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Abstract
The vibrational predissociation of several van der Waals complexes of

aromatic molecules with rare gas atoms, isolated in a free-jet molecular beam
expansion, has been studied using time-resolved spectroscopy. Direct measure-
ments have been made, on a picosecond time scale, of the fluorescence intensity
from the initially excited single vibrational level and from the various final vibra-
tional states formed in the dissociation of the complexes. The time-resolved data
is analyzed with the aid of different kinetic models and can distinguish between
parallel decay paths, sequential paths with intramolecular vibrational redistri-
bution (IVR) preceding vibrational predissociation, and sequential paths with
reversible IVR preceding vibrational predissociation. The contribution of the
van der Waals modes to the total vibrational state density induces dissipative
IVR in the complexes at much lower energies than in the bare aromatic molecule.
The measured predissociation rates are compared with rates calculated accord-
ing to the statistica]l RRKM theory of unimolecular reactions. Some of the

experimental results show mode-selective behavior, while other results suggest

statistical behavior.
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Chapter One

Introduction
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The intensity, coherence, spectral purity, and short pulse widths of
modern lasers have stimulated interest in using these optical properties of lasers
to try to induce vibrationally mode specific chemistry in isolated molecules. By
selectively exciting particular vibrational motions in a molecule or molecular
complex, it may be possible to observe unimolecular dissociation which depends

on the dynamics of that particular vibration rather than simply the energy.

Van der Waals complexes have been used as prototypical systems for
studying the energy and mode dependence of unimolecular dissociations since it
was first demonstrated! that the complexes could be easily “synthesized” and
characterized in a molecular beam expansion. These complexes are attractive
prototypes for studying the details of unimolecular dissociation because van der
Waals bonds are weak compared to chemical bonds, and the van der Waals bond
is therefore a relatively small perturbation on the system. Since the bond energy
is low, the dissociation can be studied in relatively well-characterized regions of
the potential energy surface where the energy level structure of the chemical part
(as opposed to the van der Waals part) of the complex is relatively sparse and
regular, uncomplicated by large anharmonicities and Coriolis couplings. Fur-
thermore, because the binding is through a single, weak van der Waals bond, it
is expected that specific dynamical interactions in these complexes may cause
the dissociation to be mode-specific. Because of the apparent simplicity of the
potential energy surface of these complexes, a tractable theoretical treatment of
the dynamics of such systems has been formulated to predict the mode-specific
vibrational predissociation rates for these systems (the momentum-gap law?).
Physically, this law states that the rate is slow when large amounts of internal
energy in the complex must be transformed into relative translational energy in

the dissociated fragments.
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More pragmatically, these complexes are attractive candidates for the study
of unimolecular dissociation because vibrations of the complex above the dissoci-
ation limit are generally well-characterized and are allowed and intense compared
with methods of exciting chemically bound systems, for example, exciting local

mode vibrations.

Many spectroscopic studies of van der Waals systems have been carried
out since Smalley’s seminal work.! Considerable progress has been made in the
study of the complexes of small molecules, particularly from high resolution
infrared spectroscopy.® In addition to the structural information that is avail-
able from such work, the lifetime can be measured if the homogeneous linewidth
of an individual rovibrational transition is resolved. From these experiments,
the dynamics of the complexes of many systems of small molecules have been
studied and understood according to the momentum-gap law or because of spe-
cific dynamical interactions. For example, the lifetime of the complex H,-HF is
27 ns*¢ (from the measured linewidth) while the lifetime of the complex Ar-HF
is less than 0.3 msec®? (from time-of-flight measurements). This is understood
by observing that a large fraction of the excess energy in the Hy-HF complex can
go into rotation if the fragments rotate in opposite senses, while conservation of
angular momentum limits the amount of energy that can be deposited into the
rotation of the products of the dissociation of Ar-HF. Therefore, a large energy
must go into relative translation and the rate is relatively slow according to the

momentum-gap law.

Mode-selective lifetimes, lifetimes which depend on the actual vibrational
dynamics rather than the ability of the system to dispose of internal energy, have
also been observed for complexes of small molecules. The first observation of

such a mode-specific lifetime was the measurement of the linewidths of the HF
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dimer.* The width of the ‘internal,’ hydrogen bonded HF stretch corresponds to

a decay lifetime of 1 ns, compared to 24 ns when the ‘free’ HF stretch is excited.

The study of the vibrational predissociation of complexes of polyatomic
molecules, however, is more difficult. Several complexes of aromatic molecules
with rare gas atoms have been studied in the first electronic singlet state. Moni-
toring the predissociation in an excited electronic state is experimentally advan-
tageous because of the availability of high powered, tunable ultraviolet/visible
lasers and because of the sensitivity of fluorescence detection in that region of

the spectrum.

Rotational constants for the complexes with aromatic molecules are sub-
stantially smaller for these systems and rovibrational resolution is the excep-
tion rather than the rule for these larger systems. The geometry of a few aro-
matic molecule-rare gas complexes have been deduced from rotationally resolved
excitation spectra and from rotational coherence experiments.® In general, the
observations indicate that the rare gas atom is bound ~ 3A above and below

the phenyl rings in both the ground and excited electronic states.

Excitation spectra with only vibrational resolution are more common for
these systems.® In general, these spectra show resolved bands for each of the
vibrations of the molecule in the complex, separated from the corresponding
transition in the bare molecule by a few wavenumbers. Low frequency bands
assigned to the van der Waals modes are weak when observed and have similar
magnitudes in both fluorescence and excitation spectra. Thus, the presence
of the rare gas atom is a weak perturbation on the spectrum of the aromatic
molecule, and the potential energy surface for the rare gas atom is virtually

identical in the two electronic states.

Most of the information on the vibrational predissociation dynamics of these
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large complexes comes from experiments in which the fluorescence spectra of var-
ious excited levels of the complex are measured.” In general, emission is observed
from the level of the complex that is initially excited, from levels in the com-
plex reached by intramolecular vibrational redistribution, and from levels of the
bare aromatic molecule formed in the dissociation. If the lifetime of the bare
molecule is known and a decay scheme is assumed, then rates for the different
processes may be calculated from the intensities of the assigned emission bands.
In this way, assuming that intramolecular vibrational redistribution and vibra-
tional predissociation each occur only from the initially excited state, vibrational
predissociation rates of ~1 ns~? have been calculated for s-tetrazine-argon,’® p-
difluorobenzene-argon,”® and benzene™ and deutrobenzene™® complexes with
helium, neon, and argon. In each of these cases the dynamics leading to the

observed vibrational product state distributions is not well understood. The vi-
brational levels that are excited in the dissociated molecule are only a small sub-
set of those that are energetically accessible in each of those cases. Although the
dissociation pathways are very selective, they do not appear to follow momen-
tum or energy-gap propensities, and there is no similarity to collision induced

pathways for vibrational relaxation.

To understand the dynamics of these simple unimolecular dissociations more
completely, it is important to directly time resolve the disappearance of the ini-
tially excited state and the formation of the various product states. In that
way, not only are the rates accurately measured, but information on the dynam-
ics leading to the formation of product is available, as will be discussed. It is
important to note that such information is not available from measured linewidths.
While linewidths, in principle, reflect the population decay rate, they contain

no information on intermediate states which may precede the formation of the
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final product. Furthermore, while linewidth measurements may be appropri-
ate for high resolution studies of the complexes of small molecules where the
total density of states is small compared to the laser bandwidth, it is doubtful
that linewidth measurements are accurate for larger complexes where inhomo-
geneous broadening due to unresolved structure can broaden the width of an

experimental transition substantially.

Some recent work on the dissociation of van der Waals complexes has con-
centrated on direct, time-resolved measurements of the population of initial and
final states. Mitchell et al.3® measured an upper limit of 10 ns for the life-
time of ethylene dimers excited to the v7 = 1 level. Jacobson®® et al. have
measured decay rates of several nanoseconds from several excited vibrational
levels of p-difluorobenzene-argon using a nanosecond laser. Topp®c and cowork-
ers have studied perylene complexes, drawing some conclusions about the effect
of the binding of the rare gas on the intersystem crossing rate. Rettschnick
and coworkers®? have measured intramolecular vibrational redistribution and
vibrational predissociation rates from three initial levels in the tetrazine-argon
complex, showing the precise redistribution pathways which precede vibrational

predissociation in this system.

In Chapter Two the experimental apparatus is described. In Chapter Three
the kinetic models which are used to model time resolved data are discussed,
along with considerations of how clearly they can be distinguished and how
accurately rates can be measured. Particular attention is given to the ability to
accurately measure the initial, fast rises and decays in the time-resolved data.
Chapter Four is a report of experimental data on time-resolved measurements
of the dissociation of complexes of stilbene with helium, neon, and argon. The

measured rates are discussed and compared with theoretical models. In Chapter
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Five similar work on the complex of anthracene with argon is discussed. In the

final chapter, the conclusions of this work are summarized.
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The purpose of this chapter is to describe the apparatus used for this
experiment in enough detail that the fundamentals may be understood by some-
one unfamiliar with this field of chemistry. The apparatus has been described

in detail before.l

In essence, the experiment is simple to understand: the van der Waals com-
plex, effectively isolated from any outside influence in a free jet molecular beam
expansion, is excited to a single, known vibrational level of an excited electronic
state by a very short laser pulse. As the complex dissociates to form a rare
gas atom and the bare molecule in various lower energy vibrational states, the
concentration of the initial “reactant” state and the different “product” states is
monitored as a function of time. In this way, one hopes to learn more about the
detailed quantum mechanical processes that lead to nnimolecular dissociation.
The apparatus has three parts. First, a supersonic molecular beam expansion
is used to form the weakly bound van der Waals complex and to cool it to a
temperature of a few degrees above absolute zero, thus forming most of the
weakly bound van der Waals complexes in the lower quantum states. Secondly,
a synchronously-pumped, mode-locked, cavity-dumped, frequency-doubled dye
laser system is used to generate tunable ultraviolet light in 15 ps long pulses at
a 4 MHz repetition rate to excite the complexes in the molecular beam. Lastly,
the time-correlated single photon counting technique is used to detect rapid
changes in the fluorescence intensity from the excited complex and the dissoci-

ated product. Each of these parts of the apparatus will be briefly described in

this chapter.
I) Molecular Beam Expansion

A supersonic molecular beam is formed when any gas is expanded through

a pinhole from a high pressure to a low pressure such that the ratio of those
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pressures exceeds 2.1.2 When this is the case, the molecules in the expansion
are moving faster that the speed of sound in the expansion and are effectively
isolated from outside influences such as wall collisions. Beyond the pinhole the
translational temperature and collision frequency each decrease rapidly in a pre-
dictable way. The microscopic result of the expansion of a monatomic gas is that
the random thermal distribution of atomic velocities is converted into a more
narrow distribution directed along the line of flow. Thus, the “temperature” of
a monatomic gas, determined by the width of its velocity distribution, can be
lowered well below its freezing point to only a few degrees Kelvin.?

If the expansion gas is a monatomic ideal gas and the flow is isentropic, the
temperature, number density, and collision frequency of the molecules in a free

jet molecular beam expansion are described by the equations?

-1

1
T = Tof1+ 5(y — )My

-1

1 ¥-1
n =mng[l + 5(7 - l)Mesz]
1 2 |7
z=V2nowo[1 + 5(7 —1)M;;4]
z .67 z —.67
M.ss = 3.26( ~ 0.075)*" — 0.61(5 — 0.075)

where T is the temperature of the gas in the expansion, v is

wien

for a rare gas,

M.sy is the effective Mach number, n is the number density, z is the collision
frequency, o is the hard sphere collision cross section, 7o is the mean molecular
velocity in the reservoir, z is the distance the gas has expanded, D is the pinhole
diameter, and the subscript zero refers to the conditions in the high pressure
TeServoir.

For the work described in this thesis, the supersonic expansion has been

used to prepare cold van der Waals complexes for spectroscopic study. When a



13

polyatomic molecule is included as an impurity in the expansion of a monatomic
carrier gas, collisions between the two as the mixture flows through the pin-
hole tend to equilibrate the temperature of the large molecule with that of the
monatomic carrier gas. The polyatomic is accelerated to approximately the
same speed as the carrier gas, the velocity distribution is similarly sharpened,
and internal degrees of freedom are cooled to different degrees, depending on
the cross section for collisional relaxation for each motion.5

Complexz Formation

The theoretical and experimental description of cluster growth in molecular
beams has not been quantitatively characterized as has been the description of
the expansion of a monatomic gas. Empirical methods have been discussed and
have been relied on for the work in this thesis.

Amirav et al.® have studied the formation of van der Waals complexes of
tetracene (T) with argon for between one and seven bound argon atoms. Their
data was modeled using the hypothesis that the formation of all TAr, complexes

is due to the three-body collisions
T-Ar,—y + Ar + Ar — T-Ar, + Ar.

Studying the excitation spectra of tetracene seeded in an argon molecular beam
expansion, they were able to identify seven transitions red of the origin band
of bare tetracene which they attribute to the origin bands of seven complexes
with argon, TAr,, n=1, 7. The intensity of each of these excitation bands as
a function of argon backing pressure in the expansion was described by the
equation,

T-Ar,

2l _ gy

where K is a constant and p is the pressure in the molecular beam reser-

voir. Thus, higher argon pressures increase the number of three-body collisions
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leading to complex formation and increase the concentration of the complex in

the expansion.

In the course of this work, we discovered that the concentrations of the
complexes we studied were increased further when only a small amount of the
rare gas of interest was mixed with helium rather than using an expansion of

the pure rare gas.

Operating Conditions

For the molecular beam system used for the work in this thesis, either of two
nozzle assemblies were used. For backing pressures up to ~ 100 psi, an o-ring
clamp was used to hold a glass reservoir containing the stilbene or anthracene.
The glass reservoir was fused to a 1/16 inch inner diameter glass tube which
had been melted, drawn and ground with sandpaper so that the final aperture
through which the molecular beam expanded was ~ 50 u in diameter. This
assembly was used for expansions of neon and argon complexes. The concentra-
tion of these complexes was found to be largest when the expansion gas contained

~1% neon or argon in helium.

For the higher backing pressures necessary to form helium complexes in the
expansion, a metal assembly with nickel gasket seals was used with nickel or
molybdenum electron microscopy apertures of between 25 and 50 yx in diameter.
With this assembly, backing pressures up to ~800 psi could be used before
the background pressure in the chamber rose significantly. Each of the nozzle
assemblies could be heated up to 185°C during normal operation. The expansion
was interrogated by the laser at a distance from the nozzle corresponding to
between 30 and 60 nozzle diameters, at which point the expansion was found to

be in a steady-state.

Using these nozzle assemblies the molecular beam was expanded into a
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36x12 inch cylindrical stainless steel chamber evacuated with a 12 inch bore,
ring jet booster diffusion pump (Edwards 18B4A) with a pumping speed of 4000
L/s (<1072 torr) which was backed with a 150CFM roughing pump (Kinney,
Kt-150). The pressure in the chamber with the molecular beam in operation

was < 1 millitorr.

Under the conditions of the experiments reported in this thesis, the equa-
tions above give a final translational temperature of ~ 1K and a collision rate
of 10*/second. The rotational temperature of the complexes was measured by
rotational coherence techniques to be ~ 1K under normal operating conditions.”
Vibrational temperatures are low enough that single vibrational levels can be
excited from the vibrationless state, independently of any overlapping sequence
transitions from thermally populated levels in the molecular beam. Thus, the
apparatus is capable of producing a cold beam of van der Waals complexes of
polyatomic molecules with rare gas atoms, effectively isolated on the timescale

of the experiments discussed in this thesis (< 10ns).
II) Picosecond Laser System

The tunable ultraviolet picosecond laser pulses used in the experiments
discussed in this thesis were formed in four distinct steps: (1) The green 514 nm
line of an Ar* laser is mode-locked to form ~150 ps pulses, (2) the green pulses
synchronously pump a dye laser which is (3) cavity dumped to give picosecond
pulses (~ 15ps) in the visible, and (4) frequency doubled into the ultraviolet.
Each of these steps will be briefly discussed.

Mode locking is achieved when many longitudinal modes are forced to
oscillate with a fixed phase relationship.® In this laser system, this is achieved
by frequency shifting and diffracting a portion of each longitudinal mode with

an acousto-optic modulator, driven at its natural frequency of 40.8 MHz. When
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the cavity length of the laser is adjusted so that the longitudinal modes are
separated by this same frequency, each mode is forced to oscillate in phase with
one another. The result of this coherent superposition of the longitudinal modes
is a series of pulses, the width of which is the inverse of the gain envelope.
The time between pulses is inversely proportional to the separation between
the longitudinal modes. For the experiments in this thesis, the 514 nm line
of a Spectra-Physics Model 171 or 2030 Art laser was mode locked with a
model 342A mode-locking system by simultaneously maximizing the height and
minimizing the width of the pulses viewed after two reflections off glass plates
and viewed with a Spectra-Physics Model 403B high speed photodiode. Typical

results were 150 ps (FWHM), 400 mV pulses and a total power output of 0.5 W
at 82 MHz.

The green ion laser output is used to synchronously pump a dye laser. The
dye solutions used for this work were a 2 x 1073 M solution of R6G in ethylene
glycol for the stilbene experiments and a 1.5 x 10~3 M solution of DCM in a
3:2 (volume) mixture of ethylene glycol and benzyl alcohol for the anthracene
experiments. Synchronous pumping occurs when the length of the dye laser
cavity is matched to that of the ion laser. When the cavity lengths are matched,
the circulating dye laser pulse stimulates the dye to lase just after a single ion
laser pulse has excited it above threshold. Because of the large cross-section
for emission of the dye molecules, the excited dye is rapidly stimulated to emit
by the circulating dye pulse and the red output is composed of shorter, 15ps
wide pulses which are then periodically (4MHz) diffracted out of the cavity by
another acousto-optic modulator in a Spectra-Physics model 344 Cavity Dumper.
These 15ps pulses of visible light are frequency doubled in 1 cm long crystals

of Lil03. The dye laser cavity length and the fine adjustments of the dye laser
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and cavity dumper are then adjusted to maximize the uv output. Typically, this
was ~1mW at 4 MHz. These laser pulses were then reflected into the molecular
beam chamber and focused onto the expansion, perpendicular to the expansion
axis. For the anthracene experiments, tuning the dye laser was accomplished by
rotating a three-plate birefringent filter which gives a spectral width in the uv
output of 5 cm™!. An ultra-fine tuning etalon was included as a tuning element

for the stilbene experiments, narrowing the width to 2 cm™1.
III) Time-correlated Single Photon Counting
Description

The temporal date in this thesis was measured using the time-correlated
single photon counting (TCSPC) method. This technique relies on using a sta-
ble, high repetition rate excitation source to measure fast changes in fluorescent
intensity.

The heart of a TCSPC experiment is a charging capacitor in a time-to-
amplitude converter (TAC). A triggering pulse from the laser initiates the charg-
ing of this capacitor in addition to optically exciting a fluorescing sample. The
fluorescence is focused onto a photomultiplier tube (PMT) and the first de-
tected PMT pulse is used to stop the charging capacitor. Thus, each start-stop
cycle corresponds to the detection of a single fluorescent photon and the charge
accumulated on the capacitor is proportional to the time between the excitation
of the sample and the emission of that single photon. Because only a single flu-
orescent photon is detected (by stopping the capacitor from charging) for each
excitation of the sample, it is necessary that the probability of detecting a pho-
ton, for any single excitation, is sufficiently low that all delay times are equally
likely to be sampled. The start-stop cycle is repeated thousands of times, until

a sufficiently high signal-to-noise histogram of the fluorescent behavior of the
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sample is built up. The necessity of having a relatively low detection count rate
and of repeating the excitation-detection cycle so many times is not a severe
limitation since the excitation source for these experiments operates at a repe-
tition rate of 4 MHz. Most of the data curves in this thesis were collected at a
rate of ~1000 detected photons per second, and well defined decay curves could

be collected in under 1 hour.

The data in this thesis was collected operating the TAC in the “reverse”
mode®. Fluorescent photons were detected by one of three PMTs, an Amperex
2020Q, a Hamamatsu R1564U, or a Hamamatsu 2287, depending on the relative
importance of a high photocathode quantum efficiency and a small PMT pulse
width. The pulses from the PMTs were amplified by 500 MHz Comlin CDC100
video amplifiers, if necessary, shaped and discriminated against by a Tennelec
455 constant fraction differential discriminator and used to start the charging
capacitor in an ORTEC 457 TAC. Stop pulses for the TAC were provided by
intercepting the red part of the laser beam that was not frequency doubled
with a modified!® Hewlett-Packard 5082 fast photodiode, amplified by a 1.3
GHz Hewlett-Packard 8447 inverting amplifier and shaped and discriminated
against as with the PMT pulses. The TAC output was collected by a Traco
Northern TN-1706 multichannel analyzer (MCA) operated in the pulse height
analysis mode. Dispersed fluorescence spectra were measured by counting the
total number of detected fluorescent photons with the MCA as the grating of
a 0.5 m monochromator (Spex 1870) was scanned by a microprocessor control
(Spex CD2). The data was read, stored and analyzed on a DEC PDP 11/23

computer.

