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LOCAL MCDES OF BENZENE AND BENZENE DIMER STUDIED BY

INFRARED-ULTRAVIOLET DOUBLE RESONANCE IN A SUPERSONIC BEAM

Ralph H. Page,*(8) Y. R. Shen'* and Y. T. Leel
Materials and Chemical Sciences Division

Lawrence Berkeley Laboratory
Berkeley, California 94720

~ ABSTRACT

We used rotational cooling of molecules to ~ 5°K by éupersonic
expansion and state-selective, multilevel saturation spectroscopy to
obtain high-resolution spectra of the fundameﬁtal and first and second
overtone transitions of C-H stretching modes in benzene and its dimer.
Greatly reduced linewidths (<3 em~! FWHM) in the rich spectra show that
previously reported spectra have suffered from inhomogeneous -
congestion. Our observed spectral widths indicate that the vibrational
lifetimes of the C~H stretches are at least a few psec, even at the
‘energy of the second overtone (8800 em~1.) The "local mode" picture
appears to apply when at least 3 quanta of C-H stretching motion are
presedt. Spectra of the dimer are similar to those of the monomer but
show a red shift of a few cm'1, the appearance of combination bands
involving van der Waals vibrational modes, some intensity changes, and
a broadening of spectral features that increases with the vibrational
1

energy. The dimer's predissociation lifetime at ~ 3000 cm™

vibrational energy exceeds ~ 3 psec.



I. INTRODUCTION

The familiar normal mode model has long been used to describe the
vibrations of polyatomic molecules.!*2 As a zeroth-order description,
it works well as long as the anharmonic interactions between
vibrational states are weak compared with the spacings between their
energy levels. A general vibrational state can then be expressed as a
superposition of normal-mode vibrations. But as the total vibrational
energy is raised, the number of states, or ways it can be partitioned
among the vibrational degrees of freedom, grows rapidly. The states
may even become so closely spaced thét they overlap and form a
"quasicontinuum." Nearly-degenerate zeroth-order states become
strongly mixed by the anharmonic interactions, so that the normal mode
description is inappropriate. In general, each vibrational state is
then a complex admixture of many zeroth-order states. The vibrational
motion is quite complicated and energy is distributed throughout the
molecule.

Local ("bond") modes provide a counterintuitive and fascinating
contrast to this behavior. They are vibrational modes with long
(hundreds of vibrational periods) lifetimes in which the motion (and
energy) are more or less confined to a single bond. They can exist
even when they are embedded in a dense manifold of other vibrational
modes, sometimes referred to as a "bath."

By studying these "simple" local modes we hope to understand the
vibrational behavior of molecules better. We want to know under what
conditions local modes can exist, and what the details of their motions
are. An important aspect of this problem is to understand the

couplings between the local and other vibrational modes. These



couplings are responsible for the structured spectra, and decays.of
local mode vibrations. It is interesting to see how the effects of
these perturbations change as the total energy and density of states
vary.

The local mode description of vibrations was in use by 1936 3 in
order to explain the overtone absorption spectra of polyatomic
molecules. Specifically, the study of local modesl‘l'7 has concentrated
on overtones of stretching vibrations of O-H and C-H bonds. Their high
fundamental stretching frequencies (above 3000 em™1) cause them to be
far out‘of resonance with fundamentals involving more massive parts of
a mdlecule, so that local behavior can stand out. 1In a molecule.with
several identical "oscillators" (0-H or C-H bonds), not all overtones
of their stretches are purely local mode vibrations, which implies that

in a local mode, all quanta are in a single bond. With only one bond

at a time in motion, the pure local mode spectrum of a polyatomic
molecule with identical oscillators mimics that of a diatomic

molecule. For each mode, the energy levels in the frequently-used

Morse potentia18 are

E(vy) =vw(vi +1/2) - x(vy +1/2)2 - % (w = x/2). (1)

vi is the number of stretching quanta in the ith mode, w is the
frequency (~ 3150 em™1 for a C-H bond in benzene), and x is the
anharmonicity (~60 em™! for such a bond.) The last term in Eq. (1) is
a correction for the zero-point energy. If v = Z vi quanta are shared
in a molecule with noninteracting identical bond modes, the total

energy is given by E(v) = ) E(vi). Figure 1 is a sketch of the v = 0-3



manifolds of a generic molecule with at least three identical
oscillators. The "pure local mode" states, henceforth referred to
simply as the "local modes", are shown with heavy lines. They have a
degeneracy equal to the number of identical oscillators, and are the
lowest in energy in each manifold, lower by 2(v-1)x than the next
higher level. If a coupling between the oscillators exists, as
represented by Vp, that couples the local mode state to the next higher
state shown in Fig. 1, then the local-mode behavior becomes
weaker as the coupling increases. We note that with increasing
v, the effect of Vpp should decrease as the splitting 2(v - 1)x
between the coupled staﬁes is increased. The bonds become nearly
independent of one another when Vpg << 2(v - 1)x.2:7

A simple spectroscopic test for the local behavior is to (a) see if
the local mode overtone transition frequencies fit the diatomic
molecule formula Eq. (1) and (b) determine whether the absorption cross
sections are proportional to the number of identical bond oscillators.
The first extensive studies of this sort were done with liquids, which
handily provided thick enough samples to measure the small cross
sections. (Typical cross sections are ~ 10723 em? at v = 5.) There
were many such exper‘imen'c,s.9"20 A representative one'5 was done on
toluene, which has two kinds of C-H bonds: the aryl C-H bonds attached
to the carbon ring, and the alkyl C-H bonds in the methyl group. The
experiment showed that they could be distinguished in the overtone
spectrum, which was well described by the local mode model.

The local mode overtone transitions were always broad in liquid
spectra, with features being smeared out to bandwidths of ~ 50 em~1 or

more. Such broadening is due to frequent collisions (on psec
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timescale), and intermolecular forces which perturb the vibrational
freqﬁencies. . Consequently, only the grossest splittings in the spectra
could be resolved, and there was no chance to test detailed theories of
weaker perturbations and dynamics.

A particular pure local mode vibration involves only a single type
of bond, but this is an oversimplification. More realistically, the
local mode is perturbed by other vibrational modes. The spectroscopic
manifestation of this mode mixing is sketched in Fig. 2, for three
different cases. Case (a) describes the coupling of strength & between
the local mode and a discrete nearly-degenerate mode. Two
"eigenstates" result from such a Fermi resonance.21 They are separated
by about 2W, and their mode characters are mixed. This leads to the
appearance of two lines in the absorption spectrum. 1In case (b), the
local mode is effectively coupled with a number of nearby states, and
consequently, its mode character is distributed into these coupled
states. If the density of states is p, then the bandwidth of the
effectively coupled states is T ~ 2w|ﬁ|2p. As a result, a thicket of
sharp lines with a bandwidth of T éhould appear in the absorption
spectrum. In the limit when the local mode couples with a continuum of
states with pYpaq > 1, case (c) results; the states are closer together
than their radiative linewidths Ynz4. The absorption spectrum then
shows a single broadened line with a linewidth T = 2w|ﬁ|2p.21‘25 Cases
(a) and (¢) represent the limits of small and large molecules,
respectively, and (b) is the "intermediate case".

At this point we can further clarify what we meaﬁ by the term
"local mode", and how we tell when we have found one. A mode is

"local" if it is resistant to coupling with other nearly-degenerate



modes, in other words, if W decreases with increasing energy in such a
way that T remains constant or decreases. Such a mode retains
prominence in an absorption spectrum as v is raised. A mode which had
a coupling strength W independent of v would have a huge bandwidth T at
high energies where p is very large, and would not produce a detectable
peak.

