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INFRARED-ULTRAVIOLET DOUBLE RESONANCE STUDIES OF BENZENE MOLECULES IN

SUPERSONIC BEAM

Ralph H. Page,*(a) Y. R. Shen,® and Y. T. Lee?

Materials and Chemical Sciences Divison
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
USA

ABSTRACT

We have used IR excitation to selectively create populations in
admixtures of the zeroth-order states comprising the ~ 3000 em™! "c-H
stretching Fermi triad" of benzene. UV spectra of the 260 nm A ('B,y)
« X (*A,g) transition in the IR-excited molecules show several new
bands, which we have assigned. Final states in the UV transitions are
some vibrational levels which have not been detected before, allowing
us to find several excited-state vibrational frequencies. We have
determined v, = 1327 + 3 em™!, v, = 1405 + 3 cm™!, and v,, = 3084 ¢ 5
em™~1. Also, vibrational structure which was unresolved in IR spectra
of the "Fermi triad" was resolved in the UV double resonance spectra,
confirming that the C~H stretching admixture is really a tetrad. The
3048, 3079, and 3101 em~! states had formerly been given the labels

" " " " "

Vaos Vg + Vygy and v; + vg + v?,, respectively. Actually, the middle

level most nearly resembles v) + vg + Vi, and the 3101 cm™! level is
1 19

strongly mixed with vg + vz + v?s.
As predicted by molecular orbital theory, excited-state C-H bending

and stretching frequencies are not very different from those in the



ground state. Furthermore, we suggest that the four C-H stretching
frequencies increase uniformly by ~20 em~! in the excited state;
re-examination of the Atkinson and Parmenter 260 nm A « X spectrum
leads us to reassign v; from 3130 to ~3093 em~!, which is 19 em~! above
Vj .

There is a Fermi resonance between the v; + v;O level and another
level ~13 em~! lower in energy; the strength of the perturbation is ~18
em~'. Possibilities for the perturbing vibrational state are v; + v; +

) | \
V;, a@nd vg * V3.

PACS numbers-- 33.10.Gx 33.20.Lg 33.20.Ea 33.40.Ta
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I. INTRODUCTION

The use of digital computers to perform ab initio calculations of
intramolecular potentials, and to refine empirical force fields, has
facilitated the theoretical modeling of molecules of ever-increasing
size. In fact, the status quo is such that even the 12-atom benzene
molecule, CgHg, has recently been the subject of detailed ab initiol,2
and empirical3f9 calculations. This is extremely significant because
benzene is a textbook!0 "intermediate size™ molecule and evidences many
of the phenomena exhibited in other intermediate size molecules such és
Fermi resonance, vibration-rotation coupling, and radiationless
transitions. Its high degree of symmetry makes possible a reduction in
the number of independent force constants used to parameterize its
potential. The symmetry also forbids the appearance of some
vibrational modes in the infrared'ébsorption or Raman spectra, and
guarantees that no mode can appear in both. This simplifies the
spectra and allows clear interpretations and assignments of the
observed modes. |

Accordingly, the work on benzene has been quite extensive. In 1934
wilson!! calculated the normal coordinates and correctly assigned most
of the modes observed in the infrared and Raman spectra. His system of
numbering the modes, used in this article, is firmly entrenched in the
literature, but is unfortunately different from the logical system of
Herzberg;12 The study of slightly altered (e.g. deuterated; CeHnDg-n)
benzene molecules, which have predictably perturbed normal modes and
frequencies, has also been exhaustively performed.”'13 This has added
greatly to the spectroscopic data base useful in refining force

constants, High-resolution techniques have been used to measure the



detailed rotational structure of some vibrational bands: IR
absorption!¥=16 and Raman!7-19 studies have given accurate values of
moments of inertia and vibration-rotation interaction constants.
Overlapping bands which have mutual perturbations (Fermi resonance)
have also been probed.20'21

These spectroscopic experiments have been accompanied by harmonic
force field parameterizations of successively increasing accuracy and
sophistication. A prototypical, empirical fit by whiffen! has been
improved upon by Duinker and Mills,8 Kydd,9 and lately Ozkabak et al.3
However, the ab initio calculation by Pulay, Fogarasi, and Boggs1 does
not predict the force constants which have been deduced from the
empirical fits to experimental data.

Although the spectroscopic characterization of the fundamental
vibrations of benzene in its ground (i) state is fairly complete
experimentally, the same cannot be said of the first excited (K) state,
since the frequencies of some modes are not yet known. Vibrational
modes in the A state have typically been studied by examining the
vibrational structure associated with the A « X transition, which
involves excitation of one of the delocalized w electrons into a @
state. This transition is symmetry-forbidden in the electric-dipole
approximation, but becomes slightly allowed with the aid of a
vibrational excitation (of the correct symmetry); in other words it is
" "yvibronically induced". The effect of the vibration is to mix the A
state slightly with a higher state to which transitions are allowed
from the X state.

Naturally, the first spectra were obtained with direct absorption

techniques; features in these spectra were plentiful and difficult to



assign conclusively. The use of the single vibronic level (SVL)
fluorescence technique by Knight, Parmenter, and Schuyler'22 gave
detailed information about dispersed fluorescence from selected
vibrational levels in the A state. With the X state levels (final
states) already largely understood, this made it possible to infer much
more securely the vibrational characteristics of the emitting level in
the A state. A series of papers by Atkinson and Parmenter‘23’2u is
devoted to improving and summarizing the analyses of the R «X spectrum
up to about 1978. At that time, direct absorption and related
measurements had only provided A state assignments of 11 of benzene's
20 vibrational modes. (There are 30 modes, but 10 are doubly
degenerate.)

The application of lasers to the problem led to significant
progress because multiphoton transitions, which require high light
intensities, could now be investigated. This meant that the selection
rules were different for different vibrational modes active in
"induecing" a two-photon as opposed to a one-photon transition. Even a
three-photon R o«ee X spectrum has been reported;25 and has been
analyzed to give the assignment of an A mode. The two-photon-excited
fluorescence studies in benzene ga326'3” permitted confirmation of the
mechanism of the two-photon transition and an analysis of the
strongpolarization dependence of its vibrational bandshapes on laser
polarization. Two-photon-excited fluorescence with different
polizations has also been studied on a benzene crystal at y,20K,35
With these measurements, U more vibrational modes in the A state were
assigned and analyzed, with 4 left to be determined. Referring to Fig.

1, it is the frequencies of modes 3, 12, 13, and 20 in the X state that



have not yet been determined.

Just as in the studies of the X state, additional useful
information about the A state is gained by studying -isotopically
substituted molecules. This work, undertaken largely by the Goodman
group36‘39 is, however, not complete, and is perhaps not of obvious
utility until more is known about CgHg itself.

Naively, one would think that one- and two-photon spectroscopy

should give access to all gerade and ungerade modes in the A state.

How do we account for the fact that 4 of 20 modes have not been
detected? First, it is not enough to consider only the g/u aspect of
the symmetry. The symmetry of benzene is so high that 3 of these
unobserved modes are of symmetry classes not allowed in R«eX
transitions with one photon or 2 photons of the same frequency. The
last unobserved mode, a C-H stretching mode, is symmetry-allowed in
two-photon transitions but is simply too weak to be observed.

As part of an experiment to study overtones of C-H stretches in the
cold benzene molecule,uo we used infrared-ultraviolet double resonance
to study several previously unobserved vibrational levels in the A
state éf benzehe. As a result we were able to determine frequencies of
two hitherto unobserved modes (3 and 20) and confirm the assignment of
a third (19), which has been a subject of controversy. Our assignments
also support Pliva's analysisu1 of the fundamental C-H stretch
associated with the X state of benzene.

A schematic diagram depicting our IR + UV two-photon excitation of
the C-H stretching vibrations in the A state is shown in Fig., 2(a). In
this paper we use the standard spectroscopic notations vg. v{ to denote

the frequency of the ith vibrational mode in the ground (X) and excited



(K) states, respectively. The label ipjp..- (imjn...) describes
vibrational levels in the ground (excited) electronic state with m
quanta of mode i, n quanta of mode j, ete. The transition frequency
between the states ipjp and ikj% is compactly described as iﬁj%. Also,
here we invent the notation CHp (CH®) to indicate a generic IR-active
C-H stretching mode with m quantaAin the X (K) state. In Fig. 2, we
assume (not true in the case of benzene) for simplicity that the zero-
vibration UV transition 0§ is allowed. The CHé transition is weak or
forbidden. But there is nothing to prevent the CH1 transition, which
is aétually just the 08 transition with the C-H stretching mode as a
spectator. To excite the molecule to CH‘, we can first create the CHjq
population with IR excitation at vig = VEH followed by UV excitation at
gy = CH]. The excited-state C-H stretching frequency is given by véH
= vey + CH] - o8.