CurveFitting

The temporal data discussed in this thesis was fit as single, double, and
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triple exponential decays. To correctly account for the limited temporal resolu-
tion of the excitation source and the detection system, the convolution of such
decays with the system response function has to be considered. The system
response function measures the ability of the detection system to respond to an
impulse and was measured by detecting scattered laser light. Thus, when a sin-
gle exponential decay is measured, an apparent fast risetime is observed because
of the width of the excitation source and the limited ability of the PMT and the
TCSPC electronics to respond to fast fluorescent signals. This is expressed by

the convolution integral

o
I(t) = / R(#)D(t — t')d#
0
where I(t) is the ﬁeasmed fluorescence intensity at a particular time, R(?) is
the measured system response function, and D(%) is the actual time dependence
of the fluorescence one is trying to measure.

Measured, convoluted decay curves were fit using the nonlinear least squares
method with Marquardt’s algorithm. The least squares method minimizes the
deviation of the measured data from a fit of an assumed functional form, with
respect to the parameters of the fit; that is, the method minimizes the chi-

squared statistic

ny
[I(t;) — F(a1,az...,ak, t;))?
X = Z o7 ’
=11 '

where F(ag,1;) is the assumed functional form of the data, convoluted with the
system response function, the a; are the parameters of the fit that are to be
determined, I(t) is again the measured data, n; and n; are the first and last
points of I(t) to be fit and o; is the standard deviation for each measured point.

In a TCSPC experiment, the probability of detecting some number of photons
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(N) in any given time range is given by a Poisson distribution® with a standard
deviation /N, and is approximated by m in calculating x2.

The parameters which minimize x? are solved for by successive iteration.
The function with the correct, unknown parameters of the fit is considered to be
expanded in a Taylor series around an initial estimate for the parameters of the
fit, keeping the first order terms. Marquardt’s method is then used to calculate
better guesses for the parameters until a minimum x? is found. The calculation

is discussed in detail in references 9, 11 and 12.
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Chapter Three

Analysis of Time-resolved Data and Sensitivity of Experiments
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The purpose of this chapter is to discuss the functional form of the the time
resolved data measured in these experiments and how it can be related to the

molecular dynamics of the van der Waals systems studied.

As will be seen in Chapters Four and Five, all the data was fit well by
exponential curves, so only rate processes are considered. We consider first-
order, unimolecular decays of individual vibrational levels due to intramolecular
vibrational redistribution (IVR) to other bound states and decays due to vibra-

tional predissociation (VP) to continuum states of the dissociated fragments.

IVR! is the process that occurs when coupled vibrational states are excited
and detected. For example, if a single normal-mode vibrational state with
absorption strength were coupled by anharmonicities or Coriolis interactions
with a small number of “dark” states and excited coherently so that each of the
individual molecular eigenstates were simultaneously excited at t=0, then the
population in the absorbing state would flow into and out of the dark modes
which are also part of the molecular eigenstates. Lahmani has shown? (for
the analogous process of intersystem crossing) and Felker has experimentally
verified® that IVR amongst a large number of coupled levels may be modeled by
kinetic rate equations when the excitation is coherent and the emitting states
(but not the eigenstates) are spectrally resolved. In the limit of many coupled
levels, the population in the initially excited state would decay exponentially
with a rate proportional to the width of the distribution of beat frequencies and
the population in the “redistributed” states would increase with that same rate.

Our data will be modeled in this way.

Vibrational predissociation is similar to IVR, except that the “final” states
are continuum states of the recoiling fragments. Thus population evolves from

an initial zero-order bound state of the molecular complex into a coordinate
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for which the energy of the system is above the dissociation energy. Fano has
shown? (for the analogous process of autoionization) that when a discrete zero
order state is coupled to a continuum and prepared coherently, it will dissociate
into the continuum with a rate proportional to the strength of the coupling
between the zero-order discrete state and the zero-order continuum states. It is
therefore appropriate to model VP as a first-order kinetic process.

I. Kinetic Models
A.) Parallel and Sequential Kinetics

As the simplest possible mechanism, first consider the kinetics if the initially
excited state were to directly decay by several paths. For example, suppose IVR
formed a metastable state of the complex which fluoresced and, simultaneously,

VP formed the molecular part of the complex in a lower vibrational state which

also fluoresced:

A* + R A A+ R
kup
/!
A'R;nitial
kivr
AW
A-R* A A-R

final
where A is an aromatic molecule, R is a rare gas atom, and the star indicates
electronic excitation. (For simplicity, the fluorescent decay rates of the initial
and intermediate states will be ignored at this point. Also, we will assume

ks <k;pr or kyp). Solution of the kinetic equations for this mechanism gives

[A-R}(t)] = [A-R}(0)]e(Rinr Hhup)t

kyvp
vp + kivr - kf

[47(1)] = [4-R}(0)) (bt — gmChemthon)t)
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and

\-R A-R kive —kst —(kivs+kop)t
- R* —_ - ? ! fusr vp .
[ f(t)] [ (] (0)} kvp kivr kf (e € )

Therefore, the only difference in the two channels reflecting the individual rates
appears in the relative proportion of the two products. When these equations
are integrated to give the total product state distribution (PSD), the fraction of
redistributed complex formed, for example, is proportional to kiyn/(kivr +kyp).

If more decay channels are open to the intial state, the form of the kinetic
equations is the same: the temporal evolution of the initial state is a single
exponential with the total decay rate and each product state population evolves
as a biexponential rising with the same rate. The amount of each product formed
is determined by the ratio of the rate for that channel to the total rate.

In contrast, the temporal results are different in functional form if the
decay processes occur sequentially. For example, if IVR preceeded VP and the
bare molecular product fluoresced (again ignoring the fluorescence rates of the

complex levels for simplicity)

A'R:nitial ki_" A'R}inal k_"_{ A*+ R ﬂ; A+ R,

a general result is that each state involved in the dissociation process would
have a temporal behavior described by a sum of exponentials, one for each rate

process which preceeded it and another for its decay rate®. In the given example,

[4-R;(t)] = [A-R; (0)]e ™"

* kivr - —k: -
(AR (0)] = o [4-Ry(0)] (bt — e hort)
vp for
kivrk ks —k ky —k;
A" . vrrup A_R' { _k!t+ f vp e"‘ki-.,pt_*_ .f Ur e’—kﬂpt} .
[ ] (kf - kvp)(kf - kivr)[ ]0 © kvp — Kior kivr — kvp
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The emission of the bare molecule, (which has a relatively long lifetime in these
experiments) would be a triple ezponential with a risetime equal to the slower of
the two rates and with the faster rate appearing in an additional, weak decay. In
this case, the amplitudes of each component of the triexponential are not equal
in magnitude as they are for the biexponentials that are observed if the kinetics
are parallel, but are functions of ki, kvp, and ky.

For sequential IVR and VP then, the result is different in form from the
result when the two processes occur in parallel from the initially excited state.
The risetime of product fluorescence may be equal to or slower than the decay
time of the initial state. In either case, the temporal behavior of the final product
is no longer biexponential (although it appears to be if the temporal resolution
is too slow to resolve the fast, additional decay.)

A priori, there is no reason to assume the dissociation mechanism will be as
in either simple case, rather than involving some of each simple mechanism. For
example, after redistribution to a level including excited van der Waals modes,

predissociation could occur to different final states with different rates:

AT+R 8 A +R
kvpl
/
A-R;nitial ki!)’ A'R;inal
kvp!
N\
3+ R 5 A+ R

In this case the kinetic behavior of the states involved would be similar to that if
predissociation occurred to only a single state; that is, triexponentials would be
observed for the final states. As discussed for parallel kinetics, however, kyp1 and

kyp2 would always be observed in the rates as the sum. Again, the only effect of
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those individual rates would be in the product state distributions. The amount
of product from the first channel, for example, would be nearly proportional to

kyp1/(kvp1+kyp2), strictly proportional for ky <k;,, and kyp.

The most general mechanism involving these ideas would be if the initial
state were to redistribute to a number of states, each of which could indepen-

dently predissociate:

ky

Ai,l +R — A1+ R
kvpl
/
A'R}inal(l)
kvpl
N
: A, +R 5 A1z +R
kl"uv!.
A'R;nitial
kiur!
ks
A;,;; + R = A2,3 + R
kvys
A-R;inal(2)
kvpi
N
. k
. A;,4 + R —I) A2,4 + R

As with the simple parallel decay mechanism, the decay rate of the initial state
is equal to the sum of IVR rates into the different channels and each channel
will have a PSD proportional to the ratio of the rate into that channel to the
total rate. As with the simple sequential mechanism, the temporal behavior of
each dissociated product will be triexponential which will rise with the slower
of the VP rate out of the intermediate state which preceeded it and the total

IVR rate out of the initially excited state. What is new in this mechanism is
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that different product states of the bare molecule may have different risetimes,
reflecting different total rates of predissociation, if the redistribution rate out of

the initially excited state is comparatively fast.

Integrating these equations to find the product state distribution and tak-
ing ks to be small compared to ki, and ky,, one finds that the contribution
of the initial, the redistributed, and the dissociated state to the fluorescence

spectrum is proportional to its lifetime, and when several channels are open, to

Our conclusions on the role of IVR in the dissociation process are based on

this analysis. They are:

(1) If the product fluorescence is a biexponential with a risetime equal to
the decay time of the initially excited state, then only a single process may be
inferred, though it may consist of any number of parallel channels. The reaction

mechanism may still have more than one step, but only the first is resolvable.

(2) If more than one rate is observed, the reaction mechanism must have
more than one step, i.e., IVR precedes VP. This could occur by observing (a)
a single triexponential for a single stilbene product; (b) two stilbene products
with different risetimes reflecting different VP rates from different intermediate
states and unresolvable fast third components; (¢) a product stilbene decay that

has a risetime (VP) slower than the decay of the initially excited state (IVR).
B) Reversibility

A further complication that must be investigated is the possibility of

reversible IVR. If there is a single decay path, but the first step is reversible,

k ve ky k
A-R;, a1 = A-R%;na1 = A*+R 3 A+ R
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solution of the appropriate kinetic equations gives

A-R:(0 _ -
[A'R:(t)] = (k k[ )2(-{'-)]]0 k {kivrk-—ivre krast + (kivr - kfa.at)2e k'lowt}
ivr — Nfast tvr—jor
[A-R;(t)] _ kivr(kfaa; - kivr) {A-R:(O)] (e—k-lowt _ e——k"“'t)
(kivr - kfaat) + kiurk—ivr
- k¢ —ka _ ki —kfosr _
A* kpt + ..___.._..f _ow_e kraset + a e kitowt
[ ] > kalow - kfaat kfaat - kalow
where

1 1
kfaat - E(kivr + k—ivr + kvp) + 5\/(’9:'1:1‘ + k—ivr + kvp)2 - 4kivrkvp

1 1
kalow - §(kivr + k—ivr + kvp) - E\/(kivr + k—ivr + kvp)2 - 4kivrkvp-

The functional form of the equation for the dissociated product is identical
to the form of the equation for sequential kinetics. Therefore, by measuring
the temporal behavior of the dissociated product, the presence or absence of
reversibility in the redistribution step cannot be distinguished. Measurement
of the decay of the initial state, however, can, in general, distinguish between
the paths with and without reversible redistribution, since the effect of the
reversibility is to add another decaying component to the temporal behavior of
the initial state. The relative amplitude of the fast and slow components of
the decay of the initial state cannot be expressed in terms of kg, and k,iow,
however, nor can it be expressed simply if k;yr=k—;yr.

If two products are formed and the IVR steps are reversible,

ktiver kup1 ks
— *
*
A-Rinitial
kiﬁr! ky

k.
= A-R}inazy = A2+ R = A22+ R
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a 5 x 5 matrix must be diagonalized to solve for the time dependence of the
different states. This was done numerically for many different values of the
rates. In general the temporal evolution of the initial state will be described by
the sum of two decaying exponentials and that of the products will be described
by the sum of four exponentials. From the numerical calculations it was found
that the additional exponential components are obvious when 7_;,» is on the
same order of magnitude as Ty, or T,, and are apparent when 7_;,, is several
times slower. Furthermore, even if the two forward IVR rates differ by a factor
of ten, the four-exponentials for each of the two products become very similar.
Unlike the case without reversible redistribution, different products do not have
different risetimes. As will be shown in Chapters Four and Five, the data in this
thesis is accounted for without these complications suggesting that the IVR we

observe is irreversible.

C. Radiative Rates of Intermediates

The radiative decay rates of the initial and redistributed states of the
complexes were assumed to be the same as the radiative rate of the bare aromatic
molecule at the same energy. Because fluorescence occurs in parallel to IVR and
VP, fluorescence does not change the form of the final equations, it only increases
the measured rates. Because these radiative rates are so much slower than the
IVR and VP rates that were measured, including the radiative rates in the

analysis hs the effect of correcting the measured IVR and VP rates by <10%.
I1. Effect of Experimental Inaccuracies

In order to critically evaluate the measured data, we discuss in this section
the validity of choosing the functional form of the fit and the accuracy with
which the lifetimes can be measured. Our evidence for the validity of the fit is

based on two practical observations. First, in the fluorescence of the resonantly
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excited bare aromatic molecule, we have a “standard” single exponential with
which we can compare other temporal data. Secondly, we will show that our data

was collected to a high enough signal-to-noise that data which have additional,

fast components can be distinguished from data that do not.

Data is fit to the most simple exponential form possible, evaluating the
“goodness” of the fit with the calculated reduced x? parameter and by inspecting

the residual of the data for consistent errors.

The reduced x? parameter, x2, is calculated simply by dividing the x2
parameter, discussed in Chapter 2, by the number of degrees of freedom in the
fit, i.e., the number of parameters in the fit subtracted from the number of points
fit minus one.® If a single decay is repeatedly measured and fit to the correct
form, the evaluated x? parameters should be distributed according to the y2
distribution.® The probability of any single x? being greater than 1.10 is only
1.5%. The x2 of a single fit, therefore, only indicates if the fit is statistically
unlikely to be the correct fit. Experimentally, excellent fits are achieved with 32

below 1.1 and nearly all the data in this thesis have fits with lower values of x2.

The residual of a fit is a plot of the number of standard deviations a single
point is from that point of the calculated fit. Since the number of detected
photons for a particular tirﬁe range should follow a Poisson distribution, the
probability of any single point being more than 30 away from the correct fit is
<0.1%. More important for this work, a plot of the residual reveals consistent

errors as will be shown in the next section.

The resolution with which additional decay components can be identified
and the accuracy with which the lifetimes can be fit is evaluated using “synthe-

sized” data and is discussed in the next section.

A. Convolution Effects-Experimental Considerations
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The convoluted rise in any measured temporal data depends sensitively
on the width, shape, and position of the system response function and also
contains most of the signal due to fast rising or decaying lifetime components.
Therefore, for this work it was important to measure the correct response, that
is, the response that corresponds to the measured temporal data, and also for

the response to remain stable during the measurement of a decay curve.

Most critical is the precise way in which laser light is scattered to measure
the system response function and signal is focused onto the photomultiplier to
measure the temporal data. In preliminary experiments we observed a shift as
large as ~2/3 of the full width at half maximum (fwhm) in the peak of the
response, changing only the alignment of the molecular beam and the collection
optics. This shift is likely due to transit time effects from detecting the light
scattered onto different parts of the multichannel plate PMT cathode. Before we
could consistently and accurately measure the rising part of the temporal data,
convoluted with the system response function, it was necessary to align the
molecular beam and detection optics so that an accurate response, not shifted

with respect to the temporal data or distorted in shape, could be consistently

measured.

In addition, for the stilbene experiments it was necessary to discriminate
against rotational coherence effects” in order to accurately measure the convo-
luted rises of temporal data. To measure data insensitive to the polarization of
the sample in the expansion due to the polarization of the excitation source, the
plane of the laser polarization was rotated so that equal amounts of fluorescence
were detected parallel and perpendicular to the initial laser polarization. For
the signal-to-noise levels of the data in this thesis, this was sufficient to discrim-

inate against rotational coherence effects, and it was not necessary to detect
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fluorescence at the magic angle (and thus lose signal from having to introduce
a polarizer into the collection optics.) Finally, for the stilbene experiments it
was necessary to keep the temperature of the stilbene in the molecular beam
reservoir near or below the melting point of stilbene. At higher temperatures
resonantly excited stilbene fluorescence appeared to have a fast (~20ps) rising

component.

Taking these problems into consideration, single exponential decays of reso-
nantly excited fluorescence from the bare molecule could consistently be fit from
the sharp, convoluted rise to the end of the decay (see Figure 1). Such a single
exponential decay was collected and fit at the beginning and end of each day,
a control experiment. In addition, the system response function was monitored

periodically throughout each day so that drifts and changes in its shape were

recognized.

Figure 2 shows the difference between single and double exponential fits of
the fast rise in the fluorescence from bare, vibrationless stilbene formed after
exciting stilbene-He at 95 cm™!. Note the different scales in the residuals of the
two fits. Identical response functions of fwhm = 82 ps were measured before
and after this data. The single exponential fit is shifted 26 ps with respect to
the measured response so that the fit intersects the middle of the measured rise
of the data, entirely missing experimental data points before and after. This

systematic error also appears clearly in the residual.

In a similar way, Figure 3 compares double and triple exponential fits to the
temporal data for the fluorescence vibrationless stilbene formed after exciting
stilbene-Ne at 198 cm™!. Identical system response functions were measured
directly before and after this data, as were well-fit decays of resonantly excited

bare stilbene. Again, the incorrect fit alternately deviates from the experimen-
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tal data and is shifted from the measured response substantially (32 ps) so
as to minimize the effect of the unaccounted for fast lifetime. Furthermore,

although the eight fit parameters of the triexponential were treated as entirely
independent, the ratios of the amplitudes of the fast lifetime components to the
amplitude of the fluorescent decay, -1.34 and 0.36, are the same within experi-
mental error as those calculated from the lifetimes using the equations for the

sequential mechanism discussed in Section I.A, -1.33 and 0.33.

During the course of the experimental work described in this paper, the
two decays plotted in Figures 2 and 3 were measured, respectively, four and six
times, independently, on different days, under different conditions of laser power,
total pressure, etc. The standard deviation of each of the measured lifetimes and
amplitude ratios for the repeated measurements of those decays were all under
10%. This figure gives the most realistic estimate of the error in the measured

lifetimes and amplitudes. In the text, the average of the measured lifetimes will

be reported.

Simulated Data

In addition to the spread of values actually measured for a particular life-
time, additional estimates of the experimental accuracy can be made using “syn-
thetic” data. Synthetic data was created by calculating the intensity as a func-
tion of time for a particular set of parameters, convoluting it with a measured
experimental response, and adding Poisson noise calculated with a random num-
ber generator. By then fitting this data with an incorrect functional form or with
a shifted or broadened response, the effect of these errors and the accuracy of

the fitted parameters could be estimated.

a) Resolution

Figure 4 shows a simulated double exponential curve with parameter similar
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to those of the data of Figure 2, with ~3000 detected photons at the maximum,
fit as single and double exponential curves, respectively. As with the exper-
imental data discussed in the previous section, the effect of the unaccounted
for fast lifetime is to dramatically shift the data with respect to the measured
response and to introduce a consistent error in the residual of the fit. On the
basis of figure 3, we take ~20 ps to be the limit of our resolution for a risetime
with a response function of fwhm = 80 ps and 3000 counts at the maximum.
With the same response, simulated triple exponential data shows that 40 ps is
approximately the fastest third decay component that can be measured if the
risetime is 232 ps and A fq,:/A fiuor = .19 as would be the case if the data were

described by a triple exponential as in Section I.A or I.B.