An alternative and widely used notion of local behavior has also
been described. The prescription of Fig. 2 tells us that each
transition corresponds to an excitation of a mixed state y, = ap|LM> +
Y bam|NMp> (LM = local mode; NM I normal mode.) In the pure local mode

m
case, ap =1, bpyy = 0, and a single transition should be observed,

assuming <NM|u|0> = 0, where u is the transition dipole moment. In the
more general case, the fraction of local character in the mixed state
Un is Ianl2 and the transition to that state has an oscillator strength
proportional to [<yn|u|0>|2 « |a,|2. The qualitative conclusions
regarding the local character of a spectrum would then depend on the
time or spectral resolution of the spectrum. Consider "plucking" a C-H
bond in benzene.26"31 For a short time, the resulting oscillation
looks like C-H stretching. After a long time, the C-H stretch energy
is redistributed throughout the molecule and dissipated into heat. So
for a short time, the vibration is "local"; if we used a broadband
optical system to get the absorption spectrum, we would see a single
transition. At long times, the vibration is not local; with a
high-resolution system we could detect the many states that are coupled
to the local mode.

Our criterion for local behavior does not require that we worry

about exactly where the vibrational energy rattles around in a system.



Rather, the mere detection of a sharp vibrational resonance at high
energy is prima facie evidence of a local mode. Such a simple test can
also be applied to other systems, such as solids, where such absorption
features are not routinely observed.

Better local-mode spectra have been obtained with gaseous instead
of liquid samples. Fourier transform, photoapoustic, and othef
spectroscopies have provided highly resolved (better than 0.1 em™ 1)
local-mode spectra of "small" molecuies such as substituted
methanes.32737 From these spectra it was possible to analyze the Fermi
resonances between the local mode state |Vgipetcn”» With v C-H
stretching quanta, and the state |(v—1)stpetch’ 2pend”» comprising (v -
1) C-H stretching and two C-H bending quanta. The bending frequency,
at ~1500 cm'1, is roughly half the stretching frequency of ~3OOO.cm’1,
so that the two states are nearly degenerate. Typical magnitudes of
coupling matrix elements of this Fermi resonance are in the tens of
cm"; however, stretch-bend interactions can.be as strong as 100 em~1,

Local-mode spectra of small molecules had shown features with
Doppler-limited linewidths of less than 0.01 em~!. This indicates that
the vibrational relaxation in these molecules, which have small
vibrational state densities, is rather slow (> 0.5 nsec). The results
on large molecules seemed very different as judged from the local-mode
spectra of benzene obtained by Bray and Berry38 and later by Reddy,
Heller, and Berry.39 Their spectra, reproduced in Fig. 3, covered the
C-H stretching bands of v = 1-9., The v = 2-9 bands showed quasi-
Lorentzian lineshapes that were very broad (T ~ 50 em~! FWHM.) Each
band, presumably a local-mode band, was assumed to be due to a single

transition. The '"homogeneous" bandwidth T would then correspond to a



lifetime 1 of ~ 100 fsec. Thus, there is qualitatively a huge contrast
between the spectra of large and small molecules. A surprising feature
of the results was that the bandwidth did not increase monotonically
with the overtone level, but actually peaked at v = 5. A naive

application of the Fermi Golden Rule T = 2w|W|2p would predict a

<

dramatic increase of I with energy, if the coupling W were constant.
In other words, the decay rate should mirror p, the rapidly increasing
density of vibrational states, ranges from 1000/cm™1 at v = 2 to
10%/em™! at v = 6 in benzene.38

These benzene spectra inspired calculations of local mode dynamics
and overtone lineshapes in large molecules.b,7,26-31,38-54 Lately it
has been speculated50 that a local mode may be effectively coupled to
only a few of the many nearly degenerate vibrational states. This
would then limit p and hence the decay rate.

Serious questions concerning the details underlying the broad
spectral envelopes have been raised. It is important to discover
whether the large bandwidths are really homogeneous, and if not, what
are the origins of the resolvable features. Spectra of small molecules
in the gas phase are inherently easier to resolve because there are
fewer vibrational modes, and rotational constants are larger (e.g. ~ 10
em™! for methane vs. ~ 0.2 em™! for benzene.) For lafge molecules, the
resolution of individual rovibrational transitions in regions where
vibrational bands overlap is very difficult. Even for a single
vibrational band, collisional broadening approaches the ~ 0.01 em™ !
spacing between rovibrational transitions.®5 More sophisticated
experiments are needed in order to provide better-resolved overtone

spectra of large molecules.
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Perry and Zewail studied crystalline benzene5® and durene57
(1,2,4,5 tetramethylbenzene) at 1.8°K, hoping to distinguish between

homogeneous and inhomgeneous broadening in the v = 5 spectra. In such

‘cold crystals, the molecules should all be in the ground rovibrational

state. (Static intermolecular perturbations could occur, however.) In
their spectra the ~ 100 em™! linewidths of the aromatic C-H stretches
were seen to exceed those of the methyl C-H stretches (~ 25 em™1).

Cooling a gaseous sample by supersonic expansion is a favored
method of reducing the spectral congestion by dramatically lowefing the
rotational temperature. The small density of molecules in the beam
makes direct overtone absorption measurements difficult. It is,
however, possible to detect overtone absorption in a beam by monitoring
the products of vibrational predissociation resulting from overtone

excitation., Butler et. al.58 used laser-induced fluorescence to detect

" the OH radicals producted by predissociation of H,0, from the v = 6

local O0-H stretching mode.

Tetramethyldioxetane (TMDO) is a suitable choice for overtone
absorption studies in a molecular beam because it produces
electronically excited acetone upon predissociation, which can be
easily detected. West et. al.59 obtained the v = 5 spectra of its C-H
stretch local mode. The spectra were dominated by a strong peak with a
90 em~! width, and appeared to be independent of the degree of cooling
provided by the supersonic expansion. Recent experiments by McGinley
et. al.60 on the v = 3-5 bands have given similar results. They found
that the v = 4,5 bands have some inherent structure, regardless of the
temperature. This structure was interpreted as confirmation ehat the

hydrogen atoms are not all on equivalent sites, so that their C-H bonds



have different vibrational frequencies. The stretch-bend couplings
observed in substituted methanes should be present in TMDO as well.
Although the structure was not completely resolved, an upper limit of
50 em~1 was put on the homogeneous linewidth of each peak. Supersonic
expansions are known to provide a high degree of rotational cooling,

‘ but are rather ineffective in vibrational cooling. Several vibratiohal
states could have been populated in the molecular beams, so that their
conclusion on the temperature dependence was not definitive. The
origin of spectral broadening was therefore uncertain.

Let us consider here in more detail the results of Reddy, Heller,
and Berry,39 henceforth RHB, on benzene in a gas cell using
photoacoustic spectroscppy. Their spectra, reproduced in Fig. 3, were
analyzed from the point of view that the strongest peak in each
represented a single vibrational transition to the local mode state of
the C-H stretch overtone manifold. The 25-50 cm™! bandwidths of these
transitions were thought to be largely due to lifetime broadening
(100-200 fsec.) On the other hand, the fundamental (v = 1) transitions
are known to connect states with long 1ifetime355v61 and have very
smail homogeneous linewidths. The fundamental band contains three
vibrational transitions as a result of a Fermi resonance between the
zeroth-order C-H stretch and two combination modes with C-H bending
character. At room temperature, each transition has & "rotational
envelope" of 30 em~' width. RHB used a deconvolution pfocedure to
remove the rotational contribution to the observed linewidths of the v
> 1 bands. The resulting widths, assumed to be homogeneous, were then
23 em~! each for the v = 2,3 bands, and larger for ﬁigher overtones.

The presence of more than one non-degenerate vibrational transition

10



in an overtone band would invalidate this deconvolution procedure. At
room temperature (kT ~ 200 cm'1), ~ 40% of the molecules are
vibrationally excited by thermal agitation. C-H stretching overtone
transitions from the hot levels have frequencies different by a few
em~1 from those from the ground state. Furthermore, rovibrationai
bands whose centers were separated by only a few cm'1, (much less than
their rotational bandwidths of 30 em™'), would be difficult to resolve.