This is a logical extension of the procedure of analyzing "hot
bands". Vibrational levels whose energies are below ~ 1000 em™! have
significant thermal populations; their fractional Boltzmann populations
at room temperature are at least e~5 ~ 1%, since kT ~ 200 em™'. It is
not necessary to use a laser to pump populations into these levels.

The thermal populétions of C-H stretching states at ~ 3000 em™! are
however extremely small at room temperature.

Let us now see how one goes about getting an IR-UV double resonance
spectrum, We fix the IR frequency at VEH and turn the IR light beam
alternately on and off so that the CHq population is modulated. Then
we expect to see an enhanced absorption at CH%, and a diminished
absorption at 08. The spectrum we expect in this simple example is

shown in Fig. 2(b); the modulated UV absorption vs. vyy is sketched.



In this example voy > vog», so that CH] > 08. Also, the intensity Algy
of the double-resonance signal is often less than AI,, that of the
ground-state depletion signal, for the following reasons. First, the
Franck-Condon factor |<CH!|CHy>|2 is less than 1, since the mode véH is
expected to be somewhat different from the mode VEH- After all, the

force constants are different in the two electronic states. Second,

Pl

when pulsed lasers are used with a time delay between the IR and UV
light pulses, there is a chance for the population in the CHq state to
relax to other levels although the radiative lifetimes are often long
compared to IR-UV pulse delays.

In our experiment we used a supersonic molecular beam as the
sample. UV absorption measurements on such a "thin" sample are
difficult. Our way around that difficulty was to use resonantly-
enhanced two-photon ionization (R2PI). Molecules which have been
resonantly excited to levels in the A state are ionized by photons from
the same beam. The ion signal is nearly proportional to the A state
population and is easy to detect and measure.

While an experiment such as this could be done with a static gas
sample, the use of a supersonic molecular beam has an important
advantage. With proper supersonic expansion, the molecules in the beam
are "rotationally cold", with their rotational state distribution
roughly described by a temperature Tpnot ~ 5°K. The width of the
"rotational envelope" associated with each vibrational band is greatly
reduced, from ~ 30 em™! at Tpot =300 °K to ~ 4 em™! at ~ 5°K. As a
result, spectra which are horribly congested at room temperature take
on a much more "sparse" appearance. This both increases the signal

strength and makes both the IR and UV spectra easier to analyze. With



given IR and UV laser bandwidths less than 1 cm'1, only a small
fraction of the ground state rotational distribution is excited to the
CHy state and detected with the CH] transition. This fraction
increases as the laser bandwidths overlap a‘larger portion of the

rotational envelope.

I1. EXPERIMENTAL

Figure 3 shows the salient components of our apparatus. Our sample
was a supersonic beam formed by passing argon gas at 200 torr through a
=30°C bubbler which contained frozen benzene. It proceeded into the
10~7 torr experimental chamber via a Lasertechnics“2 LPV pulsed valve
equipped with a 0.5 mm diameter nozzle, a region of differential
pumping, and a skimmer. Infrared and ultraviolet laser beams were
loosely focused, and overlapped. They crossed the molecular beam
inside a set of ion extraction plates. The ions generated by R2PI
passed through a time-of-flight mass spectrometer and were detected
with a Johnston electron multiplier.“3 We used a gated integrator to
accumulate the ion signal for several lasér shots.

Independently triggerable pulsed Nd:YAG laser systems“u generated
the tunable UV and IR frequencies required. Each laser could generate
700-mj, 9-nsec, 9394-cm™! (1.06 um) pulses at a rate of 10 Hz. The
frequency-doubled output of one laser was used to pump a dye laser with
LDS 698 or LD 700 dye,“5 to yield an output around 14000 em™'. This
dye laser output was frequency-doubled in an automatically-tracked,
angle-tuned KDP crystal and the resulting UV light was mixed with the
fundamental Nd:YAG laser beam in yet another KDP crystal to give the

~ 38000 cm~! UV frequency we actually used. The frequency-doubled



output of the éther Nd:YAG laser was used to pump another dye laser
with LDS 821 dye!5 to yield an output around 12400 cm~!. This dye
laser output was mixed with the fundamental Nd:YAG laser beam in an
automatically- angle-tuned LiNbO, crystal to generate an IR beam of ~1
mj/pulse at 3000-3100 em~'. This energy was sufficient to saturate the
IR transitions, as expected on the basis of reported cross sections.13
The resolution achieved with our lasers was 1 em~! in the IR and in the
UV. The laser frequencies were calibrated to better than 1 em™! by
measuring the accurately known spectral lines of neon with.optogalvanic
spectroscopylI6 and those of methane with photoacoustic spectroscopy.

A digital computer recorded ion signal levels, scanned laser
wavelengths, and actuated a shutter which was used to turn the IR beam
on and off every few sec. Our Nd:YAG pump lasers had a relative
timing jitter of several nsec. 1In order to eliminate jitter-induced
fluctuations in the R2PI signal, we made sure that the pump (IR) pulse
always led the probe (UV) pulse. This guaranteed that the molecules
received the complete dose of infrared light before being probed. A
relative delay of ~15-20 nsec in triggering the UV laser with respect
to the IR laser was sufficient. Repopulation of the vibrational ground
state in ~ 20 nsec was insignificant, since the 3000-cm™! states have
radiative lifetimes of the order of msec.

A chopper operating at 0.3 Hz was used to turn the IR beam on and
off. With the shutter in the IR beam closed, no molecules were
pumped. With it open, the ground state population was depleted, and
the CHy population was enhanced. Chopping the IR beam with the shutter
thus imposed a modulation on the populations of the ground-state and

the CH, state, and hence the ion (probe) signal. With the UV light
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fixed to ionize ground-state molecules, the amplitude of the probe
signal modulation vs. IR frequency gave us the anticipated IR
absorption spectra. On the other hand, fixing the IR excitation to
create a populatioﬁ in a given mode and scanning the UV laser yielded

the IR-UV double.resonance spectra.

III. RESULTS

Our presentation of the results will be in three stages: first we
will display R2PI spectra of portions of the A « X band as they appear
without IR excitation. We will explain the characteristics of this
electronic transition insofar as they pertain to this experiment.
Second, we will show an IR spectrum of the fundamental C-H stretching
vibrations, and describe a previous interpretation of its features.
Finally, a series of spectra related to the IR-induced UV transitions
will be presented.

A. R2PI Spectra

Our R2PI spectra, involving resonant transitions around 6} and 6}
in the absence of infrared excitation, are shown in Figs. 4(a) and (b),
respectively. It is seen that the 65 transition, saturated in our
spectrum, is the dominating feature. It is at least 20 times more
intense than the neighboring 16% band. The "rotational temperature"
was determined to be ~ 5 °K and the "vibrational temperature" ~ 200
°K. Figure U4(ec) is a corresponding energy level diagram illustrating
these resonant trénsitions. It contains detail of hot bands and
vibrational angular momentum splittings but does not include some weak
transitions also observed in the R2PI spectra. The 0§ transition

around 38086 cm~! is forbidden and hence was not observed. The
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spectral assignments are those derived from the recent molecular beam
work of Stephenson et al.;“7 assignments not provided in that work are
taken from the earlier study by Atkinson and Parmenter .23

There are many symmetry operations in the benzene molecule, and the
notation used to describe the wavefunctions accordingly has several
elements: a letter, a numerical subscript, and the usual g (gerade) or
u (ungerade) subscript to indicate the parity. Figure 1 is a picture
of the normal modes of benzene with their symmetry designations. We
use capital letters to represent electronic wavefunctions and lower-
case letters for vibrational wavefunctions. Letters A, B, and E
describe wavefunctions of different symmetries with respect to rotation
about the sixfold symmetry axis. Following the phase convention of
Atkinson and Par‘ment,er',zl4 a 2n/6 rotation about this axis is equivalent
to multiplying the wavefunction by a phase factor e'ie, with 6 = 0 for
A, and 7 for B functions, as can be seen in Fig. 1. For the doubly
degenerate modes E the 2n/6 rotation causes a phase change of 2n/6 in
the wavefunction for the Eq modes and Un/6 for the Ep modes. When
applied to the A and B states, the subscript 1 or 2 indicates even or
odd behavior with respect to a rotation of w about an axis containing
two carbon atoms.