Double and triple exponential decay curves synthesized using a variety of
parameters similar to the parameter of the data in Figure 2 fit to within less

than 5% of the correct lifetimes.

b) Experimental Errors

The greatest source of experimental error is due to drifting responses due
to jitter in the timing electronics. The effect of a response that drifts over the
course of the measurement of a decay curve is that the true response is broadened
and shifted from the measured response. The immediate effect in the fit of such
data is that a shift is calculated for the fit of the data with the respect to the
response. This shift is evident in the simulated data for a drift of ~1/3 of the
fwhm of the response. A “bad” fit is not discerned from the value of x2 and the
residual until the response has drifted approximately ~3/4 of the fwhm of the
response. Figure 5 shows that a good fit can be obtained, even for relatively
large drifts of the position of the response compared to the fwhm. The data in

Figure 5 was simulated from a response artifically drifted by 1/2 of the fwhm
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of the response and fit with the response that was not artifically drifted. The
‘drifted’ response was shifted in time by 1/4 of the fwhm and broadened by
1/10 of the fwhm. In the course of the experiments discussed in this thesis, the
measured shifts in the measured response were generally less than 1/10 of the
fwhm and broadening was rarely observed.

In this chapter we have shown that under the conditions of the experi-
ments discussed in this thesis, single, double and triple exponential decays with

lifetimes as short as ~20 ps can be accurately and reproducibly measured.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Fluorescence decay of resonance emission from bare stilbene excited
to the vibrational level 362372, fit as a single exponential decay
(T4=2.6ns) convoluted with the system response function. The full
width at half maximum of the measured system response function,

A, was 82ps. For this fit, x2=1.09.

Single and double exponential fits of the emission from bare,
vibrationless stilbene formed in the dissociation of stilbene-He 372.

A=82ps and x2=3.64 and 1.04, respectively.

Double and triple exponential fits of the emission from bare,
vibrationless stilbene formed in the dissociation of stilbene-Ne 25!.

A=T76ps and x2=1.96 and 0.93, respectively.

Single and double exponential fits of computer simulated data with

a fast (20ps) risetime. A=76ps and x2=0.94 and 1.38, respectively.

Computer simulated data illustrating the effect of a drifting re-
sponse on the fast, convoluted rise of measured temporal data. The
parameters of the simulation are discussed in the text. For this sin-

gle exponential fit using the same response as above, x2=1.09, and

the shift of the fit is 19ps.
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(su) swi}

ov ¢t &4 9l 80 00

| | | | ]

. R ..l
. . . . L L.
i . ‘, .. . . . " *e L o w0 . .
e "t el R .. . R o %' T . L
. - ., -» . W . ® 00 ep”e et su e o%F * .. - . > w - -
.28 - Gl ] . . 3 ' ] Frae g 2. N »
ta A arh 2 Togt & ARy -0.&.-\..-..3 e !wo«.... PRt “o..v\v..uo..(.- teat 2,

e e Y
et ]

; = A= 4 . Pegiaw o
v ey o, e . . .
° S e Sl - RIF AR LR i .
- - > . . o .t
A S M L R telenes e . o et T et
. . . o .
s . - o ln . 4 . -
* . p—
. b
.
- - . ¢ hd . -
* LI . * . L P
. - . ® - . . . . .. . - .
- e .. L A o Y . R 4 ..
cam_ e P LY . s 2 . . - -
¥ CI) 3 s To—r
. CRCN . - . P . . .
. .
. . . hd . . AP «® o » .o .
e b4 . e . .
. . .
.
. .
.

sy4 renuauodx3 a|buig

000¢

ooo¥

1009

(syuno2) Alisusiu|

1008

10001
ve-

<
)

o
3
srenpisay

(=

N
™



41
Figure 2
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Figure 3
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Figure 4
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Figure 5
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Chapter Four

Vibrational Predissociation in van der Waals

Complexes of ¢-Stilbene
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I. Introduction

In this chapter the results of time-resolved experiments on the
dissociation of stilbene-He, stilbene-He,, stilbene-Ne, and stilbene-Ar are pre-
sented and discussed in terms of the kinetic models developed in the last chapter.
The magnitude of the measured lifetimes are then compared with theoretical ex-

pectations.

These complexes with stilbene are good choices for studying the dissociation
of van der Waals systems for a number of reasons. The free-jet excitation spectra
of trans-stilbene! and its van der Waals complexes? have been published. The
spectrum of the helium complex shows a mode selective line broadening. The
dynamics due to IVR? and other radiationless processes* have been throughly
characterized. The stoichiometry and geometry of the complexes have been
determined by sub-Doppler measurements® of the rotational constants of the
isolated complexes. Finally, recent spectroscopic studies® have throughly char-

acterized the low energy vibrational structure of t-stilbene.

The spectroscopy of the vibrational structure of jet-cooled S; trans-stilbene
has been studied before.!® The electronic origin is at 3101.4A. To the blue
there are major absorptions at 83, 95, and 198 em™? that are important in this
work, hot band (sequence bands from thermally populated low energy levels)
absorptions at 26 and 39 cm™!, and combinations and overtones of all these
bands. The upper levels reached in these transitions are assigned to 1,5, an
in-plane bend at 198 cm™?; v3q, an out-of-plane bend of the phenyl rings with
respect to the ethylene double bond at 35 cm™?!; and/or v37, an antisymmetric

torsion of the phenyl rings around the ethylene-phenyl bond at 47.5 cm™!.

The dynamics of jet-cooled S, stilbene has also been studied before, by time

resolved spectroscopy. The fluorescence lifetime is 2.7 ns for every excitation



47

band below 1200 cm™1!, the barrier to isomerization.? IVR is not observed until

396 cm™1,3% and there is no evidence for any other radiationless transition.

Calculations” suggest the existance of two other vibrational modes with
vibrational frequencies under 200 cm™!, another torsion of the phenyl rings at
131 cm™!, and an 88 cm™?! bend, neither of which have been observed experi-
mentally.

The geometric structure of the complexes of stilbene studied in this work
have been studied experimentally by measuring the purely rotational coherence’
and the high resolution, rotationally resolved excitation spectrum.? For each 1:1
complex, the average position of the rare gas atom is between 3.0 and 3.454
above the plane of one phenyl ring, displaced towards the center of the stilbene

molecule between 0.1 and 0.5 A.

I1. Experimental

Complexes of stilbene-neon and stilbene-argon were formed in continuous
supersonic jet expansions by passing ~100psi of a mixture of a small percentage
of neon or argon in helium over stilbene heated to ~125°C in a Pyrex tube
through a 50 to 80y pinhole and into a vacuum chamber held at less than 1
milltorr. To form a sufficient concentration of stilbene-helium, it was necessary
to increase the backing pressure to as high as 800psi of helium and to use a

stainless steel high pressure nozzle assembly with a 254 pinhole.

The complexes formed in these expansions were excited with tunable UV
pulses of light ~ 15 ps (fwhm) long and ~ 2 cm™! (fwhm) broad. These pulses
were the doubled output of a cavity-dumped dye laser (R6G in ethylene glycol)
synchronously pumped by a mode-locked Ar* laser.

The laser-induced fluorescence from the sample in the jet expansion was

focused onto the slit of a 1/2m monochromator, detected and time resolved
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by either a Hamamatsu R1564U or R2287U microchannel plate photomultiplier
tube with associated photon counting electronics. The system response function
measured with the Hamamatsu R2287U was generally broader, but more stable
in position and width than that of the R1564U. The temporal system response
function was measured by moving the molecular beam nozzle assembly into the
path of the laser beam and detecting the scattered light. This response function
was generally recorded before and after each decay and usually had a full width

at half maximum of about 80 ps.
II1. Results
A. Complexes with Helium

Stilbene-He: Excitation bands corresponding to excited stilbene transitions
in the stilbene-He complex have been observed 6 cm™! to the red of the cor-
responding bare stilbene transition for each transition of the molecule.? Seven
of these bands, all overtones and combinations of vs5, 13, and v37 have been

studied in these experiments.

03 : The fluorescence spectrum of vibrationless S; stilbene has been observed!
and assigned® as primarily involving progressions of v37 built on each member
of a progression in v5. The frequency of each member in the v37 progressions,
however, depend on the transition with which it combines, apparently because
of the large anharmonicity of v37. The stilbene-He origin fluorescence spectrum
is very similar. Each member of the v5 progression is shifted 6 cm™! to the
red, just as the complex bands are shifted 6 cm™! to the red in the excitation
spectrum. The v37 progressions, however, are shifted between 3 and 6 cm™! to

the red and have different intensity distributions.

The fluorescence decay is a fit by a single exponential, the lifetime of which

is equal to the lifetime of bare stilbene at this energy (2.7 ns).* Time resolved
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polarization anisotropy experiments identify the emitter as stilbene-He.® Thus,

exciting the vibrationless complex, no unusual dynamical behavior is observed.

83 and 95 ecm™!: Figure 1 shows the fluorescence spectra from the S; + 83
and the S; + 95 cm™! vibrational levels of the complex and from exciting the
red and blue edges of those bands. In both cases, the minor product is produced
by loss of one quantum of v37 and is formed unresolvably fast. The vibrationless
stilbene is formed in 42 ps after exciting the complex at 95 cn™! (see again
Figure 2 in Chapter 3) and in 36 ps after exciting the complex at 83 cm™!,
independently of the precise excitation wavelength. The rises in these temporal

data are compared with each other in Figure 2.

198 cm™!: The complex 198 cm™? absorption band overlaps with the bare stil-
bene 2 x 95 cm™! band. Dispersed fluorescence spectra recorded under identical
conditions except for the backing pressure of the molecular beam are shown in
Figure 3, traces a and b. None of the bands which result from exciting the com-
plex (those that grow at higher backing pressures) can be assigned to known S;
10,2¢

states. The fluorescence intensity from various weak bands, including the

resonant band at the laser wavelength, decay with a 159 ps lifetime and various
stronger bands have that risetime, with no resolvable third component (Figure

3).

280 and 292 cm™!: These broad? absorption bands are assigned as the com-
binations 198 + 83 cm™! and 198 + 95 cm™!. Both complex bands overlap
with bands in bare, vibrationally cold stilbene. Figure 5 shows the fluorescence
spectra of these overlapping bands at 280 cm™! with backing pressures of 600
and 200 psi helium, a normalized difference spectrum, and a spectrum of bare
stilbene at 198 cm~1. It is evident that the bands due to absorption of the

complex are from bare stilbene in the 198 cm™?! state. From the complex ex-
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cited to 280 cm™!, that single product is formed in ~ 18 ps. As discussed in
Chapter 3, the limit of the temporal resolution is ~ 20 ps. Figure 6 compares the
residuals for the single exponential best fit and for the double exponential best
fit for this data. Since no systematic error was observed in the convoluted rise
of the fluorescent decays of resonantly excited bare stilbene when this data was
measured, this is evidence for a fast rise in the fluorescence decay of the stilbene
25! formed. The vibrational product state distribution from the complex ex-
cited to 292 cm™! depends on the precise excitation wavelength, as at 95 cm ™1,
Product formed by the loss of a single quantum of v37 is formed unresolvably

fast while stilbene at 198 cm™?! is formed in ~ 22 ps.

396 cm~': The complex 252 absorption band overlaps with the bare stilbene
251373 band (Figure 7). As at 198 cm™!, the emission bands due to the the
complex cannot be assigned to known complex or stilbene bands. The resonant
complex fluorescence decays in 58 ps and several of the more intense complex

lines have the same risetime with no apparent third component (Figure 8).

Stilbene-He,: Bands in the excitation spectrum of stilbene-He, have been
identified? 12 cm™! to the red of the corresponding stilbene transitions at the
origin and the fundamental and overtones of v55. Such transitions have not been
observed for stilbene transitions in the complex corresponding to combinations
and overtones of v3g and v37. The only stilbene-He; excitations studied are at

198 cm ™1, the stilbene 135 band, and 396 cm ™1, its overtone.

198 cm™!: The fluorescence spectrum of stilbene-He; at 198 cm™!, not com-
plicated by overlapping absorptions, is shown in Figure 9. Bands assigned to
the major product, vibrationless stilbene, and the minor products, 36! and
371 stilbene, are indicatied in the figure along with the band due to resonant

emission. A 90 ps decay of the initially excited state was measured as was a
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well fit triexponential decay of the stilbene origin fluorescence (Figure 10). The
triexponential included a decaying component with a 42 ps lifetime in addition
to the 2.7 ns fluorescence decay and 94 ps risetime, with the amplitudes of the
three components related to the measured lifetimes as was discussed in Chapter
3. However, this decay was equally well fit (as judged by the value of x2) as
a biexponential with a 115 ps risetime, but a 30 ps shift with respect to the
measured response. A similar shift was found when triexponentials with those

parameters were simulated and fit as biexponentials as discussed in Chapter 3.

The measured decay of fluorescence from the state 37' depends markedly on
the spectral resolution, presumably because of underlying complex emission. At
high resolution (8 cm™!) a low signal-to-noise measurement of the time-resolved
fluorescence from this level is best fit with a partial risetime (the ratio of the
amplitude of the two components is ~-0.4 rather than -1.0) of 140 ps. Figure
11 shows this data and the residuals of the best biexponential fit with a 90 ps

risetime and the best biexponential fit.

396 cm~!: The fluorescence spectrum of stilbene-He, excited to 252, again
not complicated by overlapping bands, is shown in Figure 12. Most of the
fluorescence is from stilbene excited with one quantum of v55 which is formed
with the same rate as the decay rate of the resonant fluorescence, 1/34 ps,
with no detectable third component in the temporal profile (see data with fast
decay and fast rise in Figure 13). Vibrationless stilbene, a minor product, was
previously reported and fit as a biexponential with a 118 ps risetime.!® We have
repeated this measurement to a signal-to-noise more than three times larger
and have fit the data, not as a biexponential, but as a triexponential with rising
components of both 48 and 243 ps (see data labeled “slower rise” in Figure 13.)

While it is doubtful that we have accurately resolved the time evolution of this
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weak, broadened band in the fluorescence spectrum, details of the dynamics
leading to origin stilbene can still be deduced from the presence of the strong,
long risetime. (Emission from the product 25'37! is far too weak to accurately

measure the time evolution of formation for that state.)
B. Complexes with Neon and Argon

Excitation spectra? and rotational constants® of stilbene-neon and stilbene-
argon have been measured. Transitions in the complex to the vibrationless and
198 cm ™! states are observed 16 and 63 cm™! to the red of the corresponding
stilbene transition for the neon and argon complexes, respectively. An additional
band in the spectrum of the argon complex at -40 cm™! with respect to the

stilbene transitions is assigned to a transition in the van der Waals modes.?¢

Stilbene-Ar

198 and 396 cm™1: The stilbene-argon absorptions at 198-63, 198-40, and 396-
63 cm™! with respect to the stilbene origin all give rise to broad, red-shifted,
origin-like fluorescence (Figure 14). The resonant fluorescence decays in 250,
159, and 60 ps, respectively, for these bands, and double-exponential decays
with the same fast risetimes are measured in the broad part of the spectrum

(see Figure 15).

594 cm~!: At this energy the primary product is bare, vibrationless stilbene
(Figure 16). At low (84) resolution, the time evolution of the fluorescence from
that product is well fit by a biexponential with a partial risetime (the ratio
of the amplitudes is -0.7 rather than -1.0) of 125 ps (Figure 17). An “inter-
nal timing”!! analysis of the fluorescence spectrum (i.e., relating fluorescence
yields to decay lifetimes) indicates that the initial stilbene-Ar vibrational state

population decays in <16 ps.

Stilbene-Ne
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198 cm™!: The spectrum from the neon complex excited to the level 25! shows
that the primary product is vibrationless stilbene and that stilbene in the states
36! and 37! are minor products (Figure 18). The resonant fluorescence from the
complex decays in 233 ps (Figure 19). The emission from the bare, vibrationless
stilbene is well fit as a triexponential with a 233 ps rising component and a 63
ps decaying component in addition to the long, fluorescence decay (Figure 19
and Figure 3 of Chapter 3). Amplitudes of the the three components are related

to the measured lifetimes as was discussed in Chapter 3.

As is the case with the minor products of other complexes, it is difficult
to spectrally resolve the weak emission of minor products and consequently the
measured kinetic parameters depend on the spectral resolution. The most highly
resolved (spectral resolution, R = 0.48 A) emission from bare stilbene in the 37!
state could be fit as a double exponential with only a 207 ps risetime. With
less spectral resolution (R = 0.96 A), the fluorescence from this state was fit
with a partial risetime (i.e., the ratio of amplitudes was -0.5, not -1.0) of 195
ps. These data curves are plotted in Figure 20 and show the change in the
rising component of this emission as the spectral resolution is changed. Since
product fluorescence should rise no faster than the decay of the initially excited
state (233 ps), it appears this emission is still insufficiently resolved to measure

kinetic parameters for this state.

396 cn™!: The fluorescence spectrum of stilbene-Ne excited to the second
overtone of v,5 is shown in Figure 21. Bands due to vibrationless stilbene and
stilbene 25! are marked. Temporal data for some of the more intense bands
in the spectrum were recorded with low (4.8-1.6 A) resolution. All had partial
risetimes of 116 ps, the same as the decay lifetime of the resonant fluorescence

(Figure 22).
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IV. Discussion
A. Separation of IVR and VP

The temporal data for stilbene-neon excited to 198 cm™?! offers the clearest
and the most convincing proof we have that IVR is preceeding VP despite the
fact that there is no hint of IVR in the time-integrated (i.e., spectral) results.
A triexponential with clearly resolved lifetimes is measured in the fluorescence
from the product stilbene, and a matching decay of fluorescence from the initially
excited state is also observed. Sequential VP, of course, cannot account for the
multistep dissociation of this 1:1 complex. From this data we can identify 255
ps (correcting for ky) as the total rate of dissipative IVR from the initially
excited chemical vibrational level of the complex and 65 ps (correcting for ky)
as the total VP rate of the intermediate state that precedes the formation of
vibrationless stilbene. In the next two sections we will discuss these two rates

in some detail, comparing them with theoretical expectations.
B. IVR and the van der Waals Vibrational State Density

In bare stilbene, dissipative IVR is not observed until 1237 cm~?! and no
IVR is observed at only 198 cn™?! of excess energy. It is perhaps surprising
that the weak binding (Dy < 198-48 cmn™') of a rare gas atom can affect the

relaxation dynamics of this in-plane vibrational mode so drastically.

Two parameters are necessary to quantify IVR, coupling strengths and
vibrational state densities. Felker et al.? have directly measured coupling strengths
of ~1.0 GHz in bare stilbene by measuring beat frequencies in the fluorescence
decays of single vibrational levels. The calculated vibrational state density at
energies where dissipative IVR is observed is > 150 per c¢cm™! per symmetry
class (accounting for the symmetry restrictions in the coupling). To discuss the

role of IVR in these experiments, therefore, we need to consider the effects of
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the van der Waals modes on the vibrational state density of these complexes.

Our method is similar to Ewing’s.12¢

Models of the van der Waals potential between rare gas atoms and aro-
matic molecules have exclusively been based on two body interaction potentials
between the rare gas atom and each atom of the aromatic molecule.!® Baskin and
Zewail have®® used structural data on these complexes to evaluate approximately
the validity of these calculated potentials in determining rotational constants.
Qualitative agreement is found between the experimentally determined structure
and that calculated from a sum of two-body potentials in which the aromatic
and aliphatic carbons are characterized by different parameters. We used this
potential to calculate the density of van der Waals vibrational states. These
potentials have double minima, one above each phenyl ring, with a substantial

barrier (~1/4 D.) between them.

The three coordinates involving motion of the rare gas atom were assumed
to be the stretching motion of the atom towards and away from the phenyl ring,
a bending motion parallel to the line on which the double minima occur and
a bending motion perpendicular to that line. Plots of the vibrational potential
energy along these three coordinates are shown in Figure 23 for stilbene-Ar
along with the fits of these curves to a Morse potential and two 1/cosh? x
potentials, respectively, each of which is determined by a well depth and a range
parameter.’® Only a single well of the double minimum potential was fit for the
purpose of calculating the vibrational state density. Vibrational frequencies and
anharmonicities for these van der Waals modes were then calculated from the
range parameter of the fit and the experimental upper limit of the dissociation

energy. These parameters are listed in Table 1.

Treating each coordinate as separable would lead to dissociation only when



56

the energy in any single coordinate exceeded Dy. By adding appropriate cross-
anharmonicities (e.g., gzy = 24/(9z29yy), Where g, for example, is the an-
harmonic constant for the x-coordinate), however, the expression for the van
der Waals vibrational energy can be made to reflect dissociation whenever the
total energy exceeds Dg. To calculate the energies of the different van der Waals

modes, therefore, we used the expression

1 1 1
Evdw - wz(nz + —) + ‘-"y(ny + —) +wz(nz + _)

2 2 2
2

1.2 1 1.2
"'gzz(nz + '2‘) —gyy(ny + "') - gzz(nz + “2‘)

2

= gay(na + )y + 3) = gas(na + ) + 3) = gualry + ) + 3)

where the w’s are the vibrational frequencies, the ¢g’s are the anharmonic con-
stants, and the n’s are vibrational quantum numbers. This expression was used
to directly count the number and density of bound levels in the van der Waals
well.

