of van
der Waals bending modes (i.e., AV,gw pena > 0) Of frequency
sufficiently small that we cannot resolve the individual tran-
sitions in our experiment. If we treat the van der Waals bend
as a pseudotranslation in a one-dimensional square well,
then near the bottom of that well the van der Waals state
density is about 2-3 states per cm ™!, sufficiently high to
account for the unresolved broadening we observe.

The stilbene—H, data lends considerable support to this
hypothesis. In this complex the lighter mass of H, and its
stronger interaction with the ring lead to an increase in the
pseudotranslation frequency to the point where individual
van der Waals levels are now resolvable in our excitation
spectrum (Fig. 11). The approximate spacing within the
group of stilbene—H, transitions built on 36;37; and 37; is
about 1 cm ™, pointing to a 1 cm ™! van der Wasls bending
vibrational frequency. This spacing is remarkably close to
the 0.8 cm ! spacing we calculate for the H, mass moving in
asquare well of IOAlength (AE = h?/2mL?). Theobserved
transitions in the excitation spectrum, then, should be
viewed as a van der Waals bending mode progression built
on 36)37,. Again, by contrast, when in-plane motions are
excited, even though this same van der Waals level structure
is likely still present, the narrow, unshifted van der Waals
transition suggests strong Av, = 0 Franck—Condon factors
due to a weak coupling between the two motions.

Note that the spacing of the closely spaced structure
indicated by tie lines in Fig. 12 is not uniform, but varies as
2.4, 1.8, 1.1, 1.1, and 1.0 cm ™. If this structure can all be
ascribed to the pseudotranslational motion of H, along the
long, in-plane axis of stilbene, as we propose, then the de-
crease in level spacing to about one-halfiits original spacing is
suggestive of tunneling®® of the hydrogen molecule between
a small barrier of about 3-5 cm ™. The likely position of a
barrier would be the region of the ethylenic carbons with the

two wells located at the centers of the two phenyl rings, 7 A
apart.

The stilbene-Ne and stilbene-Ar complexes exhibit
spectra which do not necessarily call for delocalization of the
neon or argon atom. There are several potential reasons for
this change from delocalization to localization. First, the
increase mass of the argon atom will decrease the probability
of tunneling caused by even a small potential barrier between
the two phenyl rings. Second, the barrier height may be in-
creased in stilbene-Ar due to the stronger interaction of the
argon atom with the 7 orbital. Finally, the form of the in-
plane normal mode motion will change with increasing mass
of the complexed species as the weight of the complexed
atom becomes more comparable to that of the phenyl rings.
In the limit of a very heavy complexed atom one should
better view the in-plane bend as a rotation of the phenyl ring
about the heavy atom. This could be partially responsible for
an increased barrier to motion between the phenyl rings.

So far, this discussion of delocalization has taken place
without regard to some important experimental data® on
the geometry of these stilbene-rare gas complexes. While the
precise geometry is not known with certainty for any of the
stilbene van der Waals complexes of interest here, Baskin et
al.” recently used rotational coherence measurements to de-
termine that the sum of the B and C rotational constants is
significantly lower in the stilbene-He and stilbene-Ar com-
plexes than in the parent molecule. Since the B and C axes of
the complex lie perpendicular to the long in-plane axis of ¢-
stilbene (the A axis), this result points to the complexed
species lying off the B and C axes with its additional mass
over the phenyl rings. This would seem to be at odds with our
conjecture of delocalization of the helium atom or hydrogen
molecule in the stilbene-He and stilbene-H, complexes (al-
though it is consistent with our hypothesis of localization in
stilbene-Ar). However, rotational constants refiect the vi-
brationally averaged structure of the complex. If we picture
the in-plane motion of the helium atom as if it were a particle
ina 10 A one-dimensional square well, the root-mean-square
displacement of the rare gas atom would be 2.9 A, by com-
parison to 3.5 A for the atom localized above the center of
one of the phenyl rings.'®