The following multiplicative properties then apply:10 g*°g = Uu°eu =
g; g*u = u., For A and B states, 1 and 2 behave analogously: 11 = 2.2
= 1; 1«2 = 2, For the rotational symmetry, A<A = B*B = A; A-B = B,
A*Eq = Eq, AEp = Ey, B*Eq = Ep, and B+E> = Eq. Also, Eq+Eq = Ep*Ep =
Aq + Ay + Ep; Eq°Ep = By + By + Eq,

Descriptive names have been applied to several of the modes. For

example, v (a1g), in which the molecule expands and contracts
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uniformly, is the "breathing" mode. wvo is the C-H stretching analog to
V1, which is more a C-C stretching mode. The epg modes vg - vg tend to
"squash" the molecule into a two-fold symmetric shape. Similarly, a
threefold-symmetric "squashing" of the molecule occurs when by, modes
are excited. eq, vibrations cause the sets of carbon and hydrogen
atoms to "slosh" with respect to each other, and produce a varying '
electric dipole moment which is the source of the infrared activity of
these modes.

The selection rules for the electronic transition are found by
evaluating the matrix element of the dipole moment operator <R|ﬁ|i>.
The symmetry of <K|ﬁ|i> must be Ayg in order for thé matrix element to
be nonzero. We already know that the symmetry species of A and X are
B, and A1g, respectively. Also, the in-plane dipole moment of {i has
Eyy symmetry. It is readily checked that Bpy*Eqy*A1g = Epg, not Aqg,
so the A « X transition is formally forbidden. However, as the
molecule vibrates, its electronic wavefunction is no longer purely By,
in the A state, or A18 in the X state. The electric dipole moment
matrix element <u> = <K|ﬁ|i> can be expressed with the perturbation
expansion

<>

=y + I =B ¢+

rveasres Q'Q' + R
L3 o0 "k, Baragyfo 1Y

In this (Herzberg-Teller) expansion, the Q's represent normal
coordinates and the constants are evaluated at the equilibrium
geometry. The overall symmetry of each of the terms involving
derivatives of <u> is the product of the symmetries of <u>|, and the

normal modes Q. We have just shown that <w |, has Ezg symmetry and
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that its magnitude is zero. In order to obtain A1g symmetry for the
derivative terms of <u>, it is therefore necessary for Qi (or QjQj) to
have e2g symmetry.

In this context, vg is by far the most effective vibration that can
induce the A«X transition because it squashes the ring the most. To
zeroth order, the ReX spectrum is described by the selection rule Avg
= 1, In the following, we will only be concerned with transitions
involving Avg = #1.

Qualitatively, the A « X transition promotes a C-C w-bonding
electron into an antibonding (v*) state. The strength of the bonds
holding the ring together is weakened, and the ring expands; this can
be considered as setting the molecule into motion in the vq mode. 1In
fact, the strongest features in the A « X spectrum are the 6518
transitions, where n ranges from O to about 4. These transitions are
spaced by ~ v{ = 923 cm™'. Interestingly, the states with 1 quantum of
vy in the X and A states are nearly orthogonal, and the intensity of a
transition such as 631! is at least 10 times smaller than 6} or 6117,
where m = 0,2,3,u8 The forces which prevent out-of-plane motion are
also much weaker in the A state than in the X state; frequencies of
some out-of-plane modes are roughly half their X state values. These
out-of-plane normal modes (4, 5, 10, 11, 16, and 17) therefore hdve
considerably different displacements in the two states. Within one or
the other of the two electronic states, the vibrational modes have the
usual orthonormal properties: <ip|iy> = 8pi and <ipdnlikdg> = Smdngs
etc. Between the two states, the orthonormality is lost: <im|ik> =
Smc. Overlap integrals (Franck- Condon factors) such as |<161171]0,>|2

can then have appreciable values, and we have just mentioned that

14



|<13]1,>]2 << 1.

When we look at the spectrum of the 6% region we see that there are
"hot bands" of the sort 6816{ displaced to the red of the 6% band by
Vig - vig ~ 161 em™1. Here, the population in the 16; level is merely
serving as another "ground state" for the 6é transition. If we did not
know the value of V{6 but knew v?6, we could find it from the relation
6161 = 6} + vig - vie.

A subtlety which pertains to our experiment is the shape of the
rotational envelope of each band; it depends on the nature of the
vibrational transition. When only one quantum of a degenerate
vibration ie involved, the band consists of a single peak, or a peak
with a notch in the center if the resolution is sufficient to separate
the P and R branches. Examples of this are the 69, 691}, and 6} bands,
which have identical shapes. But when two or more quanta of degenerate
vibrations are present, as in the 6? band at ~38520 cm”! (Fig. 4v), the
situation is more complex because the vibrations interact to produce a
spectroscopically-observed splitting. (The weak 6?11§ band is masked
by the 6% band.)

The presence of "vibrational angular momentum" can 1lift the

degeneracy. The energy of a vibrational level is

E(v) = [ wgvy + L xi3vivy + I 815245, (1
i i,J 5]

’

wij 1s the harmonic frequency of mode i, Xjj is the anharmonicity
between modes i and j, and 8ij is yet another anharmonic constant
responsible for the energy dependen¢e on the vibrational angular

momentum quantum numbers li,kj. When vj quanta are present in a
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degenerate mode, %j can have the values vi, vi - 2, vi = 4, ... = v,
Figure 5(a) illustrates the effect of the vibrational angular momentum
term g;;%{ on the energy levels. Other contributions to the energy are
ignored because they don't depend on the vibrational angular momentum.
Allowed (A% = #1) transitions are sketched. Only one final state
energy is accessible from " =0 (e.g. 6,) states, but when |1"| = 1,
two final state energies (|&'| = 0,2) are possible; their separation is
Mg{i. Figure 5(b3 represents the 6} and 6% bands schematically,
showing the Ug' = 7 em™? splitting in the latter. Observed bandshapes
are helpful in assigning transitions.

B. IR Spectra

The IR vibrational spectrum of benzene can be obtained by fixing
the UV light at the 6& frequency and scanning the IR excitation. When
the IR frequency is resonant with a transition to a vibrational state,
population is removed from the O, level and a dip in the R2PI ion
signal results. Our spectrum in the region of the C-H stretching
vibration obtained by this technique is shown in Fig. 6. There is only
one infrared-active C-H stretching mode as predicted by the normal mode
analysis, namely, vpp. In the ground X state, two combination modes
have nearly the same frequency as the C-H stretch vgo, and are
therefore in Fermi resonance with vpong. They are anharmonically coupled
with vpg and each other, and have eq, symmetry. Three transitions are
then observed, correspondiné to the absorption peaks at 3048, 3079, and
3101 em™!. These transitions originate from vgo, vg + v?g, and v? + vg
+ vig, respectively. The energy level diagram in Fig. 7 depicts how
the levels shift due to.anharmonic coupling, which also causes the new

levels to have mixed character. To avoid confusion, we label them a",
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b", and ¢". Upon analysis of the double-resonance spectra, it will be
possible to say what the dominant character of each level is. Each
level can now serve as a ground state for UV transitions to levels in
the A state;, so that more A-state vibrational levels can be examined.
This and the chance to unravel the details of the C-H stretching Fermi
resonance add a new dimension to the already interesting challenge of
finding vq.

C. IR-UV Double Resonance Spectra

- We obtained double-resonance signals via each of the states a", b",
and c", in both the 69 and 6} regions. This was done by fixing the IR
excitation to pump the desired level and scanning the UV frequency.
Opening and closing the shutter(in'the IR beam modulated the
populations of molecules in the ground and excited vibrational states.
The modulation was thus also imposed on the R2PI signals, and its UV
frequency dependence was the information we desired. The spectra we
present are actually the ion signals observed with the IR excitation
on, minus the signals with it off. Thus all the features are due, in
some way, to IR pumping.