It was our goal to obtain local mode overtone absorption spectra as
free of congestion as possible in order to resolve details of the
vibrational structure. This we did by cooling the molecules in a
supersonic beam to a rotational temperature of 5°K and using
state-selective multilevel saturation spectroscopy62. We recorded
spectra of the C-H stretching v = 1-3 local mode overtone bands of the
benzene molecule and dimer of benzene. We found that these local mode
bands are not composed of single, homogeneoﬁsly broadened transitions.
Instead, many vibration-rotation bands have been resolved in the
spectra. The v = 2 band of the benzene molecule contains at least 25
vibrational transitions, the strongest of which, at 6006 cm~', has a
natural linewidth below 1 em~'. Similarly, the v = 3 band contains at
least 5 vibrational transitions; the strongest, at 8827 cm™!, has a
natural linewidth less than 3 em™!'. (The v = 3 spectrum has a lower
signal- to-noise ratio and hence, some weak transitions may ﬁave been
missed.) The local mode description of the spectra appears to apbly
increasingly well as the quantum number v is increased.

The dimer spectra are similar in gross appearance to those of the
monomer. Fine structure in the v = 1 spectrum puts a lower limit of ~

3 psec on the vibrational predissociation lifetime at ~ 3000 em™! total
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energy. Broadening of the rovibrational bands comprising the local
mode overtone bands is observed. We interpret this broadening, which
increases with vibrational energy, as being a manifestation of "site

splitting" of inequivalent C-H bonds.

II. EXPERIMENTAL ARRANGEMENT

We have used two powerful techniques to reduce spectral congestion
and thereby resolve the spectra: cooling of the molecular rotations,
and state-selective saturation spectroscopy.

Our state-selective three-level saturation spectroscopy scheme used
the "inverted A" configuration, shown in Fig. 4(a). The essence of
state selection is this: a "probe" beam is adjusted to monitor only the
population in a chosen subset of the |g> states. The "pump" beam is
scanned through the spectral region of interest. Absorption from |g>
to |v> causes the ground state population béing probed to decrease, and
hence, the probe signal. The change in the probe signal versus the
pﬁmp frequency then gives us the desired absorption spectrum.

In Fig. U4(a), we assume that the probe beam has selected 3 states
in the |g> manifold. Each of the states can make a transition |v> <«
|g> to the two states in |v>. If the pump has a resolution that
separates the |v> states but not the |g> states, two peaks (each
containing three unresolved lines) should be expected, as shown in Fig.
4(b). |

In our experiment, selective probing was accomplished by
resonantly-enhanced two-photon ionization (R2PI), using the 260 nm A«
X transition as the initial resonant step [see Fig. 5(a)]. The

vibrational bands of this transition have been accurately
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assigned,63’6” and even the rotational structure of the vibrational
bands has been well analyzed.65’66 It is therefore possible to
selectively probe a particular ground rotational and vibrational
state. Because of our limited probe laser resolution, we were able to
proble only a selected group of rotational states in the ground
vibrational level.

This electronic A « X transition also exists in the benzene dimer;
assignments of some vibrational features have been performed67'69 but
the rotational analysis has not. The dimer's structure and moments of
inertia, which determine the rotational band-structure, are unknown, 70
The wavelength needed to probe vibrational-ground-state dimers is
appreciably different from that used for monomers. This wavelength
difference, together with the use of a mass spectrometer, allowed us to
study monomers and dimers separately.

Figure 6 shows the salient components of our apparatusf Our sample
was a supersonic beam formed by passing argon at 200 torr through a
-30°C or 0°C bubbler which contained frozen benzene. It proceeded into
the 1077 torr experimental chamber via a Lasertechnies’! LPV pulsed
valve eduipped with a 0.5 mm diameter nozzle, a region of differential
pumping, and a skimmer. .Infrared and ultraviolet laser beams were
focused and carefully overlapped. They crossed the molecular beam
inside a set of ion &xtraction plates. The pulses of ions generated by
R2PI passed through a time-of-flight mass spectrometer and were
deteéted with a Johnston electron multiplier.72 We used gated
integrators to average the ion signals for several laser shots.

Independently‘triggerable pulsed Nd:YAG laser systems73 generated

the tunable UV and IR frequencies required. Each Nd:YAG oscillator-
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amplifier system could generate 700-mj, 9-nsec, 9394-cm™! pulses at a
rate of 10 Hz. This fundamental-frequency output was frequency-doubled
or -tripled, as required, in KDP crystals. Light around 38600 em™ ]
came from a Coumarin 500 dye laser, whose output was frequency-doubled
in an automatically-tracked angle-tuned KDP crystal. Infrared light
came from mixing of a Nd:YAG laser beam at 9394 em~! with an IR/red dye
laser beam in an automatically-angle-tuned LiNbO3 crystal (WEX-1473),
yielding ~ 1 mj/pulse at 3000-3100 em™! and ~ 5 mj/pulse at 5800-6200
em~1. We noted experimentally that these energies were sufficient to
saturate the strongest transitions in the v =1 and v = 2 bands
respectively, as predicted with the measured cross sections of RHB. We
could obtain ~ 15-30 mj/pulse at 8700-8900 cm", the region of the v =
3 band, by pumping DNDTPC dye7” with the Nd:YAG fundamental. This was
sufficient to pump ~ 10% of the molecules to be probed.

The resolution achieved with our lasers was j em™! in the IR and
0.3 em~! in the UV. We sometimes increased the UV resolution to
better than 0.1 cm™! by using an intracavity etalon in the dye laser,
but the output amplitude stability was poor. By using accurately known
transitions in neon optogalvanic75 and methane photoacoustic spectra,
we calibrated the laser frequencies to better than 1 em™1.

A digital computer recorded ion signal levels, scanned laser
wavelengtifs, and actuated a shutter which was used to turn the IR beam
on and off. We took special pains to overlap the foci of the IR and UV
beams carefully. First we spatially filtered the UV beam with a pair
of lenses and a pinhole at the focus between them. This pair of lenses
also se}ved as a telescope for adjusting the divergence of the UV beam,

whose diameter was ~ 25 mm at the output lens, which had a focal length
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of 35 cm., We then also installed a telescope in the IR beam to give it
an adjustable divergence and increase its diameter to ~ 30 mm at the
output lens of the telescope. The alignment procedure was first to
adjust the beam divergences to get the foci of the two beams nearly
overlapped, then set the UV beam waist to the best location for ion
extraction in the molecular beam, and finally readjust the IR beam to
have it well overlapped with the UV beam. The IR light, regardless of
its wavelength, proved to be highly effective at fragmenting the
mass-78 benzene ions produced by the UV pulse.76'79 Therefore, to
check the beam overlap, we fired the iR pulsé just after the UV pulse
and used the ion signal from the molécular beam as an indication for
the beam overlap. This method is quite sensitive and effective; in our
experiment, it was even necessary to attenuate the IR pulse energy to
avoid saturation of the ion signal.

For data-taking,'a group of rotational eﬁergy ievels in the monomer
or dimer ground vibrational state was sélected by tuning the UV probe
beam to the proper part of the 6! band. The R2PI .spectrum of this band
in the monomer, obtained by pressure-tuning the dye laser with a 0.1
cm™! resolution, is éhown in Fig. 5(b). In order to eliminate
fluctuations in the probe signal due to time jitter between the UV and
IR pulses, the UV probe pulse was delayed by ~ 15-20 nsec with respect
to the IR pulse. This guaranteed that the molecules received full IR
pumping before'being pfobed. Closing and opening the shutter in the IR
" beam every few seconds and recording the modulation amplitude of the
probe signal as a function of IR pump frequency gave us the IR
absorption spectra.

The IR-pumping-induced modulation is quite small, and we were faced

15



with the problem of obtaining an adequate signal-to-noise ratio. Our
UV laser had an intensity fluctuation of several percent and an oupput
frequency jitter larger than the ~10~% em~1 1linewidths of the
transitions being probed. Normalization of the ion signal to the laser
pulse energy or its square was not effective in reducing the ion signal
fluctuation. We needed a normalization technique which Qould
accomodate laser frequency fluctuations as well as an arbitrary
dependence of the ion signal on the laser pulse energy.