B. The strong coupling of the van der Waals states with
out-of-plane phenyl ring motions

1. Some possible reasons for the strong coupling

We have so far concentrated on the source of the high
density of states. Now we will focus on the strong, selective
coupling of these states to the out-of-plane phenyl ring vibra-
tions of the stilbene molecule. First, there are excellent kine-
matic reasons for the strong coupling of the out-of-plane
phenyl ring motions with the motion of the complexed atom.
As we pointed out previously,'> the position of the com-
plexed atom or molecule is above the plane of the molecule
so that phenyl bending or torsional motion will involve mo-
tion directly against the van der Waals-bound species. In
fact, we have become accustomed to calling these out-of-
plane phenyl ring modes “paddleball” modes since the phe-
nyl ring interaction with the complexed atom is much like
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that of a racquet against a ball. Second, the small energy
mismatch between the very low frequency, large amplitude
phenyl ring motions and the van der Waals vibrations should
enhance the coupling between the motions. Third, the delo-
calization of the helium atom or hydrogen molecule should
facilitate strong coupling. In condensed media the possibil-
ity of multiple collisions between species provides an effi-
cient route for deactivation of excess vibrational energy.
Speaking classically, in our case the delocalized pseudo-
translational bending modes involve the traversal of the
complexed species back and forth over the 7 A distance from
one phenyl ring to the other. For a helium atom or hydrogen
molecule with a few wave numbers of pseudotranslational
kinetic energy, the time for traversal is on the order of a few
picoseconds. This is the same time scale as the period of the
phenyl ring oscillation for the out-of-plane torsional and
bending modes. Thus the interaction between the two mo-
tions in these complexes may be viewed in some sense as
multiple “collisions” of the two species on the picosecond
time scale.

While such arguments are pleasing ones to make, we
must be careful not to treat the coupling process here as a
truly dynamical one involving energy flow from the intra-
molecular to the intermolecular levels, i.e., dynamic IVR. In
this work we have proven the inhomogeneous nature of the
stilbene-He band contours of the out-of-plane transitions
(Sec. IIT A 2 d). Furthermore, with the 10 ns pulse duration
of our laser we are incapable of preparing the coherent super-
position of states which is required for a true, time-depen-
dent energy transfer to occur to the van der Waals
modes.>?"?® Instead, we must view laser excitation as pre-
paring a mixed state containing partial van der Waals mode
character at ¢ = 0.

2. A two-tiered coupling scheme to the van der Waals
modes

The combined results of the excitation spectra and dis-
persed fluorescence spectra point to the out-of-plane vi-
bronic levels of the stilbene—X complexes being coupled to
two tiers of background levels. This two-tiered coupling
scheme is most clearly observed in the stilbene-H, complex.
Recall that in the fluorescence excitation spectrum of this
complex, the 372 transition is split into a set of 5-6 closely
spaced peaks. The splitting is the result of strong coupling of
the 377 level with a first tier of levels of nature |37°~vdW
bend™ > where m = 0-5.

The effects of a second tier of coupled background levels
are seen in the dispersed fluorescence spectra. When we dis-
perse the fluorescence from each of the individual transitions
of character |37°-~vdW bend™ >, we observe broadened
emission centered around the positions of the major bands of
the 0° level of the complex. Such broadening arises from
state mixing with a second tier of levels resulting in partial
0°—vdW" character in the laser-prepared state. Due to the
varied nature of the coupled van der Waals levels, the emis-
sion spectra of each 0°~vdW” state is slightly different. It is
intriguing that the mixed levels appear to be primarily those
built on the lowest intramolecular vibronic level of stilbene,
the 0° level. The second tier state mixing is thus density-of-

state dominated in this case; i.e., the mixed levels take on the
characterof the background levels which produce the high-
est density of states at a given energy.

C. Therelationship between vibrational predissociation
and intramolecular-intermolecular state mixing

We now turn to the effect of the extensive state mixing
on the vibrational predissociation process, focusing our at-
tention on the stilbene-He complex. We wish to answer the
question, “To what extent does the intramolecular—intermo-
lecular state mixing effect the product state distribution ob-
served when predissociation occurs, i.e., when coupling oc-
curs to the dissociation continuum?”’