Because the IR-excited levels a", b", and ¢" all have mixed
charactér, it is expected that’mgny transitions should exist in the UV
spectra. vThe level |a">, for éxample, is actually'a|201> + B|81191> +
Y]|1161191>, with a2 + 82 + Y2 = 1, and |<201|a™>|2 ~ &2, |<8N191]a™>|2
~ 82, and |<1161191|a">|2 ~ ¥2,' We assume that the Fermi resonance is
quite different in thé A state with very different coefficients a, 8,
and Y. Then [<b'|a">|2 = 0, etc. The picture in Fig. 2 (the double-
resonance scheme) can be modified to reflect the state mixing: the CH;

"

level then includes a", b, and c", and the CH! level splits into a',
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b', and ¢'. Accordingly, each (a", b"

, or ¢") in the X state level
could have transitions to three different A state levels. A sketch of
this situation is shown in Fig. 8(a). Note that since the doubly
resonant transitions start from the common ground state level, vigp +
vyy for the transitions depends only on the energies of the final
states. Thus, the UV transitions from the X levels to a particular
final state can be readily identified if the UV spectra are presented
with the horizontal axes lined up to represent the sum of the IR and UV
frequencies, as shown in Fig. 8(b). We have not included in Fig. 8(b)
features due to depletion of the 0Oy level. Also, it is assumed that
the strongest transitions come from <a"| + <a'|, <«"| » <v'], and <c"|
+ <c'| vecause |<a'|a">|2 > |<a'|p">|2, ete. The top UV spectrum is
expected when the IR excitation pumps the a" transition, the middle
spectrum is obtained with the b" level populated, and the bottom
spectrum shows transitions from the c" state.

Our observed IR-UV double resonance spectra, arranged in the
fashion of Fig. 8(b), are presented in Figs. 9 (for the 6% region) and
10 (for the 6} region). Because more transitions are actually present
and depletion of the ground level population can give rise to
additional features, the spectra appear more complicated, but can still
be well understood after analysis follgwing the approach outlined
above, as we shall see.

In the R2PI spectra (Figs. 4ab) obtained with no IR excitation,
each peak comes from a thermally populated X vibrational level which
can potentially be depleted by IR excitation. By looking at the dips
in the double-resonance spectra (Figs. 9,10) one can see which of the

thermal levels have their populations depleted by IR pumping at wvgmn,
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vpn, and ven. The dips in the spectra of Figs. 9 and 10 are labelled
according to their ground state vibrational levels. Peaks, on the
other hand, are aﬁsigned and labeled according to their final state
identities. It is seen that, in addition to depopulating 0,, the IR
excitations also depopulated the 114 and 164 levels. This is because
the hot-band excitations of the a", b" and ¢" modes from 114 and 161
also occur at v;, vg, and vg, respectively. The 61 level was
depopulated by v; and vg excitations, but not by wyn excitation. The
latter happens because the hot-band excitation b"67 « 64 has a
frequency red-shifted by ~ 3 em~! from the ground-state excitation p" -
Oo.ll9 In Fig. 10, at the peak of the 6} transition, the detector was
saturated by the huge ion signal whether the IR excitation was on or
off, but at the wings of the peak, the detctor was able to record the
IR-induced change in the 0, population, thus giving rise to a pair of
dips.

We shall now try to account for all of the strong features, and a

few of the weak ones, in the analysis.

IV. ANALYSIS

The presence of the C-H stretching Fermi triad is fortuitous and
fascinating. Through it we have access, with double resonance, to a
great many vibrational levels in the A state. None of these levels has
been previously detected, and we have a chance to determine the
frequencies of the modes which make up the combination levels a', b',
¢'. Since we will be using the values of several vibrational
frequencies in our transition assignments and calculations of

newly-determined frequencies, we present in Table I an up-to-date lis:
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of the known frequencies in the X and A states. Some of these are
known very accurately, having been determined with high-resolution
laser spectroscopy. Others have been deduced in 1956 by Brodersen and
Langseth!3 or estimated from observations of slightly-allowed
transitions in benzene dérivatives with lower symmetry. We have cited
original sources of the vibrational frequency determinations and give
the frequencies to the nearest 0.1 em~! if they are so reliably known,
Suspicious or indirectly determined frequencies are enclosed in
parentheses.

The first goal is to assign the UV transitions from the IR-excited
levels a", b", and ¢". From earlier spectroscopic analysis,13 it is
known that a", b", and c¢" are mixtures of the 207, 81191, and 116119,
states, as indicated in Fig. 7. For the benzene R«Xuv transitions,
the selection rules discussed in Sec. III.A. require Avg = + 1 and Avyq
= any integer, but v{ = v? = 1 would lead to a weak transition because
of the small Franck-Condon factor. Thus, transitions from a", v", "
toa', b', ¢' (which are mixtures of 201, 81191, and 1161191) shown in
Fig. 8(a) are not allowed. We therefore consider only the vg=
vibration-assisted transitions in the 65 and 6? regions. F;gure 1"
describes those upper states in A that‘we believe we have observed in
our spectra in Figs. 9 and 10. We assume in Fig. 11 that state mixing
due to anharmonic vibrational coupling is not appreciable so that the
states in A retain more or less their pure mode character. This is
largely vindicated by the analysis, as we shall see.

Figure 11(a) depicts the UV transitions in the 63 region with Avg =
1 and Avq = 0. Since the initial states involve 204, 8419¢, and

1164197, the final states are thus 61201, 6181191, and 1162191, Figure
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11(b) shows the transitions in the 69 region. The only final state
that can be reached from a", b", and ¢" with Avg = - 1 and Avq = 0 is
11191, Coincidentally, the 62191 state is near 11191, and is
accessible via a Avg = + 1, Avqy = - 1 transition.

The energy levels in Fig. 11 are plotted as a function of the total
energy vig *+ vyy, which can be identified with the frequency scale of
Figs. 9 and 10, except for a 0° constant offset. Energies of these
vibrational levels in the excited electronic state can now be expressed
in terms of the vibrational frequencies of v{, vé' vé, v{g, and véo.
The first three are known from previous spectroscopic work (see Table
I), thus allowing v{g and véo to be determined from our spectra.

Figure 11 also shows splittings of the levels associated with vé =
2 and vé = vé = 1, due to the presence of vibrational angular momentum
(see Fig. 5 and accompanying discussion). Theoretically, splittings
could also be induced by vibrational angular momenta associated with
modes 19 and 20. However, since these modes mainly involve motion of
the H atoms, they cause little distortion of the carbon ring and hence
have small vibration-rotation interactions. We can therefore ignore
the resulting small splittings.

The transitions which are predicted from the selection rules to be
strongest are shown in Fig. 11 by heavy lines. 1In the manner of Fig.
8(b), each final level can be identified with a trio of vertically-
aligned peaks in Fig. 9 or Fig. 10, corresponding to IR excitations of
the three states a", b", and c". Beginning with the 69 region (Fig.
9), we can identify, from a frequency estimate, the intense peak at
E;ib = 2u85 cm~! as the 62191 level. It is a doublet, as predicted,

and the splitting is -~ 9 em™!, roughly in agreement with the 7 em™1
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splitting predicted in the model of Fig. 5. The 11191 level is
expected to appear as a weak singlet at ~ 120 em~! to the red of the
62191 doublet. Indeed, it appears, at Eyjp = 2330 cm™! in Fig. 9.

Continuing into the 6} region (Fig. 10), the peak at Eyjp = 3430
em™1 should correspond to the 618119 final level. It should appear as
a doublet, as most clearly discerned in the a" spectrum in Fig. 10,
Since the value of the vibrational angular momentum coupling constant
gé,g in Eq. (1) is not known, the magnitude of the splitting is not
predicted.

Thus the energies of 11191, 62191 and 6181191 are found. Only that
of 61201 is yet to be found. There are two relatively intense peaks at
Eéib = 3580 and 3618 cm”™! in each spectrum in Fig. 10. They have a

nearly constant intensity ratio of ~ 2, and must correspond to two

related final states. Since both appear in the neighborhood of 61201,
and are optically accessible via Avg = + 1 transitions, we postulate
that they arise from a Fermi resonance between 61201 with another level
(either 61131 or 6181141). These levels are not noticeably split by
vibrational angular momentum interactions.