Knowing the vibrational level structure of stilbene from earlier spectroscopic
work and normal mode calculations and having determined the approximate
vibrational state density for the van der Waals modes, Figure 24 shows the
vibrational energy level diagram of stilbene below 200 cm™! and the resultant
total density of bound vibrational states as a function of excess vibrational
energy for stilbene-He. The total vibrational state density of stilbene-neon and
stilbene-argon were calculated in the same way and plots of those functions are
shown in Figure 25.

The vibrational state density of stilbene-neon at 198 cm™?!, 330 per cm™1
can be compared to the state density at which dissipative IVR is observed in bare
stilbene (150 per cm™!). According to the theoretical work of Lahmini®, the

intramolecular dephasing of a bound state (as is the case for IVR) approaches
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a single exponential form more closely as the number of coupled levels increases
and the decay rate of the dephasing is given by a golden-rule type expression.
Thus, comparing state densities for the bare molecule and the complex and
assuming for the moment that the coupling strengths are similar (~1.0 GHz?),
we would expect the IVR dephasing in the complex to be more nearly dissipative
(i.e., no or fewer recurrences) and the decay rate to be ~ 27rVZp = 1/14ps.
Thus, the IVR observed in stilbene-neon is qualitatively consistent with previous
observations for these approximate values of V and p.
C. Vibrational Predissociation-Comparison with Theory

From the temporal profile of the fluorescence from the dissociated vibration-
less stilbene formed when stilbene-neon is excited to 198 cm™!, we can identify
65 ps (corrected for k) as the total VP rate from some redistributed level at
198 cm™!. The decay of the initial state identifies 255 ps as the IVR rate. We
can compare this experimental rate with rates calculated according to statistical

rate theories!® and according to the momentum-gap law.!2

Classical RRK theory gives

E—D, S—1
-a(252)

where FE is the energy of the undissociated molecule, Dy the dissociation energy,
S the number of oscillators in the molecule, and A is the frequency of the van der
Waals stretch (e.g., the reaction coordinate). Taking the IVR to be complete so
that all eight modes up to and including the 198 cm™! mode take part in the
dissociation, and taking 150 cm™! as Dy, we calculate a predissociation lifetime
at 198 cm™! of 20 ns for stilbene-Ne, orders of magnitude different from the
experimental value. The equation above can be derived by assuming that a
classical treatment of harmonic vibrations is adequate to calculate vibrational

state densities. The corresponding state density for stilbene-Ne at 198 cm™! is
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given by

ES——]
S
(5 — )] hws

=1

= 0.40cm ™!

where E and S are as before, h is Planck’s constant, and v; is the frequency of
the 1t# oscillator. Comparing this value of the vibrational state density with
the value calculated by directly counting anharmonic levels, it is clear that
the classical treatment of molecular vibrations is completely inappropriate for
discussion of the dissociation of van der Waals complexes at low energies.

RRKM rate constants are given by the expression

_ N'(E)
HE) = 50E)

where k, E, h, and p are as before and N1 is the number of levels in the transition
state. The van der Waals stretching mode of the stilbene complex was assumed
to be the reaction coordinate. For simplicity, all other modes were assumed the
same in the transition state as in the excited complex. Harmonic frequencies
of 40.0, 9.0 and 8.0 were used in the calculation for the van der Waals modes
(compare with Table 1). The RRKM rates were calculated by directly count-
ing harmonic vibrational levels as discussed by Khundkar et al.}%® Some rates
were calculated with anharmonicities included for the van der Waals modes to
evaluate the accuracy of the calculation.

The VP lifetime for stilbene-neon at 198 cm™! calculated from RRKM
theory using a harmonic count of vibrational levels is 75 ps and increases to 97
ps when anharmonic levels are counted, taking D, (which determines the anhar-
monicities in this model) to be 250 cm™!. Including cross-anharmonicities also,
but counting only the bound states below the dissociation limit, the calculated
lifetime is 239 ps.
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Our experimental VP rate of 65 ps can also be compared to theoretical
expectations according to the momentum-gap law. As developed by Ewing,?
this law can be derived by separating the matrix element in Fermi’s Golden
Rule into a factor involving the van der Waals states and a factor involving
the chemical vibrations. For a slowly changing van der Waals potential, the
van der Waals factor in the matrix element is a Frank-Condon overlap integral
between the initial van der Waals state and the outgoing plane wave function
for the predissociated atom. The factor involving the chemical vibrations in the
matrix element is similar to an infrared transition matrix element and is fully
allowed for Av = 1, and less allowed for Av = 2, 3, etc. Those different factors,
momentum gap and vibrational changes, determine the momentum-gap rate, but
the relative importance of each cannot be judged without explicitly calculating
matrix elements and overlap integrals for the potential energy surface of the
complex. For an initial state with excited van der Waals modes (particularly the
stretch) however, Ewing!?¢ has shown that the energy gap may be compensated
for, in a sense, since the greater number of nodes in the van der Waals vibrational
wavefunction can maximize the overlap integral with a relatively high energy
plane wave eigenfunction for the translational state of the final fragment.

Ewing has simplified these results to givel?c

kvp — 10136[—-1r(An¢+An,)]

An, — YZHAE
2ah

where An, is the change in chemical vibrational quantum numbers, An; is
the change in the “translational quantum number,” p is the reduced mass of

the fragments, AFE is the final relative translational energy of the fragments,

a is the Morse potential range parameter, h is Planck’s constant, and v, is
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the vibrational quantum number for the van der Waals stretching mode. Since
37! stilbene is a product of the dissociation of stilbene-neon 25!, AE can be
no less than 48 cm™! if all the available energy goes into translation. Taking
this value of AE, the range parameter (1.3A~!) calculated from the van der
Waals potential and taking An, = 1 since low An channels are favored in
the experimental product state distributions, this equation gives VP rates of
between 21 ns and 3.1 ps depending on whether the van der Waals stretching
mode is in the v, = 0, 1, 2, or 3 state. If AE=10 cm™!, these same rates
vary between 445 and 6 ps. Clearly, even the simplest calculation of the rate
according to the momentum-gap law is not accurate without more knowledge
of the intermediate state. General statements will be made, however, in a later

section when different rates are compared.
D. Product State Distributions

When more than one product is formed in the dissociation, the experimental
PSDs give information on rate processes that occur in parallel. According to the
model presented in Chapter 3, the time resolved data can determine whether the
parallel process occurs in the IVR step or the VP step. If different VP lifetimes
are measured, as is the case for stilbene-He; 25! and 252, then different inter-
mediate states are formed in the IVR step, are predissociating independently,
and the PSD can be used to calculate individual IVR rates. Conversely, if iden-
tical triexponentials are measured for different final states, it is likely that the
different products are formed in the VP step and the PSD would be determined
by the individual VP rates (since, a priori, one would not assume identical VP

rates from different intermediate states).

Different VP rates were resolved for stilbene-He, 25! and 252. For stilbene-

Ne and stilbene-Ar the signal was insufficient to accurately measure temporal
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data for minor products at the high spectral resolution necessary to isolate
individual bands. Assuming, therefore, similar dissociation paths, i.e., IVR to
different states which VP independently, the IVR rates for all of these excitations
were calculated by taking the relative emission intensities to be proportional to
the relative rates while the total rate (including a fluorescence rate assumed to
be the same as that of the bare molecule) was measured. These individual IVR
rates are shown in Table 2. This table does not include stilbene-He data since
the PSDs observed from that complex either depended on the precise excitation

frequency within the inhomogeneous absorption band or could not be assigned.

E. Comparison of Linewidths and Measured Lifetimes

The stilbene-He complex is the only large polyatomic-rare gas van der Waals
complex that has been studied by measuring both excitation linewidths? and by
directly time-resolving the population of reactants and products. The bands
in the excitation spectrum of the stilbene-Hecomplex at 83 and 95 cm™?! are
unusually broad compared to other complex bands, having a full width at half
maximum of ~3 em™}. If homogeneous, this width corresponds to a lifetime of
~ 2ps. In these time resolved experiments, however, we measured product rise
times of 36 and 42 ps, respectively, for those two transitions. It is apparent that

the broad absorption lines do not accurately reflect the dissociation rates.

Originally, both our work'® and the work of Zwier and co-workers? sug-
gested that the broad lines in the excitation spectrum could be due to fast IVR
out of the initially excited state, preceeding dissociation. However, the depen-
dence of the PSD on the precise excitation wavelength reported here for the 83
and 95 cm™! bands and reported by Zwier?c for the 95 cm™! band show tﬁat
the absorption bands are inhomogeneously broadened. The identity of the states

within the inhomogeneous width and the time scale for energy flow between them
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is still not clear.!”

F. Mode Specificity

In these experiments, we have directly observed a vibrational mode depen-
dence in the unimolecular dissociation of a large polyatomic system, stilbene-He.
The dissociation from modes involving v3¢ and v37 is considerably faster than

from modes of the higher energy vibration, vss.
A number of possible explanations for this behavior can be considered:

(1) The IVR rate is mode dependent because changes in the displacements
of the normal coordinates of v34 and v37 cause large changes in the van der Waals
potential energy (these bending coordinates in stilbene have large components
along the van der Waals stretch). Weber and Rice!® hypothesize that this is the
reason for the unusual activity of mode 16a in the dynamics of S, tetrazine-Ar.
As in that case, the vibrational shifts of complex bands including v3 and v37
in the excitation spectrum?® are different from the vibrational shifts of other

bands, though the difference is small.

(2) The VP rate is mode dependent because of a low energy gap propensity.
The rate from mode 25 could be slow compared to the rate from the lower energy
modes because the stilbene molecules excited to the unassigned product mode
must be translationally hot to compensate for the large gap in energy (or relative

momentum) between the initial and final states of the reaction.

(3) Both v34 and v37 and the van der Waals vibrations have large amplitudes
compared to most chemical vibrations. This will have the effect of increasing

the coupling strength and making higher-order anharmonicities more important

for both IVR and VP.

(4) The similarity of the frequencies of v3¢ and v3r to the van der Waals

stretching mode would decrease Av, and thus increase the strength of the
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interaction of these modes for either the IVR or VP.

The nature of these levels in the neon and argon complexes is more poorly
understood. Zwier reported?® the absence of bands involving v3¢ and v37 in the
excitation spectra of these complexes, suggesting they were so broadened by IVR
that they could not be detected. This was consistant with our observation of
weak, broad fluorescence, independent of the precise (i.e., £10 em™?) excitation
wavelength in the region of the excitation spectrum where these bands would
be expected. Zwier’s latest work,?¢ however, tentatively identifies narrow bands

with unusual shifts with these transitions.

Mode specific rates are also observed in two cases for the VP rates of dif-
ferent products from different, isoenergetic, redistributed levels of the complex.
Stilbene-He; excited to 252 yields 25! and 0° stilbene with different rates.
According to the kinetic scheme in Chapter 3, these different rates reflect dif-
ferent VP rates from different intermediate states. Since the identity of these
intermediate states is unknown, however, these rates cannot be compared even
qualitatively with predictions according to the momentum gap law, as has been
discussed for stilbene-Ne 25!. In contrast to the two VP rates measured for
stilbene-He, 252, it is interesting that the higher energy product of the dissoci-
ation of stilbene-He; 25! is formed more slowly than the lower energy product.
In both cases, the product formed with the faster rate differs from the initial
state by the smaller number of vibrational quanta, not by the smaller energy
gap.

G. Other Complexes
The results for the other excitations and other clusters support these con-

clusions about IVR and VP in the dissociation process directly or indirectly. For

example, the data for the three excitations of v5 (25], 253, and 253) in stilbene-
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Ar strongly suggest the dissociation is a two-step process, that IVR precedes
VP. At 25! and 252, rates of irreversible IVR of 1/250 ps and 1/60 ps, respec-
tively, are measured from the broad fluorescence (itself the spectral signature of
dissipative IVR). At 25%, where the IVR rate is apparently too fast to resolve,
narrow bands assigned to bare, vibrationless stilbene have a 125 ps rise which
we attribute to the total VP lifetime from some redistributed level. Both the
RRKM and the momentum gap theories predict a longer decay lifetime for this
reaction compared to the decay lifetimes calculated for stilbene-Ne 25'. These

lifetimes are listed in Table 3.

For the 252 excitation of stilbene-Ne, only one rate, the decay rate of the
initially excited state, was actually resolved. A comparison of this rate with
other IVR rates for the neon and argon complexes studied and the fact that the
calculated RRKM rate (Table 3) is significantly faster than the RRKM rate for
25! excitation suggests that the dynamics of this level is only faster than the
dynamics for the 25! level, not different. Note also that the congestion in the
red part of the dispersed fluorescence spectrum is likely to conceal any different

behavior in the temporal profile of fluorescence from vibrationless stilbene.

For the 25! excitation of stilbene-He;, not only was a triexponenetial decay
of the fluorescence from vibrationless stilbene measured, but a different risetime

was measured for the product 37! stilbene. Each of these observationsis evidence

for IVR preceeding VP.

The detailed dynamics from the different excitations of the stilbene-He com-
plexes are the least clearly understood of the systems we have studied. Without
knowing the decay rate of the initially excited state, it is not clear whether
or not IVR is occuring from these levels. One possibility is that the states

which predissociate to form 37! and 0° stilbene are separated by ~1 cm™! but
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both derive their absorption strength from the zero-order state, stilbene-He 372,
In this case, IVR would necessarily precede VP with our laser. On the other
hand, recent work by Zwier!? on stilbene-H,; and p-methylstilbene-H, suggests
that the broadening may be from unresolved vibrational structure in the van
der Waals modes. In this case, the initially excited states could independently

predissociate, without IVR, also consistant with our results.

Excitation of 25! and 252 in the stilbene-He complex yields an unassignable
spectrum with no third component in the temporal profile of the fluorescence.
However, very fast VP rates are calculated (see Table 4) for this complex accord-
ing to both RRKM theory (because of the small value of D) and according to
the momentum gap law (because of the small reduced mass of the complex). It
is doubtful that the decay rates measured are due to direct VP from the initially
excited chemical vibrational level when those channels are not observed for the

other complexes studied.
V. CONCLUSIONS

This chapter includes experimental results of the direct, time-resolved mea-
surements of the population of both the products and initial states in the uni-
molecular dissociation of the van der Waals complexes of stilbene with helium,

neon, and argon excited to combinations and overtones of vy5, v3¢, and v37.
? b ?

We have studied the time resolved dynamics of 14 excited vibrational lev-
els of these complexes. The time-resolved data for the complexes stilbene-Ne,
stilbene-Ar, and stilbene-He, clearly show that vibrational redistribution pre-
cedes vibrational predissociation even though there is no evidence of redistribu-
tion in the spectral data. We have measured fluorescence spectra and lifetimes
for six levels of stilbene-He, but have not been able to resolve any experimental

evidence for a multistep dissociation for that complex. The measured lifetimes
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do show, however, that the dissociation for that complex is highly mode-specific.

Dissipative IVR is observed at much lower energies in the complexes than
in the bare molecule. A calculation of the density of vibrational states for the
van der Waals modes can account for this observation when anharmonicities are
included for the van der Waals modes.

We report five vibrational predissociation lifetimes from unknown, redis-
tributed levels of the excited complex. In each case, the lifetime according to
simple momentum gap law calculations depends so strongly on the unknown,
final translational energy of the fragments and the (unknown) level of chemical
and van der Waals vibrational excitation in the intermediate state, that no con-
clusion on the validity of the momentum gap law can be made. In two cases,
different VP lifetimes were measured for different redistributed levels of a par-
ticular excitation. In each case the product formed more rapidly differed from
the initial state by a smaller number of vibrational quanta, not a smaller energy
gap.

Predissociation rates calculated according to RRK theory are off by orders
of magnitude because of errors in counting states. Statistical RRKM theory, of
course, cannot account for different VP rates to different product states from
isoenergetic levels. Simple RRKM calculations do, however, account for the
magnitude of the observed VP rates for the major channels of the dissociation
for stilbene-He; 251, stilbene-Ne 25!, and stilbene-Ar 25%. For other excitations
where dissociation occurs, we observe no resolvable VP rates, which is also
consistant with the calculated RRKM rates. We emphasize that the agreement
with RRKM is only for certain vibrational predissociation rates. IVR was often

found to be the slower step.
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Table 1

Calculated van der Waals frequencies and anharmonicities

Stilbene-Ar

(in wavenumbers)

w,=8.06 922=0.032  g,,=0.073
wy=9.21 gyy=0.042 92:=0.334 Do=478%:
w,=42.00 g:2=0.87 gzy=0.381

Stilbene-Ne
w,=6.34 Gz2=0.058 9z4y=0.133
wy=7.26 gyy=0.076 92:=0.604 Dy=150¢
wy=32.96 gz2=1.57 92y=0.691

Stilbene-He
w,=9.14 922=0.267  g,,=0.611
wy=10.46  g,,=0.349  g,,=2.78 D, =482
w,=47.56 9::=1.22 9zy=3.17

a) Experimental upper limit
b) At this energy, a broad, weak absorption appeared to lead to vibrationless

stilbene.
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Table 2

Observed product state distributions and lifetimes

Energy

stilbene-He,

198 cm™! 0°
361
37!

396 cm ! 09
251
251371

stilbene-Ne

198 cm™! 00
361
37!

396 cm™! 0°
251
251371

Product State

Tivr(Ps)® Tup(PS)
129 43
621 ?
716 ~140
236 243
45 <20
443 ?
445 65
850 ?
1821 ?
379 ?
209 <20
1212 ?

PSD

2%
15%
13%

~15%
%
8%

56%
30%
14%

32%
58%
10%
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stilbene-Ar
198 cm~! ?
198+23 cm™—1b ?
396 cm—1 ?
594 cm™1 0°

37

276
169
61
<20

<20

125 ~80%

? ~20%

a) These lifetimes are calculated from measured IVR rates (corrected for ky)

and the product state distributions.

b) The band in the excitation spectrum at -40 cm™! with respect to the 198

cm~! band in bare stilbene.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Dispersed fluorescence spectra (spectral resolution, R::O.5A) from
exciting the maximum, the red edge, and the blue edge of the broad

stilbene-He 372 and 36]37] absorption bands.

Risetimes in the fluorescence of product in the reactions:

stilbene-He 372 —stilbene 37! + He T <20ps
stilbene-He 372 —stilbene 0° + He T =43ps
stilbene-He 36137! —stilbene 0° + He T =34ps

R=0.5A and A=56 ps for the 0° data. For the 37! data, R=3.24
and A=80 ps. x2equals 1.01, 1.05, and 1.01, respectively, for the
three fits.

Dispersed fluorescence spectra (R=0.2A) of overlapping emission
from stilbene-He 25! and stilbene 37* with molecular beam backing
pressures of 600 and 300 psi helium (traces a and b, respectively).
The excitation wavelength is marked in trace a. Trace c, emission
due to absorption of the complex, was obtained by subtracting
trace b from trace a, normalizing the intensity so that the peak
at 3088.9A is completely attributed to absorption of bare stilbene.
Trace d shows the intensity of the fluorescence from the complex
that would be expected from the measured lifetimes if the complex

spectrum is shifted 6 cm™! from the spectrum of the bare molecule.



Figure 4.

Figure 5.

Figure 6.
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Temporal data for the decay (r=160ps, x2=1.09) of stilbene-He
25! fluorescence at 3094.8A and the rise (7=173ps, x2=1.10) in
the fluorescence (A=3096.44) of the stilbene formed. R=0.3 and
0.24, respectively, and A=82ps. The data for the decay of stilbene-
He is fit with an additional 2.3 ns decay with an amplitude smaller
by a factor of 20. At the excitation wavelength the amplitude of the
long component is smaller by a factor of about 100. The residual
identified by a “D” is for the data with a fast decaying component
and the residual identified by an “R” is for the data with a fast

rising component.

Dispersed fluorescence spectra (R=0.5A) of overlapping emission
from stilbene-He 25'36'37' and stilbene 36!375 with molecular
beam backing pressures of 600 and 200 psi helium (traces a and b,
respectively). The excitation wavelength is marked in trace a.
Trace c, emission due to absorption of the complex, was obtained
by subtracting trace b from trace a, normalizing the intensity so
that the bluest major peak is completely attributed to absorption

of bare stilbene.

Risetime in the fluorescence of product in the reaction:
stilbene-He 25'36'37!  —stilbene 25! + He

R=0.84 and A=90 ps. The best fit is a biexponential with a 18
ps risetime, with x2=1.08. The best single exponential fit (shown)
rises slightly faster than the data.