A two-beam method with identical samples was clearly mandated. We
developed such a method by splitting the UV beam into two with similar
powers focused on the molecular-beam at two separate foci, one
overlapping with the IR beam and the other not. Figure 7(a) describes
the setup. The diverging UV beam struck a Suprasil flat at ~ 45°
incidence. The beam was S-polarized, so that ~ 10% was reflected off
the front and back surfaces of the flat; which also served as the
combiner for the IR and UV beams. The resulting pair of UV beams was
focused at two points separated by 2 mm in the ion-extraction field of
the time-of-flight mass spectrometer. The ion flight times from each
of the foci to the detector were different because the foci were at
different potentials. This made it possible to separate the two ion
signals with time-resolved detection by gated integrators. Figure 7(b)
is a schematic oscilloscope trace of the ion multiplier's output,
showing thét benzene ions of mass 78 and 79 80,81 were nearly resolved
in the signal from each focus. The ratio of the ion signals from the
IR-pumped UV beam and its unpumped twin gave the fraction of molecules
that had not absorbed IR light. (The ratio was 1 when no molecules

absorbed and O when they all absorbed.)
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This system worked very well in our experiment. R2PI provided well
over 10,000 benzene ions/shot when the UV light was tuned to the most
intense part of the 6} band. Each of the the ion signals from the two
uv probes fluctuated several percent, but their ratio was constant to a
few tenths of a percent, roughly the statistical limit. The resulting
increase in the signal-to-noise ratio allowed us to see many weak

transitions which would otherwise have been undetectable.

III. DETAILS OF STATE SELECTION -- CHARACTERISTICS OF UV AND IR SPECTRA
We wished to obtain two types of'spectra in this experiment. |
First, we wanted to locate the vibrational transitions that make up the

local mode bands. This we did with fast scans over a broad range
around the RHB band centers. During thése scans we did not try to
resolve rotational structure within each vibration-rotation band. We
call these "nonselective spectra". Then weAused the state-selective
technique to observe the more detailed substructure of the vibrational
transitions of a smaller group of rotational states.

The coarse structure in the A « X spectrum of benzene is due to
vibrational transitions from each of the thermally populated levels in
the X state (at 0, 399, 608 em™! ...) to several levels in the A
state. 1In an attempt to probe the ground vibrational state molecules,
we chose the 6} band, which is comparatively intense and whose rota-
tional structure has been analyzed by Callomon, Dunn, and Mills.65 As
shown in Fig. 5(a), this band occurs at 38608 cm™'. No transitions
from the other thermally populated vibrational levels occur at this
frequency.

Since we are considering an electric dipole transition, we expect
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P, Q, and R branches in the 6} band. The transition is polarized in
the plane of the molecule. The selection rules on K, which is the
projection of 3, ?he rotational angular momentum vector on the mole-
cule's 6-fold symmetry axis, are AK = -1 (p sub-branch) or AK = +1 (r
sub-branch). Consequently, there are altogether six branches of rota-
tional transitions, labeled as &KaJ: Pp, Pq, PR, PP, 'Q, 'R. Their re-
lative intensities for a given rotational ground state depend on J and
K and can be computed from Clebsch-Gordan coefficients. In the limit
that J,K >> 1, the PP and r'R.br*anch intensities vary as (1/2)(1 +
K/Jsz, PQ,TQ branch intensities ~(1 - K2/J2), and PR,TP branch intensi-
ties ~(1/2)(1-(K/J))2. (Exact rotational transition matrix elements,
or H®nl-London factors, are given by Herzberg.z) As will be discussed
below, J and K tend toward pérallel alignment and equal magnitude at
low temperatures. This strongly favors the 'R and PP branches; the PR
and_rP branches are so weak that they may bé neglected, while the PQ,'Q
branches have medium intensity and are close together in frequency.
General trends in the PQR rotational structure can be understood
with recourse to a simplified model in which the dependence on K is
ignored. In this simple picture, the P branch corresponds to the real
PP branch; the R branch is derived from the 'R branch, and the PQ,’Q
branches are lumped together as the Q branch. The transition
frequencies between the ground state with a rotational energy
B"J"(J"+1) and the excited state with a rotational energy B'J'(J' + 1)
are w = wg * B'J'(J' + 1) - B"J"W" + 1). Thus, the P, Q, and R branch
transitions are shifted by (B' - B")J"2 - (B' + B")J", (B' - B")J"(J" +
1), and (B' - B")J'2 + (B' + B")J', respectively, from wo.‘ A sketch of

these transition frequencies vs. J" is shown in Fig. 8. Because the
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molecule is larger in the excited electronic state, we have B' < B".

It is seen that the Q branch transitions are closely greupéd, slightly
to the red of the origin wg. The P-branch transitions have their
frequency change most rapidly with J". This makes the spacing between
transitions from different (J",K") states the largest in the P branch.
Therefore, if we want to'probe simultaneously as many (J",K") states as
possible with the limited probe beam linewidth, we should tune to the Q
branch. if we want to probe only a small number of states, we should
use the P branch.

The thermal population distribution in the K levels of each J
manifold also affects the rotational state selection. For benzene, the
more accurate ground-state rotational energy is given by B"[J"(J" + 1)
- K"2/2]. Figure 9 is a sketch of the energy levels in this
situation. When the rotational temperature Tpot is low, low-energy
states-with K" ~ J" are strongly favored in the distribution. This is
especially true at large J", where the rotational enefgy changes
rapidly with respect to kTpot when K" ~ J". With only a few K" states
populated for each high J" state, and the transition frequencies most
widely spaced in the wing of the P branch, the chance to probe only a
few (J,K) states is best there.

The above discussion applies equally to the IR vibrational spectra;
the Pp, PQ, 'Q, and 'R branches are also expected. In this case,
however, the rotational constants of the ground and excited vibrational
states do not differ substantially. With the rotational energy given
by B[J(J + 1) - K2/2], IR transitions from the heavily populated
states (J,K~J) would be expected ~ +BJ from the vibrational frequency

for the PQ and TR branches and ~ -BJ for the 'Q and PP branches. Here
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the I'Q,PQ branches overlap the PP,'R branches because benzene is
symmetric with I, = 2Iy = ZIy. This coincidence disappears when the
doubly degenerate nature of the in-plane vibrations is analyzed more
completely as follows.

A doubly degenerate harmonic oscillator possesses a "vibrational
angular momentum"2 and the Coriolis coupling between rotation and
vibration must be taken into account. The rotational energy is then
given by Epot(J,K,z) = B[J(J + 1) - (K + £)2/2], where ¢ is the
Coriolis constant with |z| between 0 and 1. Consequently, transitions
from the state (J,J) are displaced from wy not by +BJ, but by +B(1 -
z)J for the 'R, PP branches and by #B(1 + g)J for the PQ, ''Q branches.
For sufficiently high J, these four branches can be well separated, as

Fig. 10 with ¢ = - 1/3 illustrates. The observed IR épectrum clearly

depends on . For example, when g 0, the Q branches are buried under
the R and P branches at #BJ. If ¢ = -1, the Q branches coincide at wg,
and ﬁhe R and P branches are at +2BJ. The Q branches are expected to
be weak because of the (1 - K2/J2) dependence of their intensities.

All of the above considerations for monomer spectra apply to the
dimer, with some modifications. While the C-H vibrational energy level
structure of the dimer is not very different from that of the monomer,-
there is quite an important difference in the characteristics of the
rotational states: The energy levels are more closely spaced in the
dimer. Without knowing whether its twq constituents are able to rotate
with respect to each other, it is not possible to state the selection
rules for rotational transitions very well. We did'not succeed in

selecting a small group of rotational states during our study of the

dimer. The solution of the dimer's structure and rotational spectrum
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rotational spectrum appears to be a viable research problem in itself.