With the positions of the 11191 and 6219 combination levels
secured, it is now possible to determine the frequency' v{g by knowing
v{ and vé. We consider two different approximations, both ignoring
anharmonic shifts of levels involving v{g: (a) v{g = 11191 - 11 =
(11191 = 09) - v; = 2330 em™! - 923 em™! = 1407 em™! and (b) vig =
62191 - 62, 1In the 1;tter case, the 62 state has two vibrational
angular momentum components, &' = 0 and &' = 2. From the relation
E(v) = L wjvy + I xj5vivy + I g13%i%j, with wé = 519.0 em™!, Xé’é = 0.7

em™', and gé’5 = 1.7 em™1,2% we obtain 62 (&' = 0) - 0° = 1041 cm™! and
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62 (2" =2) - 0° = 1048 cm™!. We then find vig = 62191 - 62 = 2uL3 -
1041 em™! = 1402 em™! for &' = 0 and v}, = 2452 - 1048 = 1404 cm™! for
' = 2. The averaged value of v}, determined from all these estimates
is 1405 cm'1} in fair agreement with Hochstrasser's recent assignment35
of v;g = 1400 cm'1, from a two-photon-induced fluorescence spectrum of
a benzene crystal at U4.2°K, considering that the gas-to-crystal shift
can easily exceed ~ 10 cm™!.

The frequency of v{g can be used with the value of vé and vé to
predict the position of the 6181191 level: Eyjp = vg + v§ + vig = 3u42
em™'. This is ~ 12 em™! higher than the observed position at Eyjp =
3430 cm'1; an anharmonic shift due to interactions between the three
modes vé, vé and v{g could easily account for the difference.

We now wish to deduce véo from the doublet we have assigned to be
associated with 6'20!. The final states of the doublet are believed to
originate from 61201 and another state (either 61131 or 6181147) to
which the transitions from a", b", and ¢" have zero intensity. If W is
the coupling matrix element between 61201 and the other state, AE, and
AE the energy separations between the two states before and after
taking into account the coupling, respectively, and R is the intensity
ratio of the two observed peaks, then Daunt and Shurvell?9 have shown

that

Wwo_ /R
AE R+ 1°
AEo R -1
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The more intense peak is associated with the perturbed 61201 state.
Using these equations with the observed AE = 38 em™! and R = 2, we find
AE45 = 13 em™! and W = 18 cm”™!. Therefore, the original decoupled
states should have vibrational energies of E&ib = (1/2)[ (3618 + 3580) =
13] = 3605 and 3592 cm~!. The former is the vibrational energy of the
decoupled 6'20' state, and we find véo = 6'20! - 61 = (6220 - 0°) - Ve
= 3605 em™' - 521 em™1 = 3084 em™1. & possibility for the perturbing
state is 6181147, A harmonic prediction of its position is Eyip = v§ +
vi8 + viy = 3607 cm™~1; anharmonicity would make the actual position
lower, and closer to the E&ib = 3592 em™! location of the decoupled
perturber. The 61201 and 6181141 1levels have the same symmetry and can
interact; note that 20! (eq,) and 81141 (egg * b2y = eqy) also can
interact. Another possibility for the perturber is 6!13! (e2g * by =
eqy) which can interact with 61201 (epg * eqy = by * bpy *+ eqy) by
symmetry. The frequency vi3 would be 3592 - 521 = 3071 cm |- This is
quite different from the value ~ 3160 em™1 predicted by Robey5 and
Kr‘ogh—Jesper'sen.6

In Figs. 9 and 10, we notice that the c" spectra (Figs. 9, 10) have
3 extra peaks at Eyqp = 2477, 3402, and 3522 cm™!. They must arise
from UV transitions from the c" state, but we seem to have already
exhausted all possibilities. Recently, however, Plivat! has shown,
experimentally and theoretically, that the C-H stretching fundamental
region actually contains a Fermi tetrad instead of the triad a", b",
and ¢". It is believed that the original c" state is nearly degenerate
with 3961157 and hence the two states mix and create two new states c?
and cg at -~ 3101 cm™! with only 1 cm™! separation between them [see

Fig. (12)]. The a" and b" states are, however, sufficiently far away
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not to be affected by 3169151. In our IR excitation, because of the
limited laser resolution, c? and 05 were always simultaneously excited.
If we accept this picture of Pliva, the assignment of the extra
peaks in the c¢" spectra would be straightforward. They should be v~
assisted A+X transitions, and must therefore involve the following
final states: 3115 for Avg = - 1, 3162151 for avg = + 1, and 1131151
for Avg = - 1 and Avqy = + 1. These transitions have similar
Franck-Condon factors and hence nearly equal intensities. The
transition to 3162151 ought to display a doublet or complex bandshape
due to the presence of more than one vibrational angular momentum (2')
level in the 3162151 final state. These expectations are completely
fulfilled. We can indeed assign peaks in the c" spectra of Figs. 9 and
10 as transitions from ¢" to 3115 at Eyjp = 2477 em™1, to 1131151 at
Egip = 3402 em™!, and to 3162151 (which has a complex bandshape; its
high-frequency "notch" is assumed to be the band center) at Eéib = 3522

em-1,

The mode‘frequency vé can now be determined, knowing v{ 923 cm‘1,
vis = 1150 em™', and v§ = 521 cm™! from Table I. From Eyjp = 2477 cm™!
for 31151, we deduce v3 = 1327 cm™'; from Eyjp, = 3402 em™! for 1131151,
v3 = 1328 em™'; and from Eyjp = 3522 em™! for 3162151, v3 ~ 1330 em™1.
Since the first value should be least affected by the neglect of
anharmonic corrections to the total vibrational energy, it is the
preferred one. Thus we pick vé = 1327 em”1.

All the peaks in the double resonance spectra of Figs. 9 and 10
whose IR transitions originated from 0, level, have now been assigned.

The remaining peaks can be associated with double resonances

originating from some IR hot bands. Recalling that the 114 and 164
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levels are thermally populated (see Sec. III), we expect that the IR-UV
double resonance transitions to 62197111 and 62197161 should also
appear in the spectrum of Fig. 9. Their positions are predicted to
have shifted by ~ =160 em~! from the transitions to 62191, as estimated
from Table I or the separation between 6} and the 6811]/ 6416] features
in Fig. 4(b). Figure 9 shows that there is indeed a weak doublet in p
the b" speétrum at Ecib = 2280,2288 em™', which is 163 cm™! lower than
the intense 62191 doublet at Eyjp = 2243,2252 cm™!.

Relative intensities of the different peaks in the double-resonance
spectra give information about the state mixing in the C-H stretching
Fermi tetrad. For example, the relative intensities of the transitions

", and c¢" to 6181191 are determined by the squared matrix

from a", b
elements |<6181191|u|a">|2, etc. These in turn are proportional to the
Franck-Condon factors |<81191|a">|2 etc., because vy is responsible for
inducing the transition but vg and vqig are not. Also, because vé and
v{g differ only slightly from v} and v},, respectively, their mode
displacements must be similar in the two electronic states. The
relation |[<8'191]84191>|2 ~ 1 then holds. This in turn implies that
|<8*19%|a">|? ~ |<8,19,]|a">|2. Then, the fact that the 618119 signal
is largest from the a" state indicates that a" has more of the
character of 81194 than b" or c".
Similarly, a" is found to have more v}, character than b" or c"
because the a" spectrum has the biggest 6!20! peaks. Following the
same line of argumenk, we find b" has the most 6111191 character »
(contradicting the early assignment of b"™ in the literaturet2), ey, 2
contains a substantial admixture of v§ + vi + VY, but also has

contributions to its makeup from 20,, 8,19,, and 1,6,19,.
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Knowledge of the v? + vg = v?g "parentage" of the b" state is also
useful in explaining the observed 3 em™! shift between b"61 « 61 and b"
+« 0y as described at the end of Sec. III. This occurs because b" has
most of the vg character in the Fermi tetrad, and hence its anharmonic
frequency shift due to interaction with 61 is the largest. It is known
that anharmonic interaction within a mode is usually larger than that
between modes. None of the a", b", or c" levels contains v?1 or v?6,
S0 no appreciable shift of a", b", or c¢" is expected to be induced by
interaction with vf], or vi,.