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.
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Dispersed fluorescence spectra (R=0.54) of overlapping emission
from stilbene-He 252 and stilbene 25'374 and the normalized dif-

ference spectrum.

Temporal data for the decay (=60 ps, x2=1.01) of stilbene-He
252 fluorescence at 3064.3A and the rise (=56 ps, x2=0.97) in
the fluorescence (A=3077.24) of the stilbene formed. R=0.8A and
A=84 ps. The pressure in the molecular beam was 600 psi. The
long component in the data for the fast decay is unchanged at low

backing pressure.

Dispersed fluorescence spectrum (R=0.5A) of stilbene-He; 25!, The
band at 3124.1A has not been assigned.

Temporal data for the decay (=90 ps, x2=1.06) of stilbene-He,
251 fluorescence at 3083.6A and a triple exponential fit (7iy»=94 ps,
Amplitude IVR/Amplitude fluorescence =A;,n/A F=-1.99, Ty, =42
ps,

A,p/A;=0.97, x2=1.00) for the fluorescence of the vibrationless

stilbene formed.

Temporal data for the product of the reaction:

stilbene-He, 25! —sstilbene 37! 4+ 2He

fit with a 90 ps rise, x2=1.12. The best fit, with 7=140 ps, has
x2=0.92. R=0.8A and A=84 ps.



Figure 12.

Figure 13.

Figure 14.

Figure 1.

Figure 16.

Figure 17.

(i

Dispersed fluorescence spectrum (R-——O.EA) of stilbene-He, 252. The

peak at 3095.5A has not been assigned.

Temporal data for the decay (=36 ps, x2=1.03) of stilbene-He,
fluorescence at 3064.9A and the rise 7=30 ps, x2=0.99 in the flu-
orescence (A=3082.54) of the stilbene 25! formed. The data to
the right is vibrationless stilbene fluorescence and has a strong
(Avp/Ag=

-0.481) slowly rising (7=243 ps) component in the fit (x2=1.04).

Dispersed fluorescence (R=0.8A) of stilbene-Ar excited to 251X™
(i.e., 198-40 cm™?!). The lower trace was recorded under identical
conditions, except for the small leak of argon into the molecular

beam expansion.

Temporal data for the decay (=158 ps, x2=1.09) of stilbene-Ar
25'X"™ fluorescence at 3089.7A and the rise (r=157 ps, x2=1.01) of

emission in the broad part (A=3127.0A) of the spectrum.

Dispersed fluorescence spectrum (R=0.5A) of stilbene-Ar 253. An

asterisk marks the excitation wavelength.

Temporal data for the product of the reaction:
stilbene-Ar 253 —stilbene 09 4+  Ar
R=8.0A and A=88 ps. The best fit is a biexponential with a 125

ps risetime, x2=1.01.



Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.
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Dispersed fluorescence spectrum (R=0.54) of stilbene-Ne 25!, An

asterisk marks the excitation wavelength.

Temporal data for the decay (7=233 ps, x2=1.04) of stilbene-Ne
251 fluorescence at 3096.0A and a triple exponential fit (7iy»=233
ps, Ajur/Ap=-1.34, 7,,=65 ps, A,,/A;=0.36, x2=0.93) for the flu-

orescence of the vibrationless stilbene formed.

Dependence on spectral resolution of the temporal data for the
weak stilbene 37! band at 3097.7A in Figure 18. For the decay with
the faster (=195 ps) rise, R=1.0A, A=88 ps, A;,,/A;=-0.50, and
x2=1.08. For the decay with the slower (r=207 ps) rise, R=0.54,
A=112 ps, A;yr/Ay=-0.92, and x2=1.10.

Dispersed fluorescence spectrum (R=0.54) of stilbene-Ne 252. An

asterisk marks the excitation wavelength.

Temporal data for the decay (r=111 ps, x2=1.07) of stilbene-Ne
25% fluorescence at 3077.9A and for the rise (7=119 ps, x2=1.03) of
fluorescence from stilbene 25'. The decay of resonance fluorescence
at the excitation wavelength has nearly no long-time component,

but could not be fit due to a contribution from scattered laser light.

Sections of the van der Waals potential energy surface between

stilbene and argon along the van der Waals normal coordinates and



Figure 24.

Figure 25.
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the fits sections to a Morse potential and two 1/cosh?x potentials.

Vibrational energy level diagram for stilbene and stilbene-He. To
the right of each “stilbene-like” vibrational level in the complex
is a plot of the total density of vibrational levels in the complex,
including van der Waals levels. The sharp peaks in the state density

occur as the energy in the van der Waals modes approach Dy.

The total density of vibrational states in stilbene-Ne and stilbene-

Ar including the full anharmonicity of the van der Waals modes.
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Figure 3

Stilbene-He 251

a) ﬂ 600 psi He

" oA
b) 300 psi He
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Figure 5

Stilbene-He 251361371
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Figure 7

Stilbene-He 252
(a) 600 psi He

(b) 150 psi He

(a) -82% (b)
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Figure 11
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Figure 12
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Figure 13
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Figure 18
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Figure 21
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Figure 22
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Figure 23

Stilbene-Ar van der Waals Potential
454

(IXIET AL AL AARY

2.5 8.5 10.5 12.5

10.0 5.0 2.0 2.0 6.0 10.0

454

-10.0 6.0 2.0 2.0 6.0 710.0
Distance (A)



103

Figure 24
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Figure 25
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Chapter Five

Vibrational Predissociation in van der Waals Complexes of

Anthracene and Argon
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I. Introduction

In the previous chapter some general conclusions about the dissociation of
stilbene-rare gas complexes were made: (1) intramolecular vibrational
energy redistribution (IVR) appears to precede vibrational predissociation (VP)
in general; (2) the overall dissociation in stilbene-He is mode specific, occurring
most rapidly from out-of-plane modes; and (3) few of the accessible products
are formed, but the VP rate of the major product is approximately that given
by simple RRKM theory. In order to assess the generality of those results, the

dissociation of anthracene-argon was studied.

Anthracene-argon differs in a number of important aspects from the stil-
bene complexes discussed in Chapter 4. Anthracene has higher symmetry than
stilbene, is more rigid and does not have large-amplitude, low-frequency out-
of-plane bending modes. Furthermore, the vibrational structure of the exci-
tation spectrum of anthracene is much different. The excitation spectrum of
stilbene has a large number of bands corresponding to the combinations and
overtones of a few of these low frequency modes and becomes very congested
above the isomerization threshold at 1200 cm™!. In the excitation spectrum
of anthracene, several fundamental modes are accessible with considerable in-
tensity up to ~1400 cm™! and are well resolved from other bands. Finally,
anthracene has similar but inequivalent binding sites for the rare gas atoms so

that geometrical isomers can conceivably be studied.

Like stilbene, the spectroscopy and dynamics of bare anthracene have been
studied before. The high resolution excitation and fluorescence spectra of S;
anthracene in a free-jet expansion have been studied and the observed vibra-
tional structure assigned.! The fluorescence lifetime of the vibrational levels

in S; below ~4000 cm~! have also been measured.? Below ~1500 cm™?! the
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lifetime varies erratically between 28 and 6 ns due to a mode dependence in the
intersystem crossing rate. The dynamics of IVR have been studied in detail3
and characterized according to the vibrational energy. Below 1290 cm™!, no
IVR is observed. Between 1290 and 1514 cm™?, restricted IVR, redistribution

amongst a few vibrational levels, is observed in the quantum beat modulated

fluorescence decays.

The excitation spectrum of anthracene in an argon molecular beam expan-
sion has been reported for the region up to 400 cm™?! red of the origin.* Bands
are assigned as anthracene-Ar,, n=1-10, according to the spectral shift and the
integrated peak intensities. The absorption bands for anthracene-Ar,, n=1 and
2, have shoulders on the red and blue edges, respectively, which are assigned
to different isomers of the complexes on the basis of simple calculations of the
potential energy surface of the rare gas atom. Intense absorptions at -43 cm™?!
and -98 cm™! with respect to the anthracene origin are assigned to the electronic
origin of the stable isomers of anthracene-Ar and anthracene-Ar,. A band at
-137 cm™! is assigned to anthracene-Ar;. Keelan® has measured this spectrum
at a lower signal-to-noise up to anthracene S;+800 cm™!. Bands assigned to the
anthracene-Ar; complex were observed 40 cm™! red of the origin(03), the 12}
band at 385 cm™!, the 10j band at 755 cm™?, and the 122 band at 766 cm™!.
Bands assigned to the anthracene-Ar; complex were observed 97 cm™! red of
the 0J and 12} bands. Only one band was observed in the vicinity of 766-98 or

755-98 cm™!, however, at 766-86 cm™!, and the assignment is not known.

Sequence transitions from thermally populated vibrational levels in the
molecular beam expansion were also observed 23, 43, and 55 cm™! red of the

anthracene origin in the excitation spectrum.®

I1. Experimental
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The experimental arrangement for the work with anthracene-Ar was nearly
identical to that used for stilbene-Ar. A 1.5 x 10~% M solution of DCM in a
3/2 (volume) mixture of ethylene glycol and benzyl alcohol was used in the dye
laser and the visible output was doubled with a LiIO; second harmonic gen-
eration crystal. An Amperex XP2020 photomultiplier tube (PMT) was used
to detect fluorescence. Although the temporal system response function mea-
sured with this photomultiplier is broader than the response measured with the
microchannel PMTs used in the work with stilbene, the quantum efficiency of
the photocathode is about three times greater. The response function with this
PMT was generally 400 ps. As with the stilbene work, well fit single exponential
fluorescence decays of the bare molecule were regularly measured as a control
experiment. Simulating data as discussed in Chapter 3, temporal data with
risetimes as short as ~75 ps could be accurately fit for data with 4500 detected

photons at the maximum of the decay curve.

The concentration of the complex in the molecular beam expansion,
determined by measuring broad-band (50A) fluorescence, was a maximum for an
expansion of ~1% Ar in He. Underlying emission from hot bands was reduced
using a backing pressure of 100 psi in the molecular beam expansion and could

be reduced further by lowering the temperature of the anthracene reservoir.

Decay rates of ~1 ns were reproducible to ~10%. Decay rates of ~15 ns
varied as much as 30% because of the relatively short time scale of the measure-
ment compared to the lifetime. In the following section, only the fast lifetimes
are discussed. Average values are reported in the text for the lifetimes from data

curves that were measured more than once.

II1. Results

Anthracene-Ar; 03: The fluorescence spectrum of anthracene-Ar excited to
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the vibrationless level (Figure 1) is identical, except for a 40 cm™! red shift,
to the fluorescence spectrum of the vibrationless state of bare anthracene. The

fluorescence decay is well fit as a single exponential with a lifetime of 13 ns.

Anthracene-Ar; 12): The fluorescence spectrum of this band of the com-
plex exciting the absorption on resonance, to the red ~3 cm™! and to the blue
~3 cm™! is shown in Figure 2. Most of the emission is assigned to the initially
excited level of the complex and the intensity of the emission decays in 12.5
ns, with no discernable rising or additional decaying component (see Figure 3).
Time resolved data for the bare vibrationless anthracene that is formed at this
excitation depends on the spectral resolution. At high (1.64) resolution (Figure

4), three components in the temporal data are distinguished, but do not fit the

kinetic scheme of Chapter 3.

Anthracene-Ar; 12§: The fluorescence spectrum of this level is shown in Fig-
ure 5. Most of the emission is assigned to the initially excited level, anthracene-
Ar; 12}. The small peak at 3617.0A is relatively more intense when the excita-
tion wavelength is tuned ~9 cm™! to the blue and is assigned to the origin of
anthracene-Ar. The remaining emission is similar to the spectrum of the vibra-
tionless level, but is unassigned. The time resolved data for the anthracene-Ar,
12} band at 3624.0A fits as with two decaying components, one with a 2.0 ns
lifetime and another with a 8.9 ns lifetime. The emission from the unassigned
band at 3622.0A fits as a biexponential with a 2.1 ns rising component and no
fast decaying component. This biexponential and the data with the 2.0 ns de-
cay are shown in Figure 6. The data for the anthracene-Ary 0] band is fit as a

triexponential with lifetimes of 940 ps and 275 ps in Figure 7.

Anthracene-Ar; 122 and 10}: The data for these two levels is similar. In

the fluorescence spectra (Figure 8) the emission is similar to emission from the
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vibrationless level of bare anthracene, but is red shifted -9 and -25 cm™!. The
band at 3567.5A in the 122 spectrum and the band at 3627.04 in the 10} spec-
trum can each be assigned to resonant emission.!® The decay of the fluorescence
at 3567.5A in the 122 spectrum, measured with relatively low spectral resolution
(8.0A), was fit with three decaying components, the most prominent having a
lifetime of 1.5 ns (Figure 9). The decays of each of the two origin-like bands in
the anthracene-Ar; 122 spectrum could be fit as triexponentials with lifetimes
of 1.5 ns and 246 ps (Figure 9), while the temporal data for the same bands in
the anthracene-Ar; 10} spectrum fit with lifetimes of 1.5 ns and 513 ps. The
relative intensity of the two bands in the fluorescence spectrum does not change

perceptibly when the excitation wavelength is off resonance.

Anthracene-Ar; 122/10}: As discussed in the introduction, only one band
in the excitation spectrum is observed that can be attributed to these excita-
tions. The fluorescence spectrum of that band is shown in Figure 10 and can be
assigned as anthracene-Ar; 0°. Exciting the blue edge of the excitation band,
the weak emission from the origin of bare anthracene becomes more intense. The
time resolved data for the emission from the 1:1 complex fits a triexponential
with lifetimes of 575 ps and 278 ps (Figure 11). For the same emission band
but exciting the blue edge of the excitation band, the temporal data fits as a

triexponential with lifetimes of 671 ps and 107 ps.

Anthracene-Ar; 123: Exciting 131 em™! to the red of anthracene
S1+766 cm™1, the spectrum in Figure 12 was recorded. Most of the emission is
assigned as anthracene-Ar; 0°. The temporal decay of the 03 band is fit as a

triple exponential with fast lifetimes of 475 and 262 ps in Figure 13.

Anthracene-Ar; 6]: The emission from the complex excited to S;+1380 cm™!

(Figure 14) is broad origin-like fluorescence and depends on the precise
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excitation wavelength, as in the bare molecule. The bluest band in the emis-
sion is shifted 8 cm™! to the red of the 0) band of the bare molecule. None of
the bands can be assigned to known, optically active modes. The most intense
band, at 3617.04, has two overlapping rises of 680 and 167 ps when exciting on
resonance. Tuning red, a single 906 ps rise is fit in the temporal data for this
emission band (Figure 15). The decay of the band at 3612.0A also depends on
the excitation wavelength, changing from a curve with a partial rise with a 753
ps risetime to a triexponential with fast lifetimes of 872 and 212 ps when the

absorption is excited to the red (Figure 15).

Anthracene-Ar; 61: The dispersed fluorescence spectrum of this band excited
on resonance, to the blue and to the red, is shown in Figure 16. Again, the
emission cannot be assigned in terms of optically active modes and appears to
be composed of origin-like sequence bands. Examples of the temporal data for
the bands at 3611.4A and 3613.7A are shown in Figure 17 and can be fit as
triexponentials with fast lifetimes of 868 and 169 ps and of 563 and 203 ps,

respectively. The temporal data for the band at 3623.3A fits as a biexponential

with a 190 ps rise.
IV. Discussion

A. Separation of IVR and VP

The results reported in the previous section can all be readily interpreted
using the kinetic model of Chapter 3. For every excitation except anthracene-Ar,
12}, triexponentials are accurately measured that match the kinetic scheme for
a two step dissociation. For the temporal data on the vibrationless anthracene
formed at that excitation, and for some of the bands at 1380 cm™?, it is likely
that overlapping bands are contaminating the data. Nonetheless, it is clear that

in these complexes IVR is preceding VP in the dissociation.
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When only a single triexponenetial decay is measured, it is not possible to
determine which of the two short lifetimes is due to IVR and which is due to
VP. Fast decays identifying the first lifetime were measured in these experiments
only for anthracene-Ar; 12} and anthracene-Ar, 12%. For anthracene-Ar; and
anthracene-Ar, excited to S;+1380 cm™?, the fact that the same fast lifetime
(e.g., ~900 and ~200 ps, respectively) was measured for different bands suggests
(according to the kinetic model) that these are the IVR lifetimes for those exci-
tations. Taking trends into consideration along with these measured lifetimes of

the initial decay, IVR and VP lifetimes can be distinguished as listed in Table
1.

Several interesting points are apparent from the data. For the more stable
isomers at 385 cm™!, the IVR “turns on” when the second argon atom is bound
to the anthracene molecule. Ignoring the effec:  the different possible binding
sites of the two isomers, this would suggest that a “threshold ” vibrational state
density had not been reached for the 1:1 complex at 385 cm™!. In stilbene-Ar,
on the other hand, IVR was observed at only 198 cm™! of excess vibrational

energy, well below the bond energy for that complex.

According to Henke et al.* the two bands observed for the 1:1 complex
correspond to different structural isomers. Comparing the time resolved data
for these bands, the fact that IVR is observed for the only one of the two 1:1
isomers suggests that the IVR may be induced for dynamical reasons, perhaps

the reduction of symmetry if Schlag’s assignments are correct.

All the rates reported here are hundreds of picoseconds long, up to 2 ns.
The longest lifetime measured in any of the stilbene complexes was 250 ps for

IVR in stilbene-Ar at 198 em™!.

Finally, all of the VP lifetimes are on the order of 300 ps. Although they
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vary by a factor of ~8, the variation is not monotonic with vibrational energy-at
385 cm™!, the VP lifetime of the less stable isomer is 321 ps while for the 1:2
complex at 1380 cmm™!, a 868 ps lifetime is attributed to VP. Such differences
could only be due to mode-specific effects in the VP dynamics. Another interest-
ing suggestion of mode-specificity is the fact that the VP rates for anthracene-Ar
+ 766 cm™!, anthracene-Ar, +~760 cm™!, and anthracene-Ar; + 766 cm~lare

all the same within experimental error.

B. IVR and the Vibrational State Density

In the previous chapter it was shown that the addition of the dense set
of van der Waals vibrational states to those of bare stilbene increases the
total vibrational state density such that many bath modes are within an en-
ergy corresponding to the laser bandwidth from the initially excited, optically
active, single vibrational level. Many levels are therefore accessible for vibra-
tional redistribution. Similar calculations of the van der Waals potential and the
corresponding vibrational state density were made for anthracene-Ar. IVR is
observed in stilbene, anthracene, stilbene-Ne, and stilbene-Ar when the vibra-
tional state density is such that more than about ten bath states are close enough

in energy to be coherently excited and resolved temporally.

At 385 cm™?! the total vibrational state density in anthracene-Ar, including
the full anharmonicity of the van der Waals modes and taking Dq=517 cm™!
(as calculated from the Lennard-Jones potential), is 256/ cm™!. For every ex-
citation above this energy dissipative IVR is observed, as would be expected
from this value of the state density and by comparison of this state density with
that calculated for other observations of IVR. At this energy, however, (ignoring
the contribution from the less stable isomer), only fluorescence assigned entirely

to the initially excited state is observed and no time-dependent process other
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than fluorescence is observed. On the other hand, at 198 cm™! in stilbene-Ar
where p ~70/ cm™!, dissipative IVR occurs in 250 ps. At 594 cm™! in the
stilbene-Ar complex where p=6678/ cm™! according to a count of harmonic
vibrational levels, 7;,, decreases to <16 ps. In anthracene-Ar, 7;,,=1.4 ns at
755 and 766 cm™! and 7,,=880 ps at 1380 cm™! where prarmonic ~1833 and

71230/ cm™?, respectively.

As referred to in Chapter 4, Lahmani® has shown that the number of coupled
levels affects both the rate of the IVR and the extent to which it is dissipative,
i.e., is accurately reproduced by kinetic equations, having no quantum oscilla-
tions or recurrances. The rate, of course, also depends on the average coupling
strength. Thus, the relatively long redistribution lifetimes compared to stilbene
and stilbene-Ar and the insensitivity of the redistribution lifetimes to the excess
vibrational energy, to the vibrational state density, suggest that the coupling
is relatively ineffective and does not couple the initially excited state with all

available bath states.
C. Vibrational Predissociation-Comparison with Theory

RRKM rates were calculated by directly counting harmonic levels as dis-
cussed by Khundkar et al.” and in the previous chapter. The van der Waals vi-
brational frequencies were taken to be 43.7, 9.94, and 6.44 cm™!, as calculated
from the fitted potential. The calculated rates and lifetimes, taking Do=450
and 550 cm ™!, are shown in Figure 18. These calculated rates agree with exper-
iment only to the extent that they are relatively independent of energy for excess
vibrational energies greater than Dg by ~200 cm™!. The calculated high energy

lifetime is ~100 times smaller than those measured.