IV. RESULTS
A. UV Probe Spectrum

In our R2PI spectrum of Fig. 5(b) the PQ and 'Q branches are not
resolved. The J structure is nearly resolved in the P and R branches.
Transitions from different K states provide fine structure which fills
in the gaps between the intense lines from (J,K = J) states. We wrote
a computer program, modeled after that of Beck et. al.,66 which
calculated the absorption spectrum of the 6} band. With the rotational
temperature as a variable parameter, the calculated spectrum in Fig.
5(c) appears to fit the observed spectrum in Fig. 5(b) quite well. The
temperature thus determined was Tprot = 5°K. This temperature yields
correctly the most intense part of the observed spectrﬁm, but did not
accurately represent the distri;ution in stétes higher than J" ~ 30.
The actual populations in the high-energy states are higher than those
predicted from an equilibrium distribution described by Tpet. This is
fortunate, as part of our experiment relied on probing these high
rotational states.
B. Fundamental and Overtone Spectra of Benzene

Our nonselective scans were performed with the UV laser frequency
tuned to the intense 66 Q branch. This gave an ion signal large enough
that statistical fluctuations in the ion number were unimportant.
The resulting IR spectra contain contributions from many (J,K) states
and should mimic linear absorption spectra of benzene gas at 5°K.
Figure 11(a) shows the spectrum in the fundamental C-H stretching

region under these conditions. This is to be contrasted with the
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fundamental band in Fig. 3. The vibrational bands of our spectrum have
a FWHM of 4 em™!, consistent with Tpor = 5°K and the fact that "hot
band" transitions are absent. The PQR rotational structure is not
resolved because most of the states contributing to the signal have
relatively low J values. When the UV laser was tuned to selectively
probe only rotational statés with high J, the rotational features in
the IR spectrum could be observed.

Figure 12 shows the P-R branch splitting in the 3048 em™!
fundamental C-H stretch band under different probing conditions. As
the probe frequency moves further out in the wing of the P branch in
Fig. 5(b), higher J states are selectively probed, and the P-R branch
splitting becomes larger. The spectra are intrinsically broadened
because still a group of rotational states ihstead of a single one was
selected. They are also broadened by the finite pump laser linewidth
of 1 em™1.

To within our error, the heights of the split P and R peaks in Fig.
12 are equal. This is expected since the rotational line strengths in
the P and R branches should be about the same when J >> 1. By knowing
the J values being probed and the splitting of the P-R branches, we can
calculate ¢, the Coriolis constant. We find, for the 3QN8 em™? band, t
= - 0.1 + 0.1, in agreement with the value gz = - .0984 + .0023 found by
Pliva,>>

Figures 11(a), (b), and (¢) show our nonselective spectra of the v
= 1-3 bands, respectively. In the v = 2 spectrum, ~ 25 vibration-
rotation bands have been resolved, each with a bandwidth ~ 4 em~! as in
the v = 1 spectrum. Homogeneous broadening and the U em™! rotational

envelopes contribute to these widths. Deconvolution shows that the
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homogeneous broadening is less than ~ 3 em™!. Weaker bands have been

emphasized by deliberately saturating the largest peak; in an

unsaturated spectrum this peak has twice the intensity of its

' neighbor. The result here indicates that about 10 vibrational

transitions are within the envelope of the most intense peak in the v =
2 photoacoustic spectrum of Reddy et al. (Fig. 3).

In our nonselective spectrum of the v=3 local mode band, only four
peaks are distincly resolved. The strongest one has a FWHM of 10 cm'q,
which oould be indicative of a single peak with U em~1 rotational
structure and ~9 cm™! homogeneous broadeniné. However, the observed
asymmetry suggests that this peak consists of at least two unresolved
vibration-rotation bands,vhomogeneously broadened by at most a few
em~'. That this is actually the case will be seen later.

The vibration-rotation transition frequencies we observed in the
monomer v = 1-3 bands are listed in Table I.‘ It is interesting to note
that the most intense peaks in the v = 2,3 spectra are blue shifted ~
10 em~! and ~ 20 cm'1, respectively, from the room-temperature
absorption maxima. These shifts are not expected if the only
difference between the two sets of spectra is the width of the
rotational envelope of each vibration-rotation band. This implies that
the vibrational "hot band" transitions are responsible. The frequency
of maximum intensity in the room-temperature spectrum would be between
the vibrational band centers of the "hot band" and "cold band".

We can use our nonselective v = 1-3 spectra to assess the tendency
toward 1oca1-m0de behavior. Our criterion for local behavior was that

the bandwidth T decreases or remains constant as v increases. A look

at the speétra‘in Fig. 11 and Table I shows that the v = 2 band
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contains many more peaks and is broader than the v = 1 band. This is
not what we would call a local-mode-type speétrum. But in the v = 3
spectrum, most of the total intensity is contained in a region 10 em™!
wide, and only a few other states have significant oscillator
strength. This band fits our criterion for local-mode behavior.

We can even get a semi-quantitative feeling for the strengths of
the interactions between the local mode and the nearly degenerate'
combination mode states. The calculated density of states p is used
with the prescription of Fig. 2 to estimate the coupling strength, W ~
(r727p)1/2. The v = 1 band is a famous case of a "Fermi resonance"
between the C-H stretch v,, and the combination modes vy + v,4 and v, +
Vg *+ V,5. We use Fig. 2(a) to analyze this situation. From the
separatidn between the peaks we find @ = 25 em™'. The v = 2 spectrum
of Fig. 11(b) can be analyzed with the help of Fig. 2(b). With p ~
103/cm’1,38 the observed width I' = 30 em™! leads to a value W ~ 0.07
em~1. For the v = 3 band, in Fig 13(c) we have p ~ 105/em~1,38 and r -
10 cm”, and hence # = 0.004 em~'. The trend of @ decreasing from 25
em™! at v = 1 to 0.004 em~! at v = 3 shows that the "local mode"
description becomes increasingly appropriate with increasing v. We
note that we actually have determined the coupling strengths in a
manner which ignores the identities of the coupled states. Considering
that anharmonic coupling strengths typically depend on the degree of
vibrational wavefunction overlap, there is only a small subset of all
the modes that has enough "C-H stretching character" to be able to
couple very strongly with the C-H local mode. This will be considered
in more detail in the Discussion.

As described earlier (see Figs. 10, 12), probing in the UV P branch
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enabled us to put stricter limits on the homogeneous linewidths by
selecting only a few rotational states. In the 3048 em™1 v =1 band,
where homogeneous. broadening was negligible, the P and R branches
appeared in our spectra with widths ~ 1 cm", limited by our laser
linewidth.

Repeating this state-selection procedure on the intense 6006 cm™)
peak in the v = 2 band gave again the laser-limited spectral width.
Thus, the homogeneous linewidths in the v=2 local mode band are also
less than 1 em~1. Just as in the v =1 spectrum, the P and R branches
had equal intensities and we found ¢ = -0.1 x 0.1.

State selection of the v = 3 local mode band, with its apparently
unresolved vibration-rotation band structure at 8827 em~!, presented
more of a challenge. The 10 em™! bandwidth suggested that we could
only hope to observe selected rotational states whose P and R transi-
tions are separated by more than 10 em~!. To do so, we had to tune to
high J states (J ~ 32) in the UV P branch. The sparse population in
these states caused the probe signal to be very weak. We could in-
crease the signal tenfold by warming the benzene reservoir from -30°C,
where the saturated vapor pressure of benzene is ~ 2 torr, to 0°C,
where it is ~20 torr. This did not substantially increase the rota-
tional temperature of the molecules in the beam, as far as the popula-
tion in low J states was concerned. The distribution in the high J .
states is apparently not described by the rotational temperature. (For
Tpot = 5°K, the equilibrium population distribution would drop to ~
10784 at J = 32.)

Figure 13 shows our state-selective v = 3 spectrum. Part (a),

obtained with probing in the UV Q branch, depicts the nonselective
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spectrum of the intense 8827 cm™! peak. Part (b) shows that if probing
is set at J ~ 27 in the UV P branch, the P and R transitions are
resolved. With sglective UV probing of the J ~ 32 states, three peaks
are actually resolved as shown in Fig. 13(c). In order to resolve
these peaks better, we tried to select a smaller group of (J,K) states
by reducing the UV dye laser linewidth to 0.1 em™!. The observed
spectrum shown in Fig. 13(d) is not very different from that in (c).
This suggests that the peak width of 2-3 em™1 could be dominated by
homogeneous broadening, but this is an upper limit on the homogeneous
linewidth since we realize that the UV probing could still have
selected several (J,K) states with J ~ 32.