This completes the analysis of the spectra. Since it was a long
process, replete with detail, we summarize now the main points.

1. With IR excitation around 3000 em™! we have selectively created
populations in the a", b", and c?,g states. These states, which are in
Fermi resonance, are derived from the zeroth-order states vgo, vg +
v?g, v? + vg + v?g, and vg + vg + V?S'

2. We have observed UV transitions from each of these levels, and
thereby managed to get a rough estimate of the makeup of each.
Pliva'su.1 analysis, which asserts that the b" state most nearly
resembles v? + vg + v?g, is confirmed. Also, the presence of vg + vg +
v¥5 in the c¢" level, but not in the other levels, is proven.

3. We have evaluated the mode frequencies of vé, v{g, and véo in
the excited electronic A state, heretofore undetermined in gas-phase
studies. They are v{g = 1405 em™?, vé = 1327 em™!, and véo = 3084 cem~?t.

4, We have detected the existence of an A state Fermi resonance
which splits the 61201 level. The interfering state could be 6181141
or 61131, If the latter is the case, it would give vi3 a frequency of

~ 3071 em™T.,
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V. DISCUSSION

A. Review of in-plane force field problem

The new frequency assignments provide new insight into the chemical
bonding and vibrational behavior of benzene in its A (182u) state, and
serve as a test of recently calculated force fields. We shall show
that current A state force fields may have been calculated with
incorrect vibrational frequencies as input data.

It is hoped that through force constant fitting, and ab initio
calculation, one could obtain the valence force constants that would
describe the chemical bonds. Naively, finding the valence force
constants proceeds in the following manner: the normal mode frequencies
are used with the secular equation(s) to find the normal coordinates
and symmetry force constants. A linear transformation is then used to
find the valence constants. There are several reasons why this is a
difficult task. Qualitatively, there are very few vibrational modes
whose frequencies depend on only a small number of valence force
constants. For example, the C-~C stretching and C-H bending frequencies
are similar, so the two types of modes tend to be mixed. Similarly,
C-C-C angle bending modes are not too different in frequency from the
C~C stretching modes, so they too are mixed. A great deal of data is
necessary to be sure that a derived force field actually can reproduce
observed frequencies and predict unobserved ones. The problem of
providing enough data to determine a force field can in principle be
solved by spectroscopic measurements on isotopically-substituted
benzenes, which have the same chemical bonds and valence forces, but
different normal modes and vibrational frequencies. Such a fully

determined force field has recently been published3 for the ground (i;
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1A1g) state of benzene, resulting from a fit to 244 experimental data
on various substituted benzenes. It is not in agreement with
'predictionsz from ab initio calculations.

For future reference, Table II is a list of the in-plane modes,
their experimental X and A state frequencies, and their A state values
calculated in 1977 by Robey and Schlag® and in 1984 by Krogh-Jespersen
et al.6 Both of the calculations are fits to experimental data. The
Robey=-Schlag field has salient erroré in its prediction of vé and vé,
neither of which was known at the time. (Nor was v{g. v{3, or véo!)
With 17 valence force parameters, their force field reproduced the 8
known vibrational frequencies. The average error was only ~ 0.33%.
Important spectroscopic developments occurred around and after the time
of their work, causing the force field to be re-examined by
Krogh-Jespersen et al. Especially relevant were the determinations of
v{g and vé. A description of these experiments follows.

B. Review of recent experiments and derivation of force field

Several experiments with two-photon excitation have been done,
resulting in many reports of v{g, predicted to be a mode that can
induce the A «« X transition. The first value, 1560 cm‘1, was found by

Hochstrasser et al.,26

who were actually observing the 14} band. Bray
et al.27 later found a distinct, weak peak near this 14} band and
called it 19; with v{g = 1586 cm™!. Friedrich and McClain28 revised
this to v;, = 1579 em™!. Wunsch et al,29,30 pointed out that this
extra peak was actually a rotational branch of the 1M3 band and managed
to find vy, = 1213 em™! in CgDg. Lombardi et al.3% also found v), =
1209 em™! in CgDg; they estimated that vy, = 1330 cm™! in CgHg.

However, it seems to us that the isotopic product rulel0
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VisDV1sDV20D’ VieHVi1sHV20H = (My/mp)Y (Mp/My) could have been used to
estimate this frequency more accuratelyL (The capital M's represent
the total masses of the isotopic molecules.) VéOH,D was not known, but
with the reasonable assumption that v;o = vgo and knowing v;,D = 758
em™1, v;QD = 1209 cm™!, and v;eH = 922 em™1, one gets V;sH = 1430 em™1,
an answer nearly in agreement with the 1405 em™! value we have
obtained. Wunsch et al.32 correctly surmised that v{g ~ 1410 em”?, and
that the 19) band was buried under the intense 14}16] band at 1408.0
em1.33 1In spite of the fact that this latter band appears to be very
sharp and narrow in the molecular beam spectrum of Sur et al.,33 its
width at the 10% height is -~ 6—7‘cm'1. It is therefore conceivable
that the 1&%16] and 193 bands coincide. Hochstrasser et a1.3% ai1so
found v;, = 1400 em™! in a Y4.2°K benzene crystal. But since this last
work, Aron et al.>! and Sur et al.33 have found reason to support the
1330 cm™! value of Lombardi 23_31.3” To resolve the controversy, a
high-resolution two-photon X « & absorption spectrum around Eéib = 1410
em™! should be obtained in a very cold molecular beam. By suppressing
th 1”%161 peak via cooling, the 19} transition may become more distinct.

The vé frequency had long been sought, since as an epg mode vg can
induce the one-photon A « X transition. The 8& transition was
discovered in 1983 by Otis et al.2>5 by using three-photon fluorescence
excitation spectroscopy. The assignment was confirmed by the one-
photon absorption spectroscopy measurement of Muller and Knight,22 and
the final value vé = 1516 cm™! was obtained from the molecular beam
spectrum of Stephenson et al.%7 This accurately determined value of vé
made it worthwhile to revise the earlier force field calculations.

Still using 17 valence force constants, Krogh-Jespersen et al.6
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recently were able to improve on the Robey-Schlag force field. Whereas
Robey and Schlag had used input data from two isotopic benzenes CgHg
and CgDg, Krogh-Jespersen et al. used frequencies from six molecules
CeHg» s-CgH3D3, p-CgHyDp, p-CeHpDy, m-CgHyDp, and CgHgD.

The value v{g = 1347 cm“, obtained by them from analyzing the work
of Aron gg_gl.sj is unfortunately incorrect (our new value is 1405
em™1). It is not stated whether v{g was observed in the other five
benzenes they studied. Their calculated vig value of 1359 cm”™! is the
only salient disagreement with current data on CgHg. The errors in vé
and vé as determined by the Robey-Schlag field have been removed.

C. New perspective on A state vibrations

In the molecular orbital description of the A«X transition, a «
electron in the carbon ring makes a e bonding-to-antibonding
transition. The carbon ring weakens, and the C-C bond length increases
from 1.3974(10) & to 1.4319(9) A, a lengthening of .0345(15) .3
Therefore, the carbon ring is easier to squash, twist, and stretch, as
evidenced by the reductions in normal mode frequencies upon going from
X to A. This happens for all the out~of-plane modes, the "C-C-C
angle-bending" (squashing) vibrations vg and vi2, and the "C-C
stretches"” vq, vg, and vig.

The nominally C-C stretching mode, vqy, shows on the other hand a
frequency increase of 260 em™1! Calculation of the frequency of this
mode has always been problematic. Mikami and Ito53 explain the
observation by the argument that in the ground (X) state, its symmetry
force constant and frequency are lower than those predicted by simple
estimates.

The C-H ¢ bonds should not be strongly affected by the A« i, e
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T transition because their ¢ electrons are not part of the « cloud.53
We expect that the C-H bending force constant could appear to be
slightly less in the A state than in the X state, because bending a C-H
bond also tends to cause some C-C stretching motion in the weakened
carbon ring. This effect can be important in the normal mode analysis
because the C-C stretching and C-H bending frequencies at 1000-1500
em™! are not widely separated: Many modes in that region have mixed C-C
stretch/C-H bend characteristics. The C-H stretches, at ~ 3000 cm™!,
are however much more decoupléd, and their force constants should be
largely unaffected.