According to this calculation, one would not expect to see much change in

the measured lifetimes since the accessible vibrational energies in the complex are



115

considerably greater than Dy. The calculated lifetimes drop rapidly with excess
vibrational energy. The difference in the order of magnitude of the lifetime is
surprising, however, especially in light of the agreement of the RRKM rates
with those measured for the stilbene complexes. Agreement would be improved
if the number of levels in the transition state (N1) was uniformly smaller than
calculated. This would be the case if Dy were taken to be substantially larger.
The RRKM rate at 1400 cm™! is not comparable to those measured until Dy is
taken to be ~1000 cn~?! (where krrxar=1/255 ps), well over the experimental
lower limit of 755 cm™!. Another way in which the number of levels in the
transition state would be smaller is if some number of anthracene modes did
not participate in the dissociation and were ignored in the direct count used
to calculate the RRKM rate. When half of the anthracene modes are ignored
in the calculation of both N' and p, the final RRKM rates are not changed
substantially-the changes in Nt and p are comparable. Thus, to improve the
calculated RRKM rate, Nt would have to be lowered unilaterally.

As for the stilbene complex, the momentum-gap rates depend sensitively
on the identity of the unknown intermediate state. Since the mass of stilbene is
nearly the same as the mass of anthracene, the dependence of the momentum-
gap rate on the van der Waals stretching quantum number and the energy into

translation is very nearly the same as discussed in Chapter 4 for stilbene-Ar.

D. Mode-Selectivity

The data for the dissociation from the levels in anthracene-Ar at S;+755
and 766 cm™! provide an interesting assessment of the extent to which the
dissociation of these complexes is statistical or mode selective. The dissociation
occurs at essentially the same excess vibrational energy, but two different A,

modes of anthracene are initially excited. Furthermore, the band at 766 cm™!
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is the overtone of the band at 385 cm™!, while the band at 755 cm™? is a funda-
mental vibration. As is evident from Figure 8 , the product state distribution of
each of these excitations are identical: the only difference in the dispersed fluo-
rescence spectra of these levels are the weak resonant emission bands at 3567.54
and 3627.0A. The time resolved data shows that the redistribution rates are also
identical. Nonetheless, the predissociation rates differ by a factor of ~2, being
faster when the overtone is initially excited. This behavior contrasts sharply
with the excitation mode specificity observed in stilbene-He. In that case, exci-
tation of overtones of out-of-plane bends of different symmetry than a particular
in-plane bend led to a great difference in the dissociation rates, presumably the
IVR rates. In this case, different in-plane vibrations of the same symmetry have
identical redistribution rates, but somewhat different predissociation rates from

the intermediate levels formed in the redistribution.

V. Conclusions

In this chapter the results of picosecond time resolved experiments on the
dissociation of van der Waals complexes of anthracene and argon excited to four

different single vibrational levels of anthracene are reported and discussed.

The time resolved results clearly show that redistribution precedes predisso-
ciation for every excitation for which dissociation is observed. IVR is observed
at much lower energies than in the bare molecule. As with stilbene and the
stilbene complexes, that fact can be accounted for by considering the drastic
increase in the vibrational state density from the binding of the argon atom to
the anthracene plane. The IVR rates, however, are about an order of magnitude
larger than observed in the stilbene complexes and change more slowly with
increasing energy. This suggests that the coupling of the van der Waals modes

with the anthracene modes is weaker or not as complete as the coupling of the
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van der Waals modes with the stilbene modes that were studied. The relatively
slow increase in the IVR rate with excess vibrational energy, with p,:, sug-
gests that the number of coupled levels or the strength of the coupling does not
increase with vibrational energy to the same extent as in the stilbene complexes.

Measured predissociation rates vary by a factor of ~8, but the variation is
not monotonic with excess vibrational energy. For the anthracene-Ar complex
excited to the levels at 755 and 766 cm™!, the predissociation rates differ by a
factor of two, even though the IVR rates and the product state distributions are
identical. Thus, the VP dynamics are mode specific. These rates are an order of
magnitude slower than calculated RRKM rates, which are essentially constant
over about 200 cm™! above the dissociation limit. The calculated RRKM rates
would agree better with those observed if the number of levels in the transi-
tion state was reduced. Thus, both the IVR and VP rates suggest that the

dissociation is not completely statistical even though it is dissipative.
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Table 1
Observed vibrational predissociation and redistribution lifetimes

(in picoseconds)

Tivr Tup

anthracene-Ar 385 cm™1 - -

isomer 1120 321

anthracene-Ar, 385 cm™1 2000 -

isomer 940 275
anthracene-Ar 755 cm™! 1500 513
anthracene-Ar 766 cm™?! 1500 246
anthracene-Ary 760 cm™?! 575 278
anthracene-Ar; 766 cm™?! 475 262
anthracene-Ar 1380 cm™! 872 212

906 <150
anthracene-Ar; 1380 cm™! 169 868
203 563

190 <150
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Figure Captions

Figure 1. Dispersed fluorescence spectra (spectral resolution, R=1.64) of

anthracene-Ar excited to the vibrationless level of S;.

Figure 2. Dispersed fluorescence spectra (spectral resolution, R=0.84) of
anthracene-Ar S;+385 cm™?! exciting the maximum of the excita-

tion band, the red edge (-3 cm™1) and the blue edge (+3 cm™1).

Figure 3. Fluorescence decay of resonant emission from anthracene-Ar excited
to the level 12! fit as a single exponential decay (r=13 ns) convo-

luted with the system response function (also shown). x2=1.04 for
this fit.

Figure 4. Triple exponential fit (7;=1.12 ns, Amplitude 1/Amplitude fluo-
rescence =A;/Af=-1.10, 7=321 ps, A;/As= 0.292, 74=20 ns,
x2=1.11) of the time resolved emission of vibrationless anthracene
produced in the dissociation of anthracene-Ar 121, exciting the blue
edge of the excitation band. The upper residual is for the biexpo-
nential fit, for which x2=1.30.

Figure 5. Dispersed fluorescence spectra (R=1.6A) of emission from
anthracene-Ar, 12! exciting the maximum of the absorption band,
~3 cm™! to the red and ~9 cm™? to the blue. The hot-band emis-

sion measured under identical conditions except for the absence of
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argon in the molecular beam is also shown.

Figure 6. Rise and decay of emission from anthracene-Ar; 12!, For the decay-
ing fluorescence at A=3624.0A, 7,=1.9 ns, 7y=8.5 ns, A, /A f=2.07
and x2=1.06. For the fluorescence with a rising component at

A=3622.0A, 11=2.0 ns, 7y=11.0 ns, A;/A;=-.933 and x2=1.02.

Figure 7. Triple exponential fit (73=940 ps, A;/A;=-1.38, 7,=275 ps,
Ay /Ap=.39, 174=14 ns, x2= 1.04) of the time resolved emission
of vibrationless anthracene-Ar produced in the dissociation of
anthracene-Ar; 127, exciting the blue edge of the excitation band.

The upper residual shows the inadequacy of the best biexponential
fit, for which x2=1.49.

Figure 8. Dispersed fluorescence spectrum (R=1.6A) of anthracene-Ar 10!
and 12? and the emission from the latter in the absence of argon
in the molecular beam. The uppermost trace is a high resolution

spectrum (R=0.48A) of the 122 emission.

Figure 9. Temporal data for the decay (11=1.44 ns, A1/A ;=2.40, =272 ps,
Ay/Af=0.63, 7§=5.6 ns, x2= 1.06) of intensity of the anthracene-
Ar 122 band and the triexponential fit (1;=275 ps, A;/A;=0.231,
T2=1.44 ns, Ay/A;=-1.19, 174=23 ns, x2= 1.06) of the intensity
from the unassigned band at -25 cm™!.

Figure 10. Dispersed fluorescence spectrum (R=1.6A) of anthracene-Ar; ex-



Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

122

cited to approximately 760 cm™!.

The lower trace was recorded
under identical conditions except for the absence of argon in the

molecular beam. An asterisk marks the excitation wavelength.

Temporal data (11=278 ps, A;/A§=0.951, 72=575 ps, Ay/As=
-1.92, 14=11 ns, x?= 1.07) for the emission of vibrationless
anthracene-Ar formed in the dissociation of anthracene-Ar,; excited

to ~760 cm~1. x2=1.93 for the best biexponential fit.

Dispersed fluorescence (R=1.6A) of anthracene-Ary 122. An aster-

isk marks the excitation wavelength.

Temporal data (71=262 ps, A1 /Af=1.33, 73=475 ps, Ay /A y=-2.22,
T4=14 ns, x2= 1.10) for the decay of anthracene-Ar; 03 emission

formed in the dissociation of anthracene-Ar; 122,

Dispersed fluorescence spectrum of (R=1.6A) of anthracene-Ar 6!,
hot band emission in the absence of argon, and the spectra exciting
the red (-12 cm™!) and blue (+12 ecm™!) edges of the excitation

band. An asterisk marks the excitation wavelength.

Temporal data for two of the products of the dissociation of

anthracene-Ar 6. The data which rises faster is emission from the
band at A=3617.0Aand is fit as a biexponential (r=906 ps, A/As=-
0.97, 74=13 ns, x2= 1.02). The more slowly rising emission was

measured at A=3612.0A and is fit as a triexponential (7;=198 ps,
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A,/Ay=.342, 1,=891 ps, Ay /A;=-1.31, 74=1T7 ns, 2= 1.11).

Figure 16. Dispersed fluorescence spectrum (R=0.84) of anthracene-Ar, 6! in
the region of the anthracene origin, exciting on resonance, 12 cm™!

red, 7 cm ™ 'blue, and in the absence of argon in the expansion mix-

ture.

Figure 17. Temporal data for two of the products of the dissociation of
anthracene-Ar; 6. The data which rises faster is emission from
the band at A=3613.7Aand is fit as a triexponential (m1=197 ps,
A1/A§=-0.66, 72=536 ps, A;/As=-1.61, 74=15 ns, x2= 1.12). The
more slowly rising emission was measured at A=3611.3A and is
also fit as a triexponential (7,=160 ps, A;/A;=.347, 7,=884 ps,
Az/Af=-1.29, 74=18 ns, x2= 1.05).

Figure 18. RRKM rates and lifetimes for the dissociation of anthracene-Ar

complexes for Dg=450 cm™! (crosses) and Do=>550 cm ™! (circles).
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Figure 2
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Figure 3
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Figure 5
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Figure 8

Anthracene-Ar 122 and 101
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Figure 14

Anthracene-Ar 61
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Figure 16
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Figure 18
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Chapter Six

Conclusions
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The data in this thesis show that intramolecular vibrational redistribution
to some set of combination levels involving both chemical and van der Waals
vibrational modes is an important initial step in the dissociation of the aromatic
molecule-rare gas van der Waals complexes studied. The fact that dissipative
vibrational redistribution is observed at considerably lower energies than in the
bare molecule is understood when the drastic increase in the vibrational state
density due to the very anharmonic low frequency van der Waals modes is taken

into account.

Products are generally formed with different vibrational predissociation
rates which implies that the final product state distribution is determined largely
by the redistribution rates to the intermediate states, not by the vibrational
predissociation rates. Only a few of the large number of energetically ac-
cessible products are actually formed, and those states that are formed have
undergone small changes in vibrational quantum numbers from the initially
excited state of the complex. This suggests an interesting question not directly
addressed in these experiments: How complete is the redistribution and what is
the nature of the intermediate states that are reached in the dissociation pro-
cess? The fact that so few vibrational modes in the products are excited implies
that the redistribution is limited to only a few of the energetically accessible
chemical modes. The relatively slow vibrational redistribution rates measured
in the more rigid and more symmetric anthracene complexes also suggests that

the redistribution in those complexes is incomplete, even though it is dissipative.

Some information on the mode selectivity of the intramolecular vibrational
redistribution is available from these experiments. In the anthracene complexes,
the modes vy3, v19, and vg were all studied and the redistribution rates were

found to increase monotonically with energy. Comparing the redistribution from
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the levels 122 and 10! in anthracene-Ar, levels which differ in energy by only
11 cm™! out of ~760 cm™!, the redistribution rates and the product stat= dis-

tributions are identical.

On the other hand, dramatic differences in both the dissociation rates and
the product state distributions are observed comparing the dissociation from
different combinations of the modes vy5, v3g, and v37 in stilbene-He. In this
case, the “active” modes are out-of-plane bending vibrations and have large
components along the van der Waals bond. The data for this complex show
that mode-specific, non-statistical dissociation is possible even in such large

complexes.

The vibrational predissociation rates observed in the complexes are mode
specific. This is apparent from some of the experiments on the stilbene com-
plexes and those on the anthracene complexes at 1380 cm™! where different
vibrational predissociation rates are measured for different product vibrational
states. Again, information on the identity of the redistributed states from which
the different products are formed would be very interesting. Without such
information, it is impossible to correlate the measured rates with the vibrational

dynamics using, for example, the momentum-gap law.

Large energy gap processes are commonly observed for the dissociation of
the stilbene complexes. (Since most of the anthracene product states are not as-
signed, the energy gap is not known). This and the observation of small changes
in the vibrational quantum numbers in the overall dissociation suggests that
these changes are more important than the energy gap between the initial and
final states. The large energy gaps are probably compensated by the excitation

of the van der Waals modes in the intermediate states.

The change in the measured vibrational predissociation rates as a function
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of energy is different for complexes of the two different molecules. In the stil-
bene experiments, rates positively identified as vibrational predissociation rates
could not be resolved for any two different energies of the same complex. How-
ever, the RRKM rates for the major products of the different complexes are all
correct for the energies where rates attributable to vibrational predissociation -
were resolved, and the RRKM rates also agreed with the fact that no rate was
resolvable when the higher energy levels were studied. Thus, the vibrational pre-
dissociation rates of the major products are correctly approximated by RRKM
and appear to increase rapidly with energy, as predicted by RRKM.

In anthracene complexes, on the other hand, the measured predissociation
rates vary erratically with energy and are ~100 times slower than those calcu-
lated using the same method that gave agreement with the rates for the stilbene
complexes. This suggests that the number of states in the transition state is
lower than would be if the dissociation were statistical. In any case, the erratic
variation in the predissociation rates with energy shows that the predissociation
in these complexes is not completely statistical.

In conclusion, the data in this thesis shows that detailed information on the
vibrational dynamics of unimolecular dissociation is available from picosecond
studies of the van der Waals complexes in molecular beams. Not only is accurate
rate information accessible that is not otherwise available, but information on
the actual dissociation pathway is revealed from the analysis of the time-resolved
data. The rates measured show interesting examples of both mode-specific and
statistical behavior and some correlation of these behaviors with the molecular

structure can be made.
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Appendix I*

*Published paper:J. S. Baskin, D. Semmes, and A. H . Zewail, J. Chem. Phys. 85,
7488 (1986).
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Coherent photodissociation reactions: Observation by a novel picosecond

polarization technique
J. 8. Baskin, D. Semmes, and A. H. Zewail

Arthur Amos Noyes Laboratory of Chemical Physics,* California Institute of Technology, Pasadena,

California 91125

(Received 23 September 1986; accepted 10 October 1986)

Photodissociation reactions have been studied by a var-
lety of techniques that probe the initial (reagent) or final
(product) state distribution(s) of the reaction.! With high-
resolution lasers, one is able to obtain the population den-
sity’? of a given vibrational(v)-rotational (J) state. With
picosecond/femtosecond lasers crossed with molecular
beams, state-to-state rates are directly measured.* An inter-

7488 J. Chem. Phys. 85 (12}, 15 December 1986 0021-9606/86/247488-03$02.10

esting, and perhaps fundamental, question about the photo-
dissoctation process itself is this: Is molecular photodissocia-
tion a coherent process? In other words, if instead of exciting
one v/ state one prepares a coherent superposition of v/ lev-
els, would this superposition “‘survive” the dissociation pro-
cess? Such coherence has not been detected before, perhaps
because the laser coherence was not adequate or the pulses

© 1986 Amaerican institute of Physics
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FIG. 1. Potential energy surface description of photodissociation and prob-
ing of coherence. e, and e, are the polarization vectors for vdW compiex
absorption and nascent product emission, respectively. D, is the binding
energy of the complex. The opticaliy-excited stilbene-type mode of the com-
plex is represented on the lefi-hand side of the figure. Energy reaches the
reaction coordinate ( right-hand side) via intramolecular vibrational energy
redistribution (IVR). After dissociation (far right) the available energy is
partitioned between translation (£,,) and internal excitation of stilbene
(E'n)-

used were not short enough in duration.

In this communication, we wish to report on a novel
picosecond polarization method for measuring the degree of
rotational coherence that is preserved in photodissociation
reactions. The systems studied here are jet-cooled van der
Waals molecules; stilbene** bound® to He or Ne with a 1:1
composition.”

Figure 1 gives the potential energy description of the
experiment. A polarized picosecond laser-pulse coherently
excites the v/ levels of a well-known stilbene-type mode* (83,
95, 0r 198 cm™') in S, of the vdW complex. This creates an
initial alignment. By IVR, energy transfers to the reaction
coordinate, and the available energy partitions to translation
and internal o/ excitation in nascent stilbene. The rising
emission of nascent stilbene is then viewed with parallel and
perpendicular polarizations (with respect to the initial pulse
polarization). From these experiments, the IVR/photodis-
sociation rates are measured from the decay of the complex
and the buildup of the nascent, while the loss of coherence or
alignment is determined from the observation of rotational
recurrences.’

The picosecond/beam apparatus is described else-
where.* To this apparatus we added a polarizer/analyzer
system so that the fluorescence can be analyzed prior to dis-
persion in the spectrometer.

Figure 2 gives the experimental results, frequency- and
time-resolved at 83 cm™' excitation. Similar studies were
made for 95 and 198 cm ~ ' excitations, and for S-Ne. When

Frequency - Resoived Spectra
(a)

SHe (Baem™! h ’\4
j |
i

Aokes ’ '\«LWWL\.«...

(B)
S {Oem™)
\h I A
) j Men

-

)
S 83cm)
. b |
VWA A i,
100 6 -10C -200 -300 -40C -500
L322 23acm’  Frequency (cm™)
\ Time~- Resoived Spectra
(A’) B (MHz]
S-He (8dcm 1257518
®) 256,820
S 'Dem ™ 256.8=0.4
()] ee
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O
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FIG. 2. Time- and frequency-resolved spectra of stilbene and stilbene-heli-
um (1:1) complex. Excitation energies relative to the respective (complex
or molecule) 0f transition energies are given at left. Excitation frequencies
are marked by an asterisk in the upper spectra. Spectral resolutions for (A),
(B),and (C) are4, 1,and Scm ™ ', respectively. The difference in resolution
accounts for the broadening of (A) relative to (B). The time-resoived data
is presented in the form of polarization anisotropies. Temporal resolution
was about 60 ps FWHM for all measurements. Bis'{(B + C) of the complex
or parent stilbene. Typical beam conditions are 500 psig for the complex, X/
D ~60, and temperature ~ 150 °C.

exciting S-He at 84 cm ™' we observe product(S) emission
that entirely mimics the emission of parent S from 0 cm ™'
(0" level) excitation (spectra A and B), consistent with pre-
vious observations.® If parent stilbene is excited to 83 cm ™",
however, the emission is much different (C spectra) and
exhibits resonant bands that have been analyzed in detail
before.* The available translational energy is therefore > 30
cm ™~ ! since we know that the vdW bond energy is 50cm ' or
less. ' ’

The time-resolved data are displayed here as anisotro-
pies r(1), i.e., picosecond decays with parallel polarization
minus decays with perpendicular polarization. This allows
us to monitor the coherence from recurrence amplitudes and
establish the identity of products from recurrence spacings
(which directly give the rotational constants of S and
S-He).” Exciting the complex at 83 cm ™' we observe product
stilbene recurrences as shown by the comparison made in the
figure (A’, B’, C'). These recurrences give precisely the rota-
tional constant of stilbene in the excited state (257.5 + 1.8

J. Chem. Phys., Vol. 85, No. 12, 15 December 1986
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MHz), and conclusively identify the stilbene product.® Ex-
citing the complex 0° level, on the other hand, (spectrum D’)
gives different recurrences characteristic of the S-He (1:1)
complex (248.9 + 0.9 MHz) with the He being on the phe-
nyl ring.”