Our discovery of three peaks in the v = 3 spectrum is anomalous.
For each vibrational transition, we expect two nearly equally intense
peaks (P and R). Thus, it takes more than one vibrational transition
to account for the three peaks in the 8827 cﬁ‘1 band. On the bésis of
peak shapes and intensities we suggest that the low-frequency peak
consists of overlapping P branch peaks and the two high-frequency
peaks come from the R branch.
C. Vibrational Spectra of Benzene Dimer

We can get more information about the C-H stretching local modes in
benzene by looking at their nonselective spectra in the dimer, shown in
Fig. tl4(a-c). The v = 1 band shows the monomer-1like absorptions; The
peaks are red-shifted by 1-2 em™1 compared with the monomer spectrum,
and they have different relative intensities. An important feature to
note is the presence of two new bands with only 2 em™! FWHM at 3014 and
3072 cm'1, presumably arising from combinations with van der Waals

vibrations between molecules. We shall postpone the interpretation to
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a later part in this section.

The specﬁrum of the v = 2 band of the dimer is quite similar to
that of the monomer, except for a ~ 3 em™! red shift. Our resolution
was not sufficient for us to find new peaks arising from the van der
Waals interactions between the monomer subunits. We did observe a ~ 1
em~' broadening [from FWHM = 4 cm™! (monomer) to 5 em™! (dimer)] on the
strong peaks, which was not seen in the v = 1 spectrum. - The v = 3
spectrum of the dimer appears to contain a single peak with ~24 cm™!
FWHM, red-shifted ~ U4 em~! from its monomer counterpart.

It is believed that the benzene dimer has a structure with lowér
symmetry than the monomer. Then site splittings in the C-H stretching
frequencies are expected. The spectral broadenings seen in the dimer
spectra could be due to the unresolved splittings of the C—H bonds. As
the bond motions become more "local" in progressing from v = 1 to v =
3, each C-H bond becomes freer to move independently and experienée its
own local vibrational potential, and the widths of the
vibration-rotation bands should increase.

Let us now consider the v=1 dimer specfrum more carefully, as it
has bearing on a couple of long-standing problems. First, there is the
queétion of the vibrational predissociation lifetime. In vibrational
predissociation, the C-H stretching vibration decays, imparting some of
its energy to the van der Waals bond between the monomers and causing
the dimer to dissociate. The strength of the van der Waals bond is
estimated to be ~ 900 cm“1; COp laser radiation at 1037 em~! is
observed po fragment the dimers.82r83 The rates of predissociation
have been estimated from the observed homogeneous linewidths. Since

the weak bands at 3014, 3072 em™! have linewidths of < 2 cm™! before
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deconvolution of the laser linewidth of 1 em™!, we conclude that the
predissociation lifetime from the 3014 and 3072 em™1 excitations
exceeds ~ 3 psec., A similar conclusion has been inferred from
experiments with COp lasers at 1037 em~! 83 and from a lower-resolution
study with an optical parametric oscillator.gu It has been suggested
on the basis of higher-resolution (0.1 em™1) spectra obtained by Miller
that the lifetime is éctually in excess of ~50 psec.85

The structure of the dimer is not really known. Calculations80
have not resolved the controvérsy. Studies of the dimer's behavior in
the A « X transition have led to the conclusions that it is
roof‘-shaped81 or has the monomers stacked parallel with their centers
offset.’0 Molecular beam electric resonance (MBER) experiments87f88
had shown that the dimer has a dipole moment, and its structure was
thought to be T-shaped. A defensible determination of the true
structure will require that a rotationally-resolved spectrum be
obtained and analyzed. Although we have not done this, in principle it
is possible with lasers having very narrow bandwidths. An elegant
experiment in which the rotatidnal structure in the spectrum of a dimer
of aromatic molecﬁles was actually resolved was done on s-tetrazine
(C,N,H,) by Haynam et. al.89

A prediction of the dimer's structure would be based on a model of
the intermolecular potential, which would also predict the frequencies
of the six van der Waals (intermolecular) vibrational modes.
Previously-obtained spectra do not display van der Waals features
clearly, so the frequencies are not known experimentally.
Unfoftunately, we cannot provide convincing assignments of the 3014

em~1 and 3072 em~1 bands; the data is insufficient. Furthermore, the
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fact that the dimer A « X spectrum has not been fully assigned prevénts
us from stating with certainty that our IR spectrum is due only to
dimers in the ground vibrational state. It is possible that the 66
probe transition is overlapped by van der Waalé hot bands. This would
explain why a peak is detected lower in frequency than the lowest-
frequency monomer IR transition at 3048 em~1, 1f only ground-state
dimers were probed, combination bands would have frequencies of the

form vponomer * Vvdw: Which are higher than vponomer.

V. DISCUSSION

State mixing is a key element in calculations of molecular dynamics
and spectra when anharmonic¢ couplings are present. Thus far, we have
used a crude modgl, as described with Fig. 2, to provide a reference
point for viewing the local modes. In this model, the coupling ¥ is
equally strong between the local mode and all the other modes, whose’
density is p. Our use of this model was somewhat cavalier, considering
that in the spectra, there is a great deal of "lumpiness". Clearly,
the vibrational modes included in p are not all identical. This forces
the conclusion that not all states are equally strongly coupled to the
local mode state. Intuitively, this is expected; states whose motions
have little resemblance to C-H stretching will have only small wave
function overlap, and hence small goupling with the local mode.
Sibert et al.26 used more than one "tier" of states, to take into
account the different degrees of coupling with the local mode, as shown
in Fig. 15. In this multitier model, C-H stretching states lVCH> with
v quanta are coupled strongly to the "first tier" of states

l(v-1)CH,2N>, which have v~1 C-H stretching quanta and two quanta in
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"normal" vibrations vyi and vyo. These "first tier" states are then
coupled to "second tier" states |(v-2)¢g,Y4y>, and so on. Inclusion of
more than three t;ers is theoretically possible, but computationally
difficult.

The inhomogeneous bandwidths of the v = 5-7 local modes of benzene
calculated by Sibert et al. to be ~ 50 cm", are not very different
from the RHB e*perimental values. Such a width is, however, quite
large compared with our 10 em™! bandwith of the v = 3 band. If the
local mode behavior persists with incréasing v, we would expect the
experimental v > 3 band envelopes not to exceed 10 em~! in width.
This would contradict the theoretical results. To be certain, spectra
for the v = 1-3 bands should be calculated using Sibert's model.

There are two obvious shortcomings in Sibert's model which could be
remedied. First is the neglect of anharmonic potential (as opposed to
kinetiec) coupling. .This was justified on the basis of small anharmonic
terms in the vibrational force field calculated by Pulay gg_glgo, but
has not been experimentally verified. The second is the omiésion of
cubic couplings (kinetic or potential) of the form
<veg |HLnl (v=1)cy»3y>. They could be significant as, for example |1cy>
(v,0) is nearly degenerate and effectively coupled with a |3N> state
composed of the normal modes v,, vg, and v,, Of benzene.

Another approach to the problem of LM behavior is to consider the
time evolution of a vibration which is initially a pure C-H stretch of
a single bond. The rate of vibrational relaxation in such a situation
is of crucial interest in the study of unimolecular reactions. By
using computers, quasiclassical trajectory calculations have been

done26-30 which purport to show the time-dependent distribution of
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vibrational energy in the various modes. These calculations tend to
predict LM redistribution rates on the order of 10-30/psec, which |
translates to LM bandwidths on the order of 50-150 cm™!. vThese results
appear to be similar to those found in the multitier calculation of
Sibert. Similarly, no calculation has been attempted for C-H stretch
states with v < 3, but as previously mentioned, we expect that LM
bandwidths should not exceed 10 em™! at v > 3. Thus a contradiction of
the quasiclassical trajectory results is tentatively indicated. 1In
this light, th facts are noteworthy. First, the calculated
redistribution rates are quite sensitive to the details of the
complete, anharmonic intramolecular potentiai energy surface employed.
Since this surface is not yet well known, it is normally parametérized
with the use of extant spectrosopic data, force field estimates, and
informed guesswork. Second, the spectra of RHB39 (Fig. 3) have been
used as a test of the calculations. Relaxation rates in qualitative
agreement with interpretations of these earlier spectra automatically
exceed those deduced from our spectra; if a homogeneously-broadened
line were observed with a 10 cm™! width, an exponential decay rate of
only 2/psec would be present.