In addition to determining the 0.035 A increase in the C~C bond
length caused by the ReX transition, Lombardi et al.3! found that the
C-H bond length change was zero, with an uncertainty of 0.005 A. Thus
the C-H bond strength is expected to be about the same in the X and A
states. Compared to the changes in the frequencies of the C-C
stretching modes in going from X to A we have already mentioned,
reductions in the "C-H bending" frequencies of v3, vg, vig, and vig
should be rather small. Indeed, Table I shows that the "pure" bending
mode v3 decreases by - 20 em™1; vg goes down ~ 30 em™1, vi5 does not
change, and vig loses ~ 80 em~1. The average reduction of these mode
frequencies only amounts to ~ 2.5%.

Now we look at the C-H stretches vp, vy, vi3, and vpg. In the X
state their frequencies all fall within a 20 em™1 range. Table I shows
that vy increases by only 20 cm™! in the A state. The 3077 cm™!
assignment of v% is unambiguous because, as an e2g mode, the vy-
assisted A « X transition is easily detectable. Also, there are no

other strong transitions near the 7] band. The values of vy (3065
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em™1) and vog (3084 cm™') also show a ~ 20 cm™! difference. The small
increase in the C~H stretching frequencies caused by the Le«X
transition is explained as follows: The n* « 7 transition makes the =
electrons in the C-C bonds repel each other slightly and shift into the
C-H bonds, thereby strengthening them and increasing the C-H stretching
frequency.

The 3130 em~! value of vé assigned by Atkinson and Parmenter?3
appears to be 56 em~1, instead of ~ 20 em~1, higher than vg. This
makes the assignment questionable. Mikami®3 has suggested that the
3130 em~1 vibration in the A state may actually correspond to the 2vqy
mode: 2vqy has alg symmetry, the energy is almost e#actly correct, and
the Franck-Condon factor |<142]04>|2 is nonzero because mode 14 has
different frequencies and spatial wave functions in the X and A
states. In their extensive analysis of the A«X absorption spectrum,
Atkinson and Parmenter2! had found vé through identification of a
progression which they assigned as 6&2&18, where n ranges from O to 4.
However, there is a slightly weaker progression 41 em~! lower. The
lowest-frequency member occurs at 41700 em™!. If this were called
6123, we would have v = 6121 - 0° - v = 3093 em™!. Since no
assignment was proposed for these transitions, we suggest that they
could be the 612118 bands, and claim that vy = 3093 em™!. This value
fits into the new picture and is - 20 cm™! higher than v at 3074 cm™!.

Finally we consider v{3, unobserved to date because of its by
symmetry. Force field calculatins by Robey and Schlag, and by
Krogh-Jdespersen et al., put v{3 at ~ 3160 em~71, However, this may not
be reliable as the force field which yields this number has been

constrained to reproduce what we believe to be an incorrect value of

33



vé. Being a C-H stretching mode, it seems likely that v{3 is also ~ 20
em™? higher than v¥3, or v{3 = 3077 em™!. This is about the value it
would need to have to cause a Fermi resonance between the 6120' and
61131 levels, as we speculated in the Analysis section.

Here, we have determined the frequency (véo) of one of the four A
state C-H stretches. It and the other reliably-assigned mode frequency
(v%) are both ~ 20 cm™! higher than their X state values. This fact
has led us to scrutinize previous spectroscopic work and propose a
reassignment of the frequency of a third C-H stretch (vé), so that its
behavior also follows the same pattern. It also allows us to predict
the frequency of the fourth C-H stretch (v{3) to be ~ 80 cm~! lower
than the force field calculations suggest. It would now be worthwhile

to repeat the force field fitting with these augmented data and altered

frequency assignments,

VI. CONCLUSION

We have used the powerful, elegant double-resonance technique to
study a prototype intermediate size molecule (benzene) cooled in a
supersonic expansion. The thorough work which has already been done on
the X vibrations and the A + X transition of benzene allowed us to make
decisive assignments of several IR-pumping-induced UV transitions.
With these assignments we were able to confirm, in a qualitative way,
Pliva's analysis of the C-H stretching Fermi tetrad in the X state.
Also, we provided a determination of the gas-phase value of v{g, the
IR~active C-H bend, and the first observation in the A state of V3, the
"C-H libration", and of vpp, the IR-active C-H stretch. The values of

these frequencies are found to be v{g = 1405 cm”?1, vé = 1327 em”!, and
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vog = 3084 em~t,

Observation of a Fermi resonance with the 61201 level led us to
speculate that vé + véo could be perturbed by vé + vé + v{u, or vé +
v{3. If the latter were the case, it would determine the unobserved
v{3 frequency as ~ 3071 cm™1.

A qualitative consideration of the valence forces at work in
A-state benzene impelled us to assert that the C-H bonds are largely
unaffected by the A « X transition. C-H stretching frequencies vy, vy,
v13, and vpg should increase uniformly by ~ 20 cm™! in the & state. vg
and vog fit this pattern. The longstanding assignment of vé, the
totally symmetric C-H stretch, does not. A review of the data of
Atkinson and Par'menterZu supports our suspicion that vé is really ~
3093 cm’1, 20 em~1 above the X-state value. In this context, vi3, the
unobserved IR- and Raman-inactive bq, C-H stretch could very well have
a value of ~ 3070-3080 cm~1.

The A state force fields of Robey and Schlag5 and Krogh-Jespersen
et al.6 do not reproduce our experimental results and disagree with our
qualitative analysis of the benzene molecule in its first excited
state. Our analysis shows that the 1 state resembles the X state to a
higher degree than was thought. Fitting of force fields should be
easier when the more realistic vibrational frequencies we now have are
used as input data.

Even with new vibrational frequencies, the data are insufficient to
completely determine a force field. Now that it is widely recognized3
that a large spectroscopic data base is required for the attainment of
a plausible fit, we hope that our technique, and variants of it, will

be espoused in the quest for accurate data on hard-to-observe modes.
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There are several ways in which this could proceed: (1) Study of the
selectively deuterated benzenes, as has been done in the X state, would
provide extremely useful data on normal modes, frequencies, and
assignments. (2) Higher resolution (- .001 cm~!) lasers could give
well-resolved rotational structure, leading to the determination of
vibration-rotation interaction (Coriolis) constants. These constants
can be used as input data for force-field refinement calculations. (3)
Different optical transitions could be employed: namely, (a) many
IR-active modes in the ~ 1000 cm™! region could be pumped with a COp
lgser. (b) Raman pumping instead of .IR pumping could be used to
populate different X state modes, as demonstrated by Esherick and
Owyoung.2! (¢) The second step of the double-resonance excitation
could be done with multiphoton transitions inspead of single photon
transitions. This would allow different A levels to be studied, and
would present the opportunity for polarization-dependence studies of
transitions in the new modes. Clearly, there are many possibilities,
each of which can lead to interesting information about the excited
states of aromatic molecules.

A thorough understanding of the first excited state of a simple
phenyl system could prove useful in several situa;ions. Vibrations and
their anharmonicity are thought to be important in mediating
radiationless transitions. Radiationless decay is not thoroughly
characterized in either the X or A states of benzene. Also, the
electronic properties of phenyls help to determine the qualities of
many molecules of photophysical and photochemical interest. For
example, phenyl rings form the basis of many (e.g. laser) dyes.

Enhancements in lasing efficiency and photochemical stability could
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perhaps be engineered with better knowledge of excited-state geometries
and forces.>4-56

We hope that the step we have taken toward understanding I
(182u)-state benzene better will encourage further calculations and

spectroscopic inquiries.
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Table I. Compilation of benzene X (1A1g) and A (1Bzu) frequency

assignments.