The above results lead to the following important con-
clusions. The recurrences do survive the dissociation process
at all excitation energies studied in the S-He system; rhe ini-
tial alignment (J coherent excitation) in the complex is pre-
served in the product. In this case, we also observe very little
(<4 cm™') rotational excitation in the product, as evi-
denced by the emission linewidth. For S- Ne, the recurrences
have not been observed which indicates that the ensembie-
averaged coherence is lost. The recoil velocity in the center-
of-mass is ~5X 10* and ~ 2 10° cm/s for He and Ne sys-
tems, respectively. The He leaves stilbene very rapidly and
the impulsive force on the benzene ring is relatively small.
For Ne, the force is larger and the available energy is chan-
neled'®!" into more rotations {torque on the stilbene; more
tumbling (J) than spinning (K) ], asevidenced by the severe
broadening ( ~40cm ™ ') observed in the emission spectra of
produced stilbene.

Theoretical treatments'? of coherence and mode speci-
ficity in these half-collision systems is now very important.
The reported picosecond technique probes directly (in real
time), these photofragmentation coherences and product
state rates, and implications to recoil dynamics is evident.

We have benefited from detailed and enlightening dis-
cussions with Professor R. B. Bernstein.

*’ Contribution No. 7477. This work is supported by a grant from the Na-
tional Science Foundation (DMR-8521191).
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Dynamics of Intramolecular Vibrational Energy Redistribution in Deuteriated
Anthracenes: Rotational Band Contour Analysis and Time-Resolved Measurements

Lawrence W. Peng, Brian W. Keelan,” David H. Semmes, and Ahmed H. Zewail**

Arthur Amos Noyes Laboratory of Chemical Physics$ California Institute of Technology.
Pasadena, California 91125 (Received: February 29, 1988)

The nature of intramolecular vibrational energy redistribution (IVR) in jet-cooled anthracene-9-d, and anthracene-d\q has

been investigated in both the fr y and time do

Comparison with anthracene-h 4 is made, with particuiar emphasis

at

on the role of vibrational density of states and molecular symmetry. The general regions of IVR (nonexistent, restrictive,
and dissipative) have been identified, as in anthracene-h,q, in all molecules studied.

I. Introduction

In a recent series of papers published from this laboratory,!?
the dynamics of intramolecular vibrational energy redistribution
(IVR) was investigated in jet-cooled anthracene-h,q and trans-
stilbene. This was accomplished by spectrally and temporally
resolving the fluorescence as a function of excess vibrational
energy. From the spectral® data for anthracene-h,q, it was possible
to assign the vibrational symmetries (a, or by,) of levels below
1100 cm™ and other higher energy leveis. In addition, the dis-

! John Simon Guggenheim Foundation Fellow.

* Present address: Eastman Kodak Research Laboratories, Rochester, NY
14650.

$ Contribution no. 7743,

0022-3654/88,/2092-5540$01.50/0

tinctiveness of the P-(Q)-R structure of the contours served as
a basis for evaluating the spectral purity of levels, i.e., whether
a level had major contributions from one (spectrally pure) or more
than one (spectrally impure) vibronic state, The temporal data!
revealed the dynamic nature of the redistribution as a function
of excess energy. Single-exponential, quantum beats, and biex-
ponential fluorescence decays have been measured for both an-
thracene-Aq and trans-stilbene. The relationship of the decays
to the nature of dynamic IVR (nonexistent to restrictive to dis-

(1) (a) Feiker, P. M.; Zewaii, A. H. J. Chem. Phys. 1988, 82, 2961; (b)
Ibid. 2975; (c) Ibid. 2994; (d) fbid. 3003.

(2) Keelan, B. W.; Zewail, A. H. J. Chem. Phys. 1988, 82, 3011; J. Phys.
Chem. 1985, 89, 4939,

© 1988 American Chemical Society
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Dynamics of IVR in Deuteriated Anthracenes

sipative with increasing vibrational energy) has been discussed
in detail.'** Single-exponential decays indicate the absence of
dynamic IVR in the excited single vibronic level (SVL), while
quantum beats are the result of [IVR among a few vibrational
levels. Biexponential decays indicate dissipative IVR among
approximately 10 or more levels.’

In an attempt to generalize these findings to deuteriated ana-
logues and to understand the effect of chemical structure on IVR,
we have undertaken studies of IVR in partially and fully deu-
teriated anthracenes. In this paper we will focus on the simplest
aspects of molecular symmetry and vibrational-state density.
These effects on [VR can potentially be investigated by spectraily
and temporally studying the fluorescence as a function of excess
vibrational energy in two of anthracene’s isotopes: anthracene-9-d,
(point group symmetry C,,) and anthracene-d;, (point group
symmetry D,,). The fluorescence excitation spectra, dispersed
fluorescence spectra, and temporal data for the three anthracene
isotopes are compared. From these data, the vibrational assign-
ments and purity and IVR dynamics are presented. An exhaustive
rotational band contour analysis of 65 levels in anthracene-9-4,
and 71 levels in anthracene-d,, is made, and the results are
compared with 61 levels in anthracene-A,,.

II. Experimental Section

To study the IVR in the two anthracene isotopes, we measured
the frequency- and time-resolved fluorescence intensity from many
single vibronic levels observed in their excitation spectra. Two
sets of laser/supersonic jet apparatus were used for this study.
The experimental arrangements are the same as for most of the
earlier work done on anthracene-4,y.%5

The spectroscopy of the deuteriated anthracenes was obtained
by using a Nd:YAG pumped pulsed dye laser system (10 Hz, 5-ns
pulse width), with the dye laser output frequency-doubled by a
KDP crystal to produce UV light. The dyes used in this study
were 25% normal concentration LDS 750 in normal concentration
methanolic LDS 698 (lower energies) and normal concentration
ethanolic LDS 698 (higher energies). Spectra were taken with
the sample temperature held at 443 K with 50 psi of carrier gas
(nitrogen or neon) backing pressure. Optimal cooling was achieved
at a laser-to-nozzle distance of 10 mm, with the nozzie diameter
being 0.5 mm. When the emission was not resoived with the
monochromator, it was passed through a UV band-pass filter
(Schott UG-11 filter) to remove stray visible light and through
a cutoff filter (Schott GG-395 filter) to remove scattered laser
light. Pressure tuning was done with nitrogen, which gives a full
scan range of 20 cm™ at 360 nm. The pulsed dye laser was
frequency-calibrated by using an iron—neon lamp and the opto-
galvanic method.” Vibrational frequencies are reproducible to
=1 cm™! below 1000 cm™ and %2 cm™ above 1000 cm™.

Temporal data was obtained by using a mode-locked, syn-
chronously pumped, cavity dumped dye laser. The red dye laser
output was doubled with a lithium iodate second harmonic gen-
eration crystal producing nanojoule pulses in the ultraviolet (UV)
region of a 15-ps duration. Dispersed fluorescence spectra were
recorded by using a three-plate birefringent filter as a tuning
element, which gives a S-cm™ bandwidth in the UV output.
Temporal decays of dispersed fluorescence were recorded with
an etalon as an additional tuning element to narrow the laser band
width to 2 cm™!. These near-ultraviolet laser beam pulses illu-
minated molecules in a free jet molecular beam expansion that
was produced by expanding 30 psi of helium over the isotope of
anthracene in a reservoir held at 438 K (about 5 Torr of vapor
pressure) and expanded through a 70-um pinhole. Fluorescence

(3) Lambert, W. R.; Feiker, P. M.; Zewail, A. H. J. Chem. Phys. 1984,
81, 2209.

(4) Mukamel, S. J. Chem. Phys. 1988, 82, 2867.

(3) For a review see: Felker, P. M.: Zewail, A. H. Adv. Chem. Phys. 1988,
70, 265.

(6) Lambert, W. R.; Felker, P. M_; Zewail, A. H. J. Chem. Phys. 1984,
81, 2217.

(7) Zalewski, E. F.; Kellar, R. A.; Engleman, Jr., R. J. Chem. Phys. 1979,
70, 10135, and references therein.
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was dispersed by a '/,-m monochromator and collected by one
of three photomultiplier tubes (PMTs) depending on the relative
importance of a short system response time and absolute sensitivity.
Dispersed fluorescence specira were recorded with a 1.6-A res-
olution by counting the pulses from an Amperex XP2020Q
photomultiplier tube with a multichannel analyzer. Temporal
decays of spectrally resolved emission were recorded by using
time-correlated single-photon-counting electronics and either a
Hamamatsu R1564U or a Hamamatsu R2287U-01 multichannei
plate photomuitipiier tube. The system response function was
measured after cach decay by detecting scattered laser light when
the molecular beam nozzle was moved into the laser beam and
typically had a full width at half maximum (fwhm) of 80 ps. The
measured decays were deconvoiuted from the system response
function and fit to a single exponential, were Fourier analyzed
to obtain quantum beat frequencies, or were deconvaluted from
the system response function and fit to a double-exponential decay
depending on the nature of the decay. Data were stored and
analyzed with a PDP 11/23 computer. The monochromator was
calibrated by recording the spectrum of a hollow cathode iron—neon
lamp under normal experimental conditions.

Anthracene-h,, (Aldrich 99.94+%) and anthracene-d\ (Aldrich
98+%) were used without further purification. Anthracene-9-d;
was synthesized from 9-bromoanthracene (Aldrich 98%) by
lithiation with n-butyllithium followed by hydrolysis in D,0.5
Foilowing recrystallization in benzene, the purity of the product
was found to be >99% chemically by gas chromatography and
>95% isotopically by mass spectrometry (the balance being an-
thracene-h,o). The excitation spectrum of anthracene-9-d, showed
minor anthracene-#, impurity lines; these were readily identified
by absolute frequency and relative intensity.

III. Vibrational-State Densities

A. Anthracene-h,,. Vibrational-state densities were calculated
between 0 and 2000 cm™! by using the direct-counting computer
program reported in the paper by Khundkar et al.> Vibrational
frequencies for the normal modes of the ground electronic state
were taken from the valence field calculations of Cyvin and Cyvin!®
for the in-plane vibrations and from the calculations of Evans and
Scully!! for the out-of-plane vibrationai frequencies. The force
fields used in these calculations were based on infrared absorption
frequencies and a force field transferred from benzene, respectively.
All of these calculated frequencies are close to the experimentally
determined values'>!? for both the in-plane and out-of-plane vi-
brational frequencies.

In the excited state, however, there is a dearth of information
on the vaiues of the vibrational frequencies. From spectroscopic
experiments on isolated molecules in a molecular beam, 15 vi-
brational frequencies are known in both the ground and first
excited singlet electronic states, ail for in-plane modes.’ Vibra-
tional frequencies have not been calculated for the excited-state
force field. The only quantitative indication of how the vibrational
frequencies and therefore the density of vibrational states changes
for anthracene-h,q when it is excited to the first singlet from the
ground singlet comes from data on benzene, where there is good
agreement between calculated and measured vibrational fre-
quencies for almost all the vibrational modes in the ground and
excited electronic states.!*!?

Our approximate calculations for the vibrational-state densities
of the three isotopes in the first excited singlet are based on the

(8) Charlton, J. L.; Agagnier, R. Can. J. Chem. 1973, 51, 1852,

(9) Khundkar, L. R.; Marcus. R. A; Zewail, A, H. J. Phys. Chem. 1983,
87,2473,

(10) Cyvin, B. N; Cyvin, S. J. J. Phys. Chem. 1969, 73, 1430.

(11) Evans, D. J.; Scully, D. B. Spectrochim. Acta 1964, 20, 3%91.

(12) Radziszewski. J. G.; Michi, J. J. Chem. Phys. 1988, 82, 3527. See
also: Bree, A. Chem. Phys. Lett. 1986, 131, 65.

(13) Lambert, W. R.; Felker, P. M.; Zewail, A. H. J. Chem. Phys. 1984,
81, 2195,

(14) Robey. M. .. Schlag, E. W. J. Chem. Phys. 1977, 67, 2775,

(15) Krogh-Jesperson, K.; Rava, R. P.; Goodman, L. J. Phys. Chem. 1984,
88, 5503.
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TABLE I: Approxi Densities at Rel Energies®
770 cm™ 1420 em™ 1790 em™
So. anthracene-h;q 1 25 123
S,, anthracene-h,q 6 233 1443
S,, anthracene-h,q (+5%) 4 151 887
S,. anthracene-hy, (-5%) 8 388 2497
S,. anthracene-d, 6 257 1609
S, anthracene-d,¢® 12 691 5059
S,. anthracene-d,o° 5 901 6680

¢ Per wavenumber. ®Literature. Teller-Redlich rule.
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Figwre 1. Calculated vibrational density of states versus excess vibra-
tional energy for the So and S, electronic states in anthracene-hy,.

valence field normal frequencies for the ground singlet.'%!! The
difference between values for S, and S, are roughly accounted
for by considering data for benzene. Benzene's in-plane vibrational
frequencies are 4% lower in S, than in S; on the average (known
S, anthracene in-plane vibrational frequencies are 6% lower than
the average in Sy), and out-of-plane vibrational frequencies are
32% lower on the average. To calculate the vibrational-state
density for anthracene in the excited singlet, we therefore made
the approximation that the average difference between the in-plane
and out-of-plane vibrational frequencies in the ground and first
excited singlet of anthracene is the same as the average difference
for benzene, 4% for in-plane and 32% for out-of-plane vibrations.

The approximate S, vibrational frequencies for anthracene
calculated by using this benzene-like approximation were used
with the computer aigorithm mentioned to directly count the
number and density of vibrational levels at various energies of
interest. To estimate the uncertainty in this approximation, we
repeated the calculation with the out-of-plane frequencies de-
creased by 5% more and 5% less than the average in benzene. The
resuits are listed in Tabie I and piotted in Figure i.

B. State Densities of the Isotopes. A detailed normal-coor-
dinate calculation of the S, anthracene-d,q frequencies is given
in the literature.!®!! The vibrational density of states (labeled
as curve B for anthracene-d,q in Figure 2) is then caiculated in
the same manner as done for anthracene-4,,. Curve A for an-
thracene-dyq is an approximate calculation based on the well-known
Teller—Redlich rule for isotopic substitution.'® Similarly, the
vibrational frequencies for anthracene-9-d, in S, were calculated
by using the Teller-Redlich rule and the approximate S, an-
thracene-h,, frequencies. The Teller-Redlich rule, in the harmonic
oscillator limit, relates products of vibrational frequencies for the
unsubstituted molecule to those of the substituted molecule for
cach symmetry species of the lower symmetry point group (only
Cy, in the case of anthracene-9-d,). For use of the equation to
explicitly calculate the frequencies for the substituted molecule,
an approximation must be made relating cach of the frequencies
in each symmetry class to the anthracene-A,q frequencies of that
class. Since it is impossible to estimate frequency changes for

(16) Wiison, E. B.. Decuis, J. C.. Cross, P. C. Molecular Vibrations,
Dover: New York, 1955.
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Figwre 2. Calculated vibrational density of states versus excess vibra-
tional energy for the S, electronic state of the three anthracene anaiogues.

specific vibrations without a more involved normal-coordinate
analysis, it is assumed that all frequencies change by the same
factor or, equivalently, that the ratios of vibrational frequencies
of the same symmetry species are the same for the two isotopically
related molecules.!”  Again, the direct-counting computer al-
gorithm was used to calculate state densities from these vibrational
fn;:;ueuael The results are listed in Table [ and plotted in Figure
2.

IV. Resuits and Discussioa

A. Fluorescence Excitation Spectra. Although the power-
normalized S, fluorescence excitation spectra of anthracene-9-d,
(point group symmetry C,_,) and anthracene-d,y (point group
symmetry Dy) in supersonic beams have been reported previ-
ously,'? these spectra were not analyzed in any great detail.

The S, fluorescence excitation spectra of anthracene-9-d, and
anthracene-d,, are compared with that of anthracene-4,y in Figure
3. Each spectrum is plotted against vibrational (excess) energy,
i.e., energy above the electronic origin. By obtaining the spectrum
of a mixture of all three analogues, we determined the relative
positions of the anthracene-9-d, and anthracene-d,, origins to be
12 and 71 em™, respectively, to the blue of the anthracene-A,,
origin (at 27695 cm™).!"® Origin blue-shifts upon deuteriation
are expected since excited-state vibrational frequencies are usually
lower than ground-state frequencies and so have smaller absolute
deuterium (zero-point) shifts.

The vibrational energies (cm™) and relative intensities (origin
= 100%) of the more intense levels in each isotopic species are
listed in Table II. The intensities above which the tabie is
complete for each species are as follows: anthracene-h,q, 0.05%:;
anthracene-9-d,, 0.1%; anthracene-d,y, 1%. Analogous levels in
the different isotopic species are placed on the same line of the
table. The assignments involved many points (and sometimes
speculations), and the criteria used for the assignments have been
detailed in ref 20.

(17} A singie chemical substitution on a polyatomic moiecule generally
affects only a few vibrational freq ies (see, for ple: Herzberg, G.
Infrared and Raman Spectra of Polyatomic Molecules; Van Nostrand:
Pnnceton 19‘5) Compann( Cyvm and Cyvin's and Evans and Scuily's

for 10 and 9,/0-d), it is ciear that only some

of the frequenc:u are affected by this suhmmucn More than 70% are within

30 cm™ of their values in anthracene-A, and most of those are within only

s cm“ For amhncene-9-d,. zherefote. it was assumed that only the fre-

that y upon 9./0-d, substitution are changed by

9-41 substitution. The Teuer-kedhch rule was used to calculate the remaining
20 frequencies.

(18) Cyvin and Cyvin and Evans and Scully'®!! aiso caiculated all the
normai frequencies for anthracene-d\,. The difference in the vibrational-state
density calculated by using their vibrational frequencies and the density
calcuiated by using the Teller—Redlich rule and their anthracene-4,4 fre-

ies is not too signifi although some specific frequencies differ by as
much as 20%.

(19) Lambert, W. R.; Felker, P. M.; Syage, J. A.; Zewail, A. H. J. Chem.

Phys. 1984, 81, 2195.
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Figure 3. S, fluorescence excitation spectra of anthracene-h, (50 psi of
neon, 415 K, X/D = 24), anthracene-9-d,, and anthracene-d,, (both 50
psi of nitrogen, 443 K, X/D = 20). Energy references are the electronic
origins (anthracene-k o = 27695 cm™, anthracene-9-d; = 27707 cm™',
anthracene-d;, = 27 766 cm™'). Note that the multiplicative factors for
the intensities differ in the three spectra.

1t is shown in section IV.Dthatthe%mdb‘ modes can easily
be distinguished by contour shapes. The smarl number of non-
totally symmetric modes simplified the determination of analogous
bands and thus provided a check on the isotopic shifts and intensity
changes of nearby symmetric levels. Levels of different isotopes
were not considered analogous and placed on the same line of
Table I1 uniess this assignment was consistent with most or ail
of the different criteria.

The excitation spectra of these three analogues are qualitatively
very similar, but they differ quantitatively in the variation of
average intensity with vibrational energy. In anthracene-4y, the
intensity of levels drops precipitously with increasing vibrational
energy; ¢.8., the strongest level in the C—C stretching region (1380
cm™') is only ~ 1.4% as strong as the origin. The average level
intensity drops off less rapidly in anthracene-9-d,; the strongest
C—C stretch at 1409 cm™! is ~5.3% as intense as the origin. In
anthracene-d,q, average intensity decreases slowly with E.q; the
1382-cm™ C—C stretch is ~40.8% as strong as the origin. The
trend is especially clear when one considers the muitipliers in
Figure 3 (1, 10, 100 in anthracene-h; 1, 10, 20 in anthracene-9-d;;
1, 1, 3 in anthracene-dp). In an electronic transition involving
little geometry change, most of the intensity is concentrated in
the origin. It would thus appear that vibronic activity plays an
important role.'*13

One other difference was noted in the excitation behavior of
the three analogues: while anthracene-h,o was efficiently vibra-
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Figure 4. Dispersed fluorescence spectra (anthracene-kyq, top: anthra-
cene-9-d,, middle; anthracene-d,o, bottom) taken for selected bands in

the i(citation spectra of the three anthracene anaiogues. Resolution is
1.6 A
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Figwre 5. In-phase fluorescence decays (anthracene-h,,, left column;
anthracene-9-d,, right column) of the initially excited state for seiected
bands in the excitation spectra of the three anthracene analogues. All
decays are for detection 390 cm™ to the red of the excitation wavelength.

tionally cooled by neon carrier gas (the spectrum in Figure 3 was
obtained with 50 psi of neon), anthracene-9-d, and anthracene-d),
showed slight and severe apparent sequence congestion, respec-
tively, in neon. Both deuteriated anthracenes cooled well with
50 psi of nitrogen (see Figure 3). The origin of this difference
in cooling behavior between the isotopic analogues is not clear.