It is generally difficult to calculate the local mode overtone
absorption spectrum of a large, anharmonic molecule. If one used the
normal-mode picture to calculate an IR spectrum for the C-H stretching
overtones of benzene from combinations of C-H stretching fundamentals,
three bands would be expected”u in the v = 2 (6000 em™') region.
[Fundamenpal C-H stretches occur in a1gs bius e2gs and eq, symmetries.
Only three pairwise combinations of these fundamentals can give the

IR-active eqy symmetry.] If the IR-active Fermi triad at v =1 is
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taken into account, seven bands?! instead of three should show up.
These numbers fall far short of the ~ 25 bands we actually observed at
y = 2. Surely there are other couplings which have yet to be included
to account for such a spectrum. The approach of Sibert et al. seems to
be appropriate, if modifications can be made to include cubic couplings
and potential as well as kinetic anharmonicity. Inclusion of potential
anharmonicity will require improvement of the benzene intramolecular
vibrational force field. The results of our experiment, listed in
Table I, can provide part of the requisite input data concerning line
frequencies and intensities for the calculation. Raman and other
studies of the vibrations would help to refine the values of the
anharmonic coupling constants..

Realistic calculations of room temperature spectra must include
contributions from "hot" molecules. This would require an understand-
ing of anharmonic frequency shifts and the change in local mode
absorptions induced by low-frequency vibrations in the hot molecules.

Previous experiments on benzene have given results sim;lar to ours
when the question of homogeneous linewidths vs, total vibrational
energy was addressed. The two-photon absorption study of the
vibration-assisted A « X transition by Aron et. al.92 on molecules in a
supersonic beam showed that the lifetime broadening of the vibrational
state at 6000 em~! in the excited A state is less than ~ 3 cm”!.
Another molecular beam experiment by Chernoff et. al.93 used
vibration-assisted fluorescence from the A state to study vibrational
states up to ~ 10,000 em~1 in the electronic ground state X. The
results showed that homogeneous broadening of the fluorescént lines was

limited to at most 5 cm™!. _In both of these experiments, most of the
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vibrational energy appeared in the totally symmetric, ~1000 em™1

"breathing mode". They suggest that this mode is only weakly coupled
with other modes, since the molecule does not change its shape as the
carbon ring expands and contracts.

Our experiments could be repeated with better laser sources.
Nanosecond laser pulses with transform-limited linewidth (~ .001 em™ 1)
and good amplitude stabilty are obtainable. Their application could
allow single (J,K) state selection, and hence a better resolution of
the vibrational transitions in the local mode bands as well as a more
reliable determination of the homogeneous broadening. This would
facilitate a better spectral analysis and lifetime estimates.

Of course, it is desirable to extend the study to higher overtone
bands (v = 4, 5,...). To do so with our technique would require
development of a tunable laser in the near IR - visible range with
large pulse energies (hundreds - thousands of mj), because of the rapid
decrease of the absorption cross section with increasing v, as
described in Fig. 3. The peak intensity should, however, be
sufficiently low in order to avoid nonlinear optical processes that may
yield spurious signals, such as multiphoton electronic transitions and
stimulated Raman scattering.

It is also desirable to obtain similar overtone spectra on
substituted molecules. When the symmetry is lowered, it also causes
some formerly forbidden transitions to become weakly allowed. In this
case the study of deuterated benzene391v9”’95 is mandated. The
coupling between stretches of C-H and C-D bonds is expected to be quite
weak, since the frequencies differ by ~ 1000 em~'., If couplings

between identical bonds were the major hindrance to local behavior,
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then local behavior is expected to appear at a lower level of
excitation in partially deuterated benzene than in benzene-h,. On the
other hand, stretch-bend coupling might not be affected much. The
experiments of RHB did include extensive spectroscopy of deuterated and
other substituted benzenes. Their experiments should, however, be
repeated in a cold molecular beam using the state-selective technique.
There are several research problems on polyatomic molecular
vibrations that are related to this work. Calculations of the force
field390’91-9“v95 rely on spectroscopic data on frequencies and
intensities of various vibrational transitions. Determination of the
anharmonic force constants has typically been extremely difficult, and
has largely been theoretical, without experimental confirmation. Our
spectra provide some data to check the calculations on benzene.
Likewise, the availability of a benzene dimer spectrum will facilitate
calculations of the intermolecular potential.86 Our observation of
the combination bands with the van der Waals modes is especially
advantageous in that respect. It is the next best thing to finding the

frequencies of the van der Waals modes themselves.

VI. CONCLUSION

We have reported on what we believe to be the first high-
resolution, state-selective study of local modes in a relatively large
molecule -- benzene. The technique we used was a combination of
rotational cooling in a supersonic beam expansion and multilevel,
state-selective saturation spectroscopy. There is no doubt that the
room-temperature local mode overtone spectra of large molecules

previously published have had inhomogeneous congestion. Broad
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"rotational envelopes" and "hot bands" appear to be the culprits.
Linear absorption measurements on room-temperature samples simply
cannot uncover the wealth of detail which is present in the spectra.

Many suspected but heretofore undetected perturbations between the
local and other vibrational modes obviously occur. Judging from the
appearances of the overtone spectra of the monomer and dimer, we
conclude that the "local mode" description of the benzene C-H stretches
applies to v > 3. Perturbation matrix elements change from ~ 25 cm™!
at v = 1 to ~ O.bOH em™! at v = 3. Our linewidth measurements show
that the lifetimes of the C-H stretching vibration exceed a few psec,
even at a total energy of ~ 8800 cm~'. This is in accordance with
lifetime data on other vibrationa; modes of benzene excited to similar
energies. In the absence of direct lifetime measurements of the local
mode states, these lifetime estimates basedvon the measured linewidths
are likely to be only a lower bound.

All in all, we believe that a new perspective on vibrational
relaxation rates and local mode behavior in benzene may be called for.
Our results on the local modes of the prototypical large molecule paint
a pictuke different from the earlier one the experimentalists have
sometimes believed in, and the theorists have strived to explain. 1In
that context it appears that the model of Sibert et. al.26 has much
merit in its approach. HoweVver, as their calculation has not included
the v < 3 local mode bands we have studied, further theoretical studies
are needed.

Our measurements of the C-H stretching spectra of the benzéne dimer
could help to resolve questions concerning its intermolecular

potential, structure, and vibrational predissociation lifetime. New
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lines around the C-H stretching fundamental band have been observed.
Certainly, the dimer's vibrational predissociation lifetime is in

excess of a few psec at 3000 em~! vibrational energy.
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Table I. Fundamental and overtone transitions observed in the benzene

molecule.

frequency (em™1) intensity (arb. units)

remarks
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Fig. 1.

Fig. 2.

Fig. 3.