ModeP X (em~ e Ref.2 A (em~1)C Ref.2

1 (2) 993.1 HW 923.0 AP
2 (1) 3073.9 HW (3130.1)8 AP
3 (3) (1350)d BL 1327 + 3hd
4 (8) (707)d BL 365 KPS
5 (7) (990)d BL THL.6 AP
6 (18) 608. 1 HW 521.14 AP
7 (15) (3056.6)¢ HW 3077.2 KPS
8 (16) 1600f EOP 1516 SRR
9 (17) 1177.8 HW 1147.7 AP
10 (11)  (8u7.1)€ HW 580.7 AP
11 (W) 674.0 SWCW 515-518d AP
12 (6) (1010)d BL
13 (5)  (3057)1 BL
14 (9) 1309.8 TGO 1570.0 SKJ
15 (10)  1148.5 TGO 1149.9 SKJ
16 (20) 398.8 AP 237.5 AP
17 (19)  (967)4 BL T17.4 SKJ
18 (14)  1038.3 PJ 919.7 SKJ
19 (13)  1484.0 PJ 1405 ¢ 3hd
20 (12)  3065f PP; 3084 3 shfd
SWCW;
BL

a AP means Atkinson and Parmenter?3

BL means Brodersen and Langse n13

HW means Hollinger and Welsh!

EOP means Esherick, Owyoung, and Pliva?!

SWCW means Snavely et al1.2

TGO means Thakur, Goodman, and Ozkabak“

PJ means Pliva and Johnsﬂg'f1

PP means Pliva and Pine!

SRR means Stephenson, Radloff, and Ricet7

SKJ means Sur, Knee, and Johnson33

KPS means Knight, Parmenter, and Schuyler22

Wilson numbering; Herzberg numbering in parentheses
Quoted to the nearest 0.1 cm"; uncertain values in parentheses .
Derived from combination band analysis
Uncertainty is > 0.1 em™ 1

Deperturbed value; mode is in Fermi resonance
Reassigned in this work to.~ 3093 cm™!

This work

Estimate from isotopic product and sum rules

0O O0oO

= 30
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Table Ila.

X and A state frequencies of in-plane modes.

Mode Symmetry Observed (cm")

Robey-Schlag5

Krogh-Jespersen et al.

6

1 a1
2 a1:
3 aze
6 62
: g
7 e28
9 ezg
12 b1u
13 by
14 boy
15 b2u
18 €1u
19 ey
20 e1u

a8 Reassignment from AP23 value of 3130 em™!

X

993
3074

13500

608
3057
16004
1178

1010
3057¢

1310
1149

1038
1484
30654

A

923-

~30932

1327 + 3¢

521
3077
1516
1148

1570
1150

920
1405 + 3C
3084 & 5¢d

923

3129
1246

519
3100
1454
1147

936
3159

1567
1150

921
1407
3081

921
311

1320

526
3092
1521
1145

928
3167

1572
1148

930
1359
3061

® Deduced from analysis of combination bands in IR spectra

C This work

d Deperturbed value; mode is part of a Fermi resonance

€ Estimated from isotopic product and sum rules
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Table IIb. X and A state frequencies of out-of-plane modes.

(For footnotes see Table IIa)

Mode Symmetry Observed (cm~') Robey-Schlag®

X .
4 bog T07? 365 365
5 bog 990 745 750
10 e1g 847 581 585
1 asy 674  515-518 514
16 ey 399 238 239
17 eoy 96 7P 7 712

4y



FIGURE CAPTIONS
Figure 1. Normal modes and their symmetries in benzene. Exact atomic

displacements may be different in the X and A states.

Figure 2. (a) Two-photon (IR-UV double resonance) route to C-H

_ stretches (CH!) in the A state. IR pumping populates the CHy state,
and the CH} transition excites the cH! 1evel. Iﬁ this example the C-H
stretchiﬁg frequency is larger in the excited state: véH‘>'v8H.‘ (v)
Spectrum observed; IR is tuned to pump CH,. The change in UV
absorption vs. UV frequency with IR pumping turned on is sketched. The
population in 0, is depleted and that in CH, is increased. The 0}
transition probés the depletion, and the CH] transition is the double

resonance which allows determination of v&H.

Figu}e'3. Experimental apparatus which includés tunable IR (bump)‘and
UV (probe) sources, a pulsed supersonic molecular beam of benzene
seeded in argon, ion extraction and detection, and control
"electronics. The IR beam around 3000 cm™' excites C-H stretches and is
chOppéd'with a beam flag. The UV laser frequency is scanned in order
to find new A state vibrational levels. Benzene UV transitions are

detected with resonantly-enhanced two-photon ionization (R2PI.)

Figure 4. (a) Resonantly-enhanced two-photon ionization (R2PI)
‘spectrum in the vicinity of the 6% band. (b) R2PI spectrum near the
6! band, which is extremely saturated in this scan. (c¢) Energy level
diagram with vibrational angular momentum splitting and thermally

excited levels., All transitions in this picture have Avg = #1.
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Figure 5, Effect of vibrational angular momentum on UV transitions
involving doubly-degenerate modes (e.g. vg). The vibrational angular
momentum quantum number 2; takes on the values Vis V{ = 2y see —V4.
For mode i, the energy shift due to vibrational angular momentum
interactions is gj § 2%. The selection rule on & during an optical
transition in which Av = £+ 1 is A2 = + 1. (a) Energy levels and
allowed transitions of the different % components. (b) Splitting of U
g' observed in transitions from &" = 1 states. In benzene, 36’5 = 1.7
em~1, so the 6% splitting is ~ 7 cm™!. The 6] and 69 transitions are

not split.

Figure 6. IR spectrum of C-H stretching region, obtained with the UV
laser tuned to 6. The 3101-cm™! peak is an unresolved doublet. Our

" "

a,b, c" labeling of the peaks reflects the fact that zeroth-order
n \i ”" " ” "
names (v,o, Ve *+ Vygs V; + Vg + v,4) are inappropriate because of mode

mixing.

Figure 7. Energy level diagram of the C-H stretching Fermi triad. The
traditional assignment of each observed level (a",b",c") is written

above the level corresponding to its zeroth-order "parent".

Figure 8. (a) UV transitions beginning from mixed, IR-pumped levels.
No transitions are forbidden, because the ground-state vibrational
levels are mixed differently from the excited-state ones. As the heavy
lines show, the most intense transitions are those which retain the
ground-state vibrational "character." (b) Double-resonance spectra

aligned with respect to total (IR + UV) energy. Transitions to common
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final states are vertically aligned. Only peaks are shown; in general,
dips (see Fig. 1b) are present also. Frequencies of modes 3, 19, and
20 are deduced from these spectra, as is the presence of the 3716415,

state in the c¢" level.

Figure 9. Double resonance spectra around 6%. Dips in the spectra
(e.g. 6,) are assigned according to the ground-state population that
caused them. Labels next to peaks are our assignments of the final
vibrational states. Frequencies of modes 3, 19, and 20 are deduced
from these spectra, as is the presence of the 3,6,15, state in the c"

level.

Figure 10. As in Figure 9, for the 6} region.

Figure 11. Upper states in double resonance transitions. The
selection rules Avg = £+ 1, Avqy = anything, have been used to find the
final states accessible in the 69 region, and the 68 region. The lower
states are a", b", and c¢" (the mixed 204, 84197, and 1161191 levels).
In this figure, the heavy lines show the most intense transitions.
Those with v{ = v{ = 1 have small Franck-Condon factors, and are shown
with fainter lines. Levels with vé =2 or vé = vé = 1 have a
vibrational angular momentum splitting, producing a doublet. The
1162191 level, shown with dashed lines, is outside the energy range we
scanned. The 6219 and 1119 levels are separated by Zvé - v{ = 120
em™1. Likewise, the 6181191 1evel is v§ - v§ = 995 cm™! above the

62191 level.
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Figure 12. Benzene C-H stretching Fermi tetrad, according to Pliva's
analysis and confirmed by us. \)‘3‘ + vg + v3|'5 is only mixed into the

3101-cm™! level, and v{ + v§ + vig is now in the middle.
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IR-UV double resonance
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Experimental apparatus for obtaining IR-UV
double resonance spectra
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R2P! spectrum around 6
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R2PI spectrum around 6
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Benzene energy levels and UV transitions
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Vibrational angular momentum
selection rules and splittings
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Spectrum of C-H Stretching “Fermi triad”’
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Benzene_ Fermi triad
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Allowed transitions from mixed levels
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abs.

Resulting UV spectra with IR fixed on a” — ¢”
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Double resonance spectra around 69
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Double resonance spectra around 68
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Upper States in Double Resonance Transitions
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