B. Dispersed Fluorescence Spectra. The dispersed fluorescence
spectra of some of the SVLs investigated are presented in Figure
4 for anthracene-#,, and for the two deuteriated isotopes studied.
As was observed in the earlier studies of anthracene-h,q, the spectra
from the deuteriated isotopes fall in three general categories of
description: (1) Assignable, sharp spectra are observed at “low™
excitation energies. (2) Slightly broadened spectra that still have
some sharp, resoivable structure are observed at “intermediate”
excitation energies. Some of this sharp structure is assignable
as originating from the initially excited level and some is not. (3)
Broad, unresoivable spectra with very little resonance fluorescence
is observed at “high” excitation enecrgies. It must be noted,
however, that there is not necessarily a clear division between the
three types of behavior. Additionally, as discussed before,'?
spectral congestion is not a direct measure of the nature of the
dynamic IVR.S

Table 111 has explicit spectral assignments for the bands ob-
served in the fluorescence from the levels at S, +751 cm™ and
S, 41409 cm™! in anthracene-9-d,, exemplifying how the bands
in the spectra from the different energy regions can be assigned.

C. Temporal Behavior. The temporal behavior of both
“relaxed”™ (where possible) and “unrelaxed” fluorescence bands
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TABLE [I: Comparison of S, Vibrational Levels in Anthracene-b,y, -9-d,, and -dy
anthracene-A,o anthracene-9-d, anthracene-dy
energy’ int assgnt® energy int sym? energy int sym
0 100.00 03 0 100.0 a, 0 100.0 a,
209 0.17 2y 210 0.1 a,
232 0.74 115 231 1.4 by 229 1.2 by,
385 13.51 124 385 118 a* 370 58.9 ay
3% 0.45 2 x 209? 396 0.2 €
392 1l by
421 0.2 3,
444 0.08 3 449 03 3, 430 L6 a,
473 0.19 ay 460 0.7 a, 418 45 2,
541 0.71 113 542 1.6 a, 525 10.2 3,
583 0.24 11} 583 0.8 a, 567 3.5 ay
623 0.06 a, 614 0.6 a 561 2.1 a,
630 0.05 By 634 0.2 big 619 1.4 by
678 0.03 3, 673 0.1 a, 649 5.7 a
694 0.1 a,
748 0.19 3 742 0.5 a 690 26 a
755 0.45 104, 751 15 3, 720 1.8 3
766 0.91 12§ 769 23 ay 743 145 a,
778 0.04 2, 778 0.1 a
832 0.2 2a,
418 + 370 788 1.7 a,
889 0.22 3 830 0.5 by 791 6.7 2by,
895 0.08 brg 864 02 by 764 L1 Byy
884 0.5 big
905 0.09 3, 899 0.1 + 804 L7 3
910 0.05 ag 904 0.2 a, 809 2.4 2
913 0.1 2,
948 0.1 ag? 97 2.1 a,
961 0.04 a, 959 0.1 3 928 0.7 e
966 0.03 2 966 0.2 4 937 LS +
995 0.1 ag’
1019 0.24 9} 1012 0.2 ay
1028 0.1 a,
1042 0.21 2y 1037 0.6 3, 829 16.5 3,
1073 0.1 3byg
1094 0.14 a, 1089 0.5 ag 845 34 +
1101 0.1 byt
1142 0.07 10412} 1092 29 a
1146 0.19 123 } 1ss 03 * { 1114 16 a:
1158 0.08 a,
1160 0.7 brg 864 1.0 by
Lol 1167 1.1 874 5.4 a
1168 036 ToB0 { 1173 1.3 :' { 882 8.8 a:
1183 0.3 +
1184 0.15 7 1189 0.4 big
1269 0.1 +
1278 0.1 +
1297 0.2 +
1304 02 a,
1319 0.2 a,
1291 0.19 a
1039 19 a,
1136 1.0 +
1162 1.2 +
829 + 370 1197 38 a,
1235 1.5 a,
1307 1.5 a,
1339 8.6 +
1359 L7 a,
1364 35 +
1380 1.39 6bay 1378 30 e 1382 4038 3,
1389 027 a,
1409 0.80 2a? 1409 5.3 a, 1450 332 3"
1414 0.13 + 1419 2.4 ag
1418 0.1s + } 1418 03 * { 1425 2.4 at
1420 0.73 S0 1435 1.5 a, 1440 15.2 +
1454 0.3 [
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TABLE I (Continued)
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anthracene-A,q

anthracene-9-4,

anthracene-d,o

energy? int® assgnt® energy int sym? energy int sym
1469 0.09 1094 + 385 1469 0.2 + 1215 1.1 +
1480 0.2 2byg 1465 2.5 by,?
1501 1.03 45 1499 3.4 ag* 1434 17.7 +
1506 0.20 bie
1508 0.24 big
1514 0.56 3+ 1509 2.2 + 1475 9.6 +
1516 0.24 by 1520 0.3 bie 1497 3.9 G
1543 0.06 +
1545 [t} + } :;ig g'g : } 1510 2.5 +
1548 9 3, )
V14l 1241 2.7 a
1550 0.14 7/8312) 1550 0.2 + { ol v »
1577 0.06 e : 1573 0.3 + 1546 46 a
1590 0.07 e 1582 0.3 a* 1554 438 +
1635 0.25 3" 1629 0.4 + 1592 6.5 a’
1640 0.09 + 1587 3.7 a,
1608 19 ag’
1715 0.07 ¢ 1708 0.1 + 1641 6.3 a*
2% 829 1658 2.8 3"
1307 + 370 1679 1.0 2,
1690 2.0 a*
1339 + 370 1712 2.5 +
1359 + 370 1729 1.4 +
1767 0.23 65124 1765 0.7 + 1751 16 +
1771 0.11 +
1773 0.13 1389 + 385 )
1778 42 +
1792 0.28 1409 + 385 1792 1.2 + 1811 8.9 +
1795 0.05 1414 + 385
o o0 i 385} 1803 01 p 1793 11 +
1801 0.14 54124 1820 0.1 ¢ 1821 6.4 +
1883 0.04 +
1885 0.12 45128 1886 0.6 + 1852 3.6 +
1890 0.04 1506 + 385
1895 0.04 3128 1846 3.6 +
1897 0.04 1516 + 388 1866 0.6 e
1926 0.1 ¢ 1920 .5 +
1952 1.7 +
1592 + 370 1961 1.7 +

“Vibrational energy in cm™. The -Ayy data are primarily from ref 2 and 13. The -hyq origin is 27695 cm™ (from ref 13), in this study the -9-d;
and -dyq origins were found to be shifted 12 and 71 cm™, respectively, to higher energy. *Percent intensity relative to the origin of each molecuie
(100%), which is the most intense transition in cach molecule. The -4, data are primarily from ref 2 and 13. < A7 denotes the transition of mode
number 4 from n quanta in the ground clectronic state to m quanta in the excited state S;, combination bands are A2'5) ... A bar over a mode number
indicates a non-totally symmetric (c.g., by,) vibration. Where mode numbers have not been assigned in ref 13, combination bands are denoted by a
+ b, where a and b are the -h,, vibrational frequencies in cm™ {in a few cases, combination bands in -dyo have no observed -4, analogue; the -dyo
frequencies are then given in this column). For levels not assigned in ref 13, vibrational symmetries from ref 2 are given (see note d for designations;
superpositions of levels are also denoted with a comma, e.g., 1052, indicates that mode number 10 and another a, vibration overlap). ¢Vibrational
symmetries found in this study from rotationai band contour analysis. Superpositions of levels are denoted variously, e.g., 23, (two a, vibrations
overiap), a,” (one or more vibrations of indeterminate symmetry overlap with an a vibration), or just + (two of more vibrations of indeterminate
symmetry overiap). e indicates that no symmetry analysis has been performed for this level.

was recorded from the same SVLs as in Figure 4, and some are
presented in Figure S for anthracene-h;q and anthracene-9-d,.
Similar results (not shown) were obtained for anthracene-d\y. The
difference between the single-exponentiai decays (convoluted with
the system response function), the beating decays, and the dou-
ble-exponential decays of the fluorescence is clear.

The anthracene-A,, data in this section have previously been
published and are repeated here for the purpose of comparing it
with data from the deuteriated isotopes.

D. Rotational Band Contour Analysis: Medium Resolution.
At lower vibrational energies (<1100 cm™) in both deuteriated
anthracenes, nearly all of the rotational band contours conformed
to one of two distinct types. The much commoner contour type,
exemplified by the electronic origins, exhibited well-separated P
and R branches, but no Q branch, and had fwhm near 3.2 cm™.
The rarer contour type (e.g., at 231 cm™ in anthracene-9-d,)
showed a sharp Q branch and was narrower than the prevalent

contour type (fwhm of 2.5 cm™). This situation is identical with
that found in anthracene-A,q (prevalent contour type, fwhm of
4.0 cm™'; rarer contour type, fwhm of 2.3 cm™').2 The two types
of contours of each of the three isotopic species are compared in
Figure 6 (commoner labeled a, rarer labeled b,,); the similarity
of each contour type for the different analogues is evident. In
the previous anthracene-A,, study, the prevalent contour type was
associated with symmetric (a;) vibrations, while the rarer type
was due to antisymmetric (b;,) vibrations. Although the same
conclusion can be reached for the deuteriated compounds strictly
by analogy, the arguments of the previous study, suitably modified,
are given below.

Assuming anthracene to be planar, anthracene-d,, belongs to
the point group Dy,. The similarity of the contours of anthra-
cene-9-d, suggests that it is reasonable to use D,, nomenclature
to describe this species, despite the fact that it belongs to point
group C,,. We shall follow this convention in this paper so that
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TABLE II: Comparisoa of S, Vibrational Levels in Anthracene-h,q, -9-d,, and -dyy
anthracene-A,q anthracene-9-d, anthracene-dq
encrgy* int® assgnt® energy int sym? energy int sym
0 100.00 ] 0 100.0 a 0 100.0 EN
209 0.17 ay 210 0.1 ay
232 0.74 11} 231 1.4 big 229 1.2 by
385 13.51 12} 385 118 g 370 58.9 2
390 0.45 2 x 209? 396 0.2 e
392 11 by
421 0.2 a,
444 0.08 3 449 03 3, 430 16 ay
413 0.19 a, 460 0.7 a, 418 4.5 a,
541 0.71 13 542 1.6 a, 525 102 3,
583 0.24 it 583 038 ay 567 3.5 3
623 0.06 a, 614 0.6 a, 561 21 a,
630 0.05 b 634 0.2 byg 619 1.4 byg
678 0.03 a, 673 0.1 a, 649 5.7 ay
694 0.1 a,
748 0.19 a 742 0.5 a, 650 26 3,
755 0.45 10,2, 751 1.5 3, 720 113 a,
766 0.91 123 769 2.3 a, 743 14.5 a,
775 0.04 ay 778 0.1 a,
832 0.2 2a,
418 '+ 370 788 1.7 ag
389 0.22 3 880 0.5 by 791 6.7 2by
89$ 0.08 byg 364 0.2 byg 764 1.1 by
884 0.5 Big
905 0.09 a, 899 0.1 + 804 1.7 a,
910 0.05 a, 904 0.2 2, 809 24 a,
913 0.1 a, .
948 0.1 a? 917 2.1 a,
961 0.04 a, 959 0.1 2, 928 0.7 e
966 0.03 3 966 02 ay 937 L5 +
995 0.1 a*
1019 0.24 9 1012 0.2 ag
1028 0.1 a,
1042 0.21 a, 1037 0.6 ay 829 16.5 3,
1073 0.1 3by,
1094 0.14 ag 1089 0.5 a, 845 34 +
. 1101 0.1 byg* -
1142 0.07 104124 1092 29 a
1146 0.19 123 } 133 0 * { 1114 1.6 a:
1158 0.08 ag
1160 0.7 big 864 10 Big
i 1167 11 a 874 5.4
1168 0.56 ToBo { 1173 13 Iy { 882 3.8 ::
1183 0.3 +
1184 0.15 " 1189 0.4 big*
1269 0.1 +
1278 0.1 +
1297 0.2 +
1304 0.2 ay
1319 0.2 a,
1291 0.19 1,
1039 19 a,
1136 1.0 +
1162 1.2 +
829 + 370 1197 38 ay
1235 L5 a,
1307 3.5 3,
1339 8.6 +
1359 1.7 3
1364 35 +
1380 1.39 [ 1XW 1375 30 agt 1382 408 a,
1389 0.2 ag .
1409 0.80 2a,? 1409 53 a 1450 332 ag*
1414 0.13 + 1419 24 ag
1418 0.35 + } 1418 03 * { 1425 2.4 ag
1420 0.73 56 1435 15 ay 1440 15.2 +
1454 03 ay
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branch much more intense than the P branch, in having a greater
fwhm, and in having a wider, deeper P-R branch gap. The
coupling mechanism in this case could invoive Coriolis interactions
or special anharmonic forces, as discussed by us!*$ and by
Amirav.?

In anthracene-9-d,, the S; + 1409 cm™! level is suitable for a
similar study, since (1) it is an intense, spectrally pure level,
exhibiting distinct P-R structure, and (2) two types of quantum
beat modulations (in-phase and out-of-phase) are observed in the
fluorescence decays under certain detection conditions. Specif-
ically, detection of emission to Sy + 390 cm™! yields in-phase
quantum beats due to emission from a state that is initially
populated by the laser pulse (as in the case of the previously
discussed anthracene-i,, quantum beats). In contrast, detection
of emission from a state populated indirectly through coupling
to a laser-populated state, ¢.8., emission to S + 1499 cm™!, yields
out-of-phase quantum beats. These two types of quantum beats
differ in phase by 180°, since the population oscillates between
the states producing the two types of modulation. Total detection
of emission (i.e., detection of all emission except that absorbed
by a laser cutoff filter) yields a typical single-exponential decay
with no (or very weak) quantum beat modulations.

The frequency anaiogues of these temporal experiments are
depicted in Figure 10. The resolved emission (=dispersed
fluorescence) spectrum is shown in the upper haif of the figure,
trace A. The rotational band contour obtained with total detection
is shown in trace B in the lower half of the figure. Detection of
emission to the range Sy + 390 (£100) cm™, shown by the interval
labeled 1 in trace A, yields the contour in trace C, corresponding
to in-phase quantum beats. Contour D, corresponding to out-
of-phase quantum beats, was obtained through detection of interval
2in trace A (Sq + 1499 (£25) cm™). These three contours are
somewhat similar in appearance, the differences being within the
range of experimental uncertainty (as judged by spectral repro-
ducibility). Certainly there are no dramatic differences in contour
shapes as in anthracene-f;5 S; + 1380 cm™. It would therefore
appear that anharmonic coupling is responsible for the quantum
beats in this system, consistent with the dominant extent of an-
harmonic coupling in S, anthracene-A,,.'*% However, we cannot
rule out compietely the presence of some Coriolis interactions.>53
It is important to note that cven though the spectra are similar,
the time-resolved data reflect entirely distinct IVR dynamics.’

G. Temporal Behavior. The fact that anthracene-A,, excited
to S; + 1420 cm™ exhibits restrictive [IVR among four levels while
dissipative [VR involving approximately 20 levels is observed at
1792 cm™ has been justified qualitatively by a calculation of the
vibrational density of states for the ground singiet electronic state:
the density at 1792 ecm™ is § times the density at 1420 cm™, which
couldzgmnntfortheobuwationofs times the number of coupled
levels.

More information is necessary, however, to account for the
redistribution more quantitatively. This is apparent when one notes
that the actual number of observed coupled levels in anthracene-4,,
is larger than the calculated ground-state density would suggest.
For example, in the excitation of anthracene-A,y t0 Sy + 1420 cm™!,
the molecular symmetry of the observed four coupled levels must
be the same if the coupling is anharmonic. Since there are eight
symmetry species for D,, anthracene, there must be 32 levels in
the energy region that is under investigation. Although our laser
bandwidth is 2 cm™!, we can detect beat frequencies only in our
temporal measurements of <10 GHz. This reasoning leads to
a total density of 96 states/cm™ for anthracene-h o, which is far
different from the ground-state caiculation of 25 states/cm™. The
state density we calculated for S, agrees more closely with the
number of experimentally observed coupled leveis but is higher
than the observed state density (see Table [). At 1420 cm™! the
calculated density of a, states in S, is about twice that observed;
at 1792 cm! it is about 4 times that observed (the number of
observed coupled levels at 1792 cm™ is a lower limit calculated
from the ratio of the amplitudes of the fast and slow components

(25) Amirav, A, J. Chem. Phys. 1987, 86, 4706.

Peng et al.
TABLE Iv¢
[ E(-ho) E(-9-d,) E(-dyo)
no IVR 61 1170 1030 960
restricted I[VR 120-700 1290-1640 1160-1480 1080~1380
dissipative [IVR 1500 1800 1670 1530

“The densities are per wavenumber, and the energies are in wave-
numbers.

in the biexponential decay of the unrelaxed fluorescence). This
comparison of observed and calculated vibrational-state densities
suggests that the number of levels observed to participate in the
IVR dynamics in anthracene-A,, is approximately equal, within
a factor of 2, to the number of levels of the proper symmetry to
be anharmonically coupled and that are studied experimentally
(i.e., prepared coherently and resolved temporally).

Qverall, the observed IVR in anthracene-9-d, is similar to the
observed IVR in anthracene-h ;. There are, however, exceptions.
The level at S; + 1173 cm™! in anthracene-9-d, is involved in
restricted redistribution while a level at very nearly the same excess
vibrational energy in anthracene-h)g (S; + 1168 cm™) undergoes
no dynamic IVR. This difference in the IVR in anthracene-9-d,
compared to anthracene-k ;4 can be understood in terms of the
effects of symmetry reduction by monodeuteriation as discussed
in the Introduction. By comparing the IVR in anthracene-hy with
the IVR in anthracene-9-d, that occurs at the energy where the
calculated state densities are the same, one is abie to compare
IVR in the two molecules. This method would circumvent the
major uncertainty in all the S, vibrationai-state density caicula-
tions: the uncertainty in all the S, vibrational frequencies com-
pared to those of Sy. For example, no IVR is observed when
anthracene-h,, is excited to S, + 1168 cm™ or less (within our
time resolution). The calculated vibrational-state density for
anthracene-hyg at 1168 em™ in S, is 61 cm™. From Figure 2,
anthracene-9-d, and anthracene-hy, have nearly the same total
state densities at this energy. If, however, anthracene-9-d, is
cffectively C,, rather than Dy, the density of totally symmetric
modes is !/, per cm™! instead of ! /4 per cm™. Therefore, if the
IVR is statistical, then no IVR is expected in anthracene-9-d,
below 1030 cm™ (where the density of totally symmetric modes
is equal to that of anthracene-hqy at 1168 cm™). Listed in Table
IV are the calculated vibrational-state densities for the energies
where no, restricted, and dissipative [VR were observed in an-
thracene-ho. Also listed are the energies where these vibra-
tional-state densities occur in the deuteriated isotopes. This table
indicates, therefore, how the redistribution might be expected to
change because of isotopic substitution.

The experimental observation of restricted IVR at S, + 1173
cm™ in anthracene-9-d, is in accord with these predictions. At
this vibrational-state density beats are seen in the fluorescence
decay of D, anthracene-A,q and in the fluorescence decay of C,,
anthracene-9-d;. The energies where IVR is first observed in the
two molecules, however, are different. Similar results regarding
the different regions of IVR were also found in anthracene-d,q.

V. Conciusions

The highly analogous rovibronic nature of the three anthracene
isotopes can be seen from the spectroscopic data. The data clearly
show the similarity of the excitation spectra and rotational band
contour shapes, as well as the correlation of the observed vibra-
tional levels. Qualitatively, we can relate the comparative dy-
namics of [VR to the relative state density and symmetry of the
molecule. But the most important finding here is that the regions
of IVR identified previously for anthracene-4q and trans-stilbene
(nonexistent, restrictive, and dissipative IVR)!* have also been
found in all deuteriated anthracenes studied here. These regions
of IVR have also recently been observed in azulene by Wallace
and co-workers.”® Both spectral and temporal sjudies of these

(26) Demmer, D. R.; Hager, J. W.; Leach, G. W_; Wallace, S. C. Chem.
Phys. Letr. 1987, 136, 329.
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molecules confirm this picture. It scems that this “division” of teaching us the details of the computer program for the rotational
IVR regions in large molecules is general. contours. This article is dedicated, in memory of a great coileague

Acknowledgment. We gratefully acknowledge funding of this and scholar, to Professor Ed Lee.

work by the National Science Foundation. When we started this Registry No. Anthracene-9-d,, 4485-03-4; anthracene-d,q, 1719-06-8;
work several years ago, Professor E. Lee was very helpful in anthracene-hyq, 120-12-7.