The first hint that state mixing is affecting the predisso-
ciation process was seen in the changing predissociation
product state distribution which occurs as we tune over the
broadened 373 band contour (Fig. 7). Recall that over the
range from 80-93 cm ™', the fraction of products formed in
the 37! level changes from less than 5% to over 50%. The
majority of this rise occurs over the 3 cm ™' breadth of the
372 peak. One could interpret this sudden increase in ¢(37")
as the result of the complex overcoming an energetic thresh-
old to the formation of 37'. The 37! channel, if it were ener-
getically allowed, would be the smallest energy gap,
Av = — 1 channel. We estimate that just above threshold,
this channel should have a vibrational predissociation rate
several hundred times faster than the 0° product channel.
Thus as this channel opens, it would be expected to compete
successfully with the 0° channel. However, there are several
difficulties with this interpretation. First, one must still ac-
count for the relatively long, flat section of the $(37") curve
in the red-shaded tail of the 377 peak from 82-90 cm™'.
Second, we have been unable to detect a similar turn on of
the 36' channel from 36,37 transition or the 37° channel
from 37 like we should if it were purely an energetic thresh-
old phenomenon. Third, the binding energy we deduce from
this assumption is at odds with our results on the p-methyl-
trans-stilbene-He complex presented in the adjoining paper.
Ifthe increase in ¢ (37') was the result of exceeding the bind-
ing energy of the complex, then D, = 95-47.5 =47.5cm™".
In the p-methyl-trans-stilbene-He complex, we would ex-
pect the addition of the methyl group to increase the binding
energy of the helium atom in this complex, i.e., D (p-meth-
yl-He)>» 47.5 cm ™. However, we see the Av = — 1 chan-
nel of v,, showing up strongly in the dispersed fluorescence
spectrum of one of the transitions in p-methyl-He even
though the vibrational frequency of v, is reduced in p-meth-
yl-trans-stilbene to 45 cm ™!, i.e., D (p-methyl-He) < 45
cm~ . Thus the changing product state distribution in the
375 contour of stilbene-He is probably not due purely to
energetic threshold effects.

Alternatively, the ¢(37") variation may result from the
changing nature of the mixed states accessed by the laser as
we tune across the broadened contour. We have ascribed the
broadening of the band contour to strong coupling to the van
der Waals pseudotranslational modes spreading the 373 os-
cillator strength over a series of van der Waals transitions
[37°~vdW™ > which are too closely spaced to be resolved.
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The changing predissociation product state distribution is
then simply reflecting the changed van der Waals character
of the states accessed by the 0.3 cm ™' bandwidth laser. It is
intriguing that “priming” the van der Waals complex with a
small amount of van der Waals bend excitation has such a
dramatic effect on the product channels chosen by the disso-
ciating complex. It appears that, with increasing van der
Waals bend excitation in the doorway state (as we tune from
red to blue across the 372 contour), the complex increasing-
ly selects the smaller energy gap product channel.

The effect of state mixing on predissociation is also seen
in a comparison of our internal clock lifetime measurements
with the direct measurements'® of vibrational predissocia-
tion product rise times for these levels in the stilbene—He
complex. Recall that the internal clock lifetime we estimated
for the 36'37" level was a factor of 20 different from the
actual predissociation lifetime. However, as other authors
have noted,'™? internal clock estimates of rates for pro-
cesses hinge on a critical assumption; namely, that the pro-
cesses which occur following excitation all occur as single
step processes from the same state. From what we have al-
ready said, the out-of-plane phenyl ring levels we access with
the laser possess considerable van der Waals character. As
Ewing has pointed out,”® intramolecular-intermolecular
state mixing can greatly affect the vibrational predissocia-
tion lifetimes by providing much smailer energy gap chan-
nels for the predissociation process. Such Fermi resonance
has been used by Butz et al.'" to account for the much larger-
than-expected 0° predissociation channel observed from sev-
eral excited state levels in the p-difluorobenzene-Ar com-
plex. Similar arguments can be used here to account for the
apparent discrepancy between our results and those of
SBZ.' If we view predissociation as occuring directly from
the 36'37' level carrying the oscillator strength in absorp-
tion; namely,

kp
S(36'37')-He—-S(0°) + He, (N

then our estimate of the vibrational predissociation lifetime
based on the internal clock measurements is 20 times slower
than the direct measurement. However, now we instead as-
sume that predissociation is occuring from a set of rovi-
bronic states each of which possesses partial 36'37' charac-
ter (P) and partial background vibronic character (1-P).
The primary coupling of the 36'37" level is with the first tier
of van der Waals pseudotranslational modes. A second tier
of van der Waals levels also exists built on lower lying stil-
bene vibronic levels. Our 0.3 cm ™! bandwidth laser accesses
a large number of rovibronic states of mixed character:

krad
P'2|36'37") 4 (1-P)'/?|bgd™) — S-He (2)

ko
—-S(0%) + He.