FIGURE CAPTIONS
v = 0-3 manifolds in a molecule with at least 3 identical
bonds which can share the v quanta. Each bond i has the
Morse—dscillator energy levels E(vi) = w(vy + 1/2) = x(vj +
1/72)%2 = (1/2)(w - x/2). The "localbmode" state has all
quanta in the same bond and is the lowest in each manifold,
lower by 2(v-1)x than the next higher state, and is shown
with a heavy line. Vp, is the coupling strength between the
local mode and next nearest states. "Local" behavior can
occur when Vpp << 2(v - 1)x.
Modifications to the absorption spectrum of a local mode
(assumed to possess all the zeroth-order-oscillator strength)
when it is coupled to (a) one state (i. e. "Fermi
resonance"); (b) several stages; (¢) a continuum. In each
case, W is the magnitude of the perturbation matrix element
between the local mode and the other states.
C-H stretch overtone absorﬁtion spectra of room temperature
benzene gas, reprinted from Ref. 39 with permission. Spec-

tral assignments in terms of the number of C-H stretching

‘quanta appear in the upper-right-hand corner of each panel,

along with V4, the positions (in em~1) of the band centers or
maxima. Dashed lines indicate deconvolved spectral features,
and horizontal double arrows identify FWHM bandwidths. The 30
em™! r§om—temperature rotational envelope is seen in the v = 1
spectrum, known to be composed of unresolved sharp lines.
Other authors have used these spectra to estimate

"homogeneous" linewidths of v > 2 bands.
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Fig. u.

Fig. 5.

Fig. 6.

Three-level saturation spectroscopy ("inverted A")

scheme. (a) Wprobe» tuned to resonance with the le> « |g>
transition, measures the population in three states belonging
to |g>. wpymp induces transitions from |g> to [v>, the states
being studied. The depletes the population being probed, and
diminishes the probe signal. Scanning wpypp With @probe fixed
gives the |v> « |g> spectrum. (b) Resulting spectrum; six
lines occur (3 |g> states each have transitions to 2 | v>
states) but are not completely resolved.

(a) "Inverted A" double resonance scheme, as applied to
benzene. .Only vibrational-ground-state molecules are probed
with resonantly-enhanced two-photon ionization (R2PI) via the
AeX 6! transition at 38608 em~1. Other thermally populated
vibrational levels which contribute to a linear absorption
spectrum are present at 399, 608, 674, and 707 em~1. Overtone

pumping decreases the population of electronic-ground-state

molecules, decreasing the probe (ion) signal. Molecules which

are not in the vibrational ground state engage in "hot band"
overtone transitions but do not contribute to the observed
spectrum. (b) High resolution R2PI spectrum of the 6} band
showing P (AJ = =-1), Q (AJ = 0), and. R (AJ = +1) branches.
(¢) Simulated spectrum of the 6} band. The rotational
temperature is determined to be 5°K. J" < 8 levels have the
largest populations.

Diagram of experimental apparatus. Overlapped, tunable,
focused IR (pump) and UV (probe) laser beams intersect the

pulsed molecular beam between a set of ion extraction plates.
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Fig. 7.

The ion signal is mass-resolved and detected with a Johnston
electron multiplier. A digital computer scans the IR
wavelength, chops the IR laser beam, and records spectra.

Dual Beam Technique for eliminating laser-induced fluctuations
in the proble signal. (a) Apparatus: P - source of diverging
input beam. SS - beam splitter (Suprasil flat.) L - lens.
Ff, Fb - foci of beams from front and back of beam splitter.

P - ion extraction plates. E - extraction field. The
beamsplitter forms the UV beam diverging from point P into two
parallel, non-paraxial beams. The lens focuses them at
different points in the ion extraction field: Ion flight
times to the detector differ for the two foci. (b) Schematic
oscillogram of ion multiplier output showing that the ion

signals from the two foci are well separated, and that masses

78 and 79 are nearly resolved.

Fig. 8. (a) Symmetric top transition frequencies in the P (AJ = -1, Q

Fig. 9.

(AJ = 0), and R (AJ = +1) branches vs. J", the ground state
angular momentum. The K" dependence has been suppressed. The
excited state rotational constant B' is less than B", the
ground state constant. This causes a quadratic dependence of
w on J", as occurs in the A « X transition in benzene. The
spacing between transitions is greatest in the P branch. The
thermal;rotational'distribution "cuts of f" at Jmax. (b) The
mapping of transitions from state J, onto the absorption
spectrum.

Energies of (J,K5 rotational levels in benzene. The rota-

tional Hamiltonian is E(J,) = B{J(J + 1) - K2/2]. States
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Fig. 10.

Fig. 11.

Fig. 12.

with K = 0 have Epgt = BJ?%; states with K = J, the lowest in
each J manifold, have Enoy = BJ?/2. At low temperatures, the
states with K ~ J are most highly populated.

Composite spectra of a single vibration-rotation band
obtained with state-selective three-level saturation
spectroscopy. Different groups of rotational states are
probed in each case, and the pump frequency is scanned. (a)
Probe is tuned to UV Q branch. Nqarly all (J,K) states
contribute to the probe signal. There are four intense
branches: PP, 'Q, PQ, and 'R. (b) Angular momentum of probe
population is increased, and branches begin to be resolved.
(c) Probe population has high angular momentum J. Positions
of the four IR branches depend on z, the Coriolis constaqt.
In this example ¢ ~ -1/3. Observed linewidths alwayé exceed
~1 cm“1, the convolution of the pump and probe linewidths,
even if a single state is probed.

Nonselective spéctra of benzene monomer overtone transitions
to (a) v=1, (b) v=2, and (c)iv=3. Absorption is in arbitrary
units. Frequencies of band maxima (band center for v=1) in
em™! are indicated. Error bars indicate the amplitude of the
noise. FWHM bandwidths of some features are indicated.
Rotational-state-selective probing of the fundamental (v=1)
3048 em™! band. P and R branches are observed to separate as
J" is increased in (a) through (d). FWHM linewidths of these
branches are ~1 cm“‘, the lower limit with our system
resolution of 1 em~'., Error bars indicate the amplitude of

the noise.
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Fig.

Fig.

Fig.

13.

14,

15.

Spectra of intense 8827 em™1 v =3 peak with different
rotational state selection conditions. The noise level in
each spectrum is indicated with an error bar. (a) Q branch
probing of the majority of the rotational states
significantly populated in the molecular beam. (b) Probing a
group of states with J ~ 27. (c¢) Probing a group of states
with J ~ 32. (d) Repeat of (c¢) with UV dye laser in high
resolution (0.1 vs. 0.3 cm™') mode. Three peaks (two
overlapping P branches and two R branches) are observed,
showing that the peak in part (a) contains at least two
vibrational transitions.

(a-c) Nonselective spectra of benzene dimer overtone
transitions, as in Fig. 11. (a) v =1 feature; at 3014 and
3072 em™! are combination bands with ~30 em™! van der Waals
stretch motions. (b,c) v = 2,3 dimer bands are broadened
with respect to those of the monomer. This would occur if
the C-H bonds were not identical in the dimer, reflecting the
dimer's lower symmetry.

Three tier scheme of Sibert et. al. for calculating local
mode spectra and dynamics. The pure C-H stretching local
mode is anharmonically coupled to combination vibrations
involving normal modes. Fermi resonance couples one C-H
stretch quantum with two normal mode quanta. The v = 6 local
mode state and the first two tiers of normal modes are

shown. "First tier" states ISCH, 2y> are as calculated;
"second tier" states |Ucy, 4y> are schematic. Further tiers

are not displayed.
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Crude model of local mode coupling with other modes
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Room temperature absorption spectra of benzene gas

Fig. 3
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Three-level saturation spectroscopy
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Implementation of three-level saturation spectroscopy
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Experimental Arrangement
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Dual beam technique
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Fig. 8

Rotational structure of ‘‘symmetric top”
electronic transition; B’ < B”
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Symmetric top rotational energy levels
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Evolution of state-selective 3-level saturation
spectroscopy spectrum of a single vibrational band as
different rotational states are probed
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Benzene monomer nonselective spectra
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Fig.

12

Fundamental (3048 cm™') Band Contour
with Rotational State Selection
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Fig.

13

Benzene v = 3 Band with Rotational
State Selection
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Benzene dimer nonselective spectra

v = 3
(c)
—t— Mﬁ :
—100 8823 cm~-' +100
(b) v=2
b T
I T i ]
-200 -100 6004 cm ™! +100 +200
3047
(a) 3072
3099
vV =1
3014

" T
—100 3078 cm ™! +100

XBL-872-6147A

Fig. 14
62



Three tier coupling scheme of Sibert et al.
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