While the radiative rates from the 36'37! and back-
ground states should be identical, the vibrational predisso-
ciation rates may be many orders of magnitude different”®
and may depend sensitively on the exact nature of the cou-
pled background states. In the most extreme case k,, €k,4
for a state with high 36'37' character while k,, >k, for a

predominantly background character state. In this limit all
the resonance fluorescence would be from the 36'37'-like
state while all the dissociated intensity would be from the
van der Waals dominated state. The direct lifetime measure-
ments of SBZ confirm that k,, > k,,4 for those states that
lead to predissociation (k,,/k,,4 = 80). On the other hand,
the lack of broadened emission in our dispersed fluorescence
spectrum and the presence of narrow resonance fluorescence
peaks suggests that k., €k,,, for the predominantly 36'37"
character states. As a result, the resonance fluorescence/0°
product intensity ratio is reflecting the average 36'37'/bgd
state mixing of the laser-accessed states rather than the actu-
al magnitude of the vibrational predissociation rate con-
stant. Our observed intensity ratio would thus best be inter-
preted as due to accessing states with the laser which on
average are roughly 20%|36'37' > and 80%|bgd™ > .

Similar arguments can remove an apparent inconsis-
tency of the 375-He dispersed fluorescence spectrum with
direct lifetime measurements. Recall that in this case the
only observed channels were the predissociation channels to
37" and 0° levels of the stilbene product. The direct lifetime
measurements show a 37" product rise time of less than 10 ps
while the 0° rise time is about 45 ps. In the scheme of reac-
tions (3a) and (3b):

S(37%)-He—S(37') + He (3a)
—S(0% + He (3b)

we would have predicted a ¢(37') >0.82 and equal rise times
for both products. Our measurements of the actual product
state distribution, on the other hand, yield ¢(37') = 0.36.
Furthermore, SBZ’s lifetime measurements for the two
product channels differed significantly. Thus, we must once
again picture predissociation as arising from a group of
mixed states we prepare with the laser, each of which has the
form:

PV 37%) 4+ (1 — P)'/?|bgd™) -»S(37"') + He  (4a)
-S(0% 4+ He (4b)

Energy gap considerations should favor S(37') formation
over S(0°) formation for the |37°> state. To quantify this,
we can estimate the vibrational predissociation lifetimes as-
sociated with processes 6(a) and 6(b) using the formula of
Ewing®®:

7' =10 exp[ — m(Any + An, + Any)] (3)

where An;,Ang, and Any are the changes in translation,
rotation, and vibrational quantum numbers between initial
and final states in the predissociation process. Using a stil-
bene~-He van der Waals stretching frequency equal to that of
tetrazine—He(38 cm™') and an upper state binding energy
equal to our upper limit estimate of 47 cm ™', we obtain a
7(37") of 5 ps (ignoring rotational effects). A vibrational
predissociation rate this fast is almost without precedent and
reflects the very small change in both translational and vi-
brational quantum numbers® during the predissociation
process from this level. On the other hand, the 0° rise time
expected from the 377 level is calculated to be about a factor
of 400 times slower than this(i.e., 7 =2 ns). Thus, from
P'/2|37%> the 37! channel will dominate. In contrast, pre-
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dissociation from the |[bgd™ > states will likely be statistical-
ly spread between the available product channels. Since
translational states will dominate the density of product
channels, the largest density of product channels will be
from those built on the lowest stilbene vibronic level, the 0°
‘level. Thus, we feel confident in associating 37' formation
with 372 character [reaction 4(a)] in the stilbene-He com-
plex and 0° product formation with bgd™ character [reac-
tion 4(b)]. Since at the top of the 373 transition,
#(37") = 0.36, we would estimate that the states accessed by
the laser at the peak of the major 37} stilbene-He transition
are, on average, actually only 36%]37% > and 64%|bgd™ > .
Thus, as with the 36 ‘37 ! level, the product state distribution
we observe from this level is for the most part simply reflecting
the degree of intramolecular-intermolecular mixing of the
state and provides little information on the absolute magni-
tudes of the vibrational predissociation rate constants. We
thus see that direct lifetime measurements and product state
distributions determined from the dispersed fluorescence
spectrum provide complementary information on the stil-
bene~He complex. In this regard, it would be very interest-
ing to see how the lifetimes of the 37" and 0° product chan-
nels would depend on where one excited in the broadened
contour. It would also be interesting to know how big a role
the rotational state character plays in the predissociation
rates and product state distributions.

Product state distributions from higher-lying out-of-
plane stilbene-He levels further confirm the generalizations
just made. The 375~He and 36 37, —He levels have dispersed
fluorescence spectra which are dominated by emission from
the 0° level of the dissociated stilbene product. In particular,
the 374 -He dispersed fluorescence spectrum shows only two
major product state levels, 0° and 37° with the 0° level having
roughly twice the population of the 37° level. This 0°-domi-
nated distribution occurs despite the fact that there are many
other levels energetically open to the stilbene products. Once
again, the group of states accessed by the laser are each in
actuality a mixture both intramolecular (i.e., 37*) and inter-
molecular (i.e., bgd™ ) in character. As with the 36'37" and
372 levels, the observed product state distribution to first
order simply reflects the percentages of intramolecular and
intermolecular character in the laser-formed initial states.
The 37 character will favor the lowest energy gap channel,
37°. The background states, if they are coupled to the prod-
uct state channels in a statistical fashion, will favor high
translational energy products built on the lowest intramole-
cular level. Thus, vibrational predissociation and intramole-
cular-intermolecular state mixing cannot be viewed as sepa-
rate phenomena in these systems but are closely tied to one
another.

By contrast, the in-plane vibrational levels (e.g., 25" and
252%) show little, if any, 0° products. Instead, they are domi-
nated by emission from a new, unassigned stilbene vibronic
level which is likely of either b, or b, character. The ob-
served ratio of resonance fluorescence to dissociated product
emission yields a lifetime estimate of about 200 ps, quite
close to that observed experimentally from direct lifetime
measurements (156 ps).'® Thus, the levels accessed by the
laser for these in-plane vibrations of the stilbene-He com-

plex exhibit a much smaller percentage of van der Waals
state character than their out-of-plane counterparts. This is
not to say that coupling to the van der Waals modes is com-
pletely absent from these levels. The broadened dispersed
fluorescence spectra from the 25 level of stilbene-H, sug-
gests otherwise. However, while in-plane motions show only
moderate coupling to the in-plane van der Waals modes, the
out-of-plane motions are extremely strongly coupled to
these motions. These results are in keeping with Ewing’s
insight?® that is is the out-of-plane component of the intra-
molecular vibration in aromatic—X complexes which is the
source of the coupling with the van der Waals modes. All in
all, the dramatically different behavior of stilbene motions
involving out-of-plane vs in-plane motions in these complex-
es is truly remarkable.

V. CONCLUSION

The trans-stilbene-X van der Waals complexes have
shown themselves to be unusual subjects in several respects.
We have shown that in the stilbene—He and stilbene-H,
complexes, the He atom or H, molecule undergo nearly free
motion between the two phenyl rings of trans-stilbene. These
pseudotranslation states are selectively and strongly coupled
to the low-energy out-of-plane phenyl ring motions of the
stilbene chromophore. The low energy of both the phenyl
ring and van der Waals motions have set them in relative
isolation from other motions of the molecule and have thus
provided a clear view of the extent and role of intramolecu-
lar-intermolecular state mixing in these complexes. In par-
ticular, the mixing of the out-of-plane phenyl ring motions
with the pseudo-translation van der Waals bending modes
plays a dominant role in both the unusual appearance of the
fluorescence excitation spectrum and in vibrational predis-
sociation from stilbene levels involving out-of-plane phenyl
ring motion. It will be interesting to carry out similar mea-
surements on other large molecule van der Waals complexes
in order to determine the generality of the large, mode-selec-
tive state mixing we observed here.
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