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We have measured the absolute Raman scattering cross section of the 992 cm™! g, ¢ Ting
breathing mode of benzene vapor in the 150 cm ™! region surrounding the 6} 13 vibronic
transition to the 'B,, excited electronic state. We clearly observe emission directly from the
resonant 6; 13 level, located ~5100 cm ™' above the !B, origin. This Raman-like resonance
emission is observed as an enhancement of the 992 cm ™ vibrational mode fundamental, as
well as in the appearances of v, overtones and the progression 2v, + nv,. Although the
resonance emission from 'B,, vibronic levels has previously been denoted as “single vibrational
level fluorescence” (SVLF), resonance fluorescence (RF), or hot luminescence (HL), we find
by means of the analysis of the 992 cm ™~ excitation profile that the resonance emission also
contains a significant resonance Raman scattering (RRS) component. For excitation into the
64 15 vibronic level of benzene vapor, the high density of background states within the molecule
promotes processes such as dynamic intramolecular vibrational redistribution. These processes
result in the intramolecular dephasing which determines the relative fractions of HL and RRS
present in the emission from the ensemble of “isolated” molecules that give rise to the
structured emission of vapor phase benzene. RRS derives from scattering from a superposition

state while HL emission derives from an excited molecular eigenstate.

. INTRODUCTION

The importance of a clear understanding of resonance
emission and light scattering to spectroscopy has motivated
numerous recent experimental and theoretical studies.'~!®
For an ensemble of molecules in a single well defined quan-
tum level |g) of the ground electronic state which has an
accessible rovibronic excited state |m), excitation in reso-
nance with the absorption band of the |m) < |g) transition
may result in the simultaneous observation of at least two
spectrally different resonance emission line shapes.’'%!?
One dispersed emission line shape is associated with the
Kramers—Heisenberg (KH) expressions for Raman scatter-
ing, and is Lorentzian with a bandwidth described by the
damping parameters of only the initial |g) and final |n)
states of the molecule. As the excitation frequency moves
through the |m) « |g) absorption band, the center frequen-
cy of this Lorentzian band remains shifted by a constant
frequency with respect to the laser excitation frequency.
This shift corresponds to the frequency difference between
the initial and final molecular states; for vibrational Raman
scattering this would correspond to a vibrational frequency
in the ground state. The other dispersed emission line shape
will remain centered at the energy of the transition between
the excited state |m) and the final state |n), regardless of the
excitation frequency. This emission line shape has a band-
width which reflects the damping parameters of the resonant
excited molecular eigenstate |m), i.e., the bandwidth will be
similar to that observed for the |m) « |g) absorption transi-
tion.

The central question is whether these spectrally differ-
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ent resonance emission line shapes should be separately clas-
sified as resonance Raman scattering (RRS), resonance flu-
orescence (RF), or hot luminescence (HL), or as some
combination of both. Different theoretical approaches
choose to decompose the resonance emission into different
sets of components each with a characteristic line shape. Un-
fortunately, similar terminologies are often used to describe
the different sets. The terminology used here is adopted from
that typically used in Raman spectroscopy, where the name
(resonance) Raman scattering is given to that component of
the resonance emission which remains displaced from the
laser line by the frequency of the Raman active mode, while
HL or RF refer to the component which remains centered at
aconstant energy. It should be noted that although the RRS
and HL components are often treated as distinct scattering
processes, Albrecht ef al."® have shown theoretically that
when the initial and final states of the molecule differ, a third
component exists, although its intensity is likely to be small
compared to that of the RRS or HL component. Although
this third component is generally ignored, its existence for-
mally requires that RRS and HL be considered as compo-
nents of one single resonance light scattering process. This
third component will not be discussed further, as we will
show below its intensity is indeed likely to be negligible rela-
tive to either the HL or the RRS component intensities in
our experiments.

The classification of resonance emission into either the
RRS or HL components as defined here depends upon the
nature of the dephasing effects operative in the sample. De-
phasing effects in Raman scattering must be described in
terms of the coherence loss between those states within the
molecule which are coupled by the radiation field; this cou-
pling of states is simply the dynamic mixing of excited vi-
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bronic states into the ground electronic state wave function
as described by time dependent pertubation theory. The re-
sulting coherent superposition of ground and excited elec-
tronic state wave functions (the “superposition state”) will
oscillate in time with characteristic frequencies as long as the
phase relationship between the superposed states is main-
tained. Pure dephasing processes are processes other than
“T,” radiative and nonradiative decays that destroy the co-
herence between these superposed states; in gas phase ex-
periments these processes are generally attributed to
psuedoelastic or phase perturbing collisions with the materi-
al bath. The point is that in the absence of pure dephasing
effects, all molecules in the ensemble must scatter from the
superposition state and the emission is described completely
by the KH expressions; i.e., only the RRS component can
occur. However, if pure dephasing effects are occurring, the
superposition state in some molecues will be destroyed (de-
phased) which will populate isoenergetic molecular eigen-
states. Subsequent emission will give rise to the HL compo-
nent.

In this study, we examine whether the resonance emis-
sion observed from higher vibronic levels of the 'B,, elec-
tronic state of benzene vapor derives from the pure dephas-
ing induced HL component or from the RRS component.
Numerous 'B,, resonance emission studies of gas phase ben-
zene have attempted to examine fundamental dynamical
processes such as T, type energy relaxation.'*161821-30 The
discovery that the quantum yields of emission from 'B,,
vibronic levels decrease dramatically with ~3000 cm~! of
excess vibrational energy in the 'B,, manifold in what has
since been called the “channel three” region of rapid nonra-
diative decay®®>! has led to a recent resurgence of studies of
the resonance emission from these vibronic lev-
els.'518:23.25-28 Ipy 4] of these studies the observed resonance
emission has been called RF, HL, or single vibrational level
fluorescence (SVLF). All previous attempts to experimen-
tally differentiate between RRS and HL components (from
any molecular resonance) have focused on resolving the dif-
ference in the emission line shapes. It has never been demon-
strated, however, that the observed resonance emission from
any 'B,, vibronic levels (from one photon excitation) is
dominated by the HL line shape rather than the RRS line
shape. This has been due to the experimental difficulty asso-
ciated with distinguishing between the RRS and HL line
shapes. While resonance emission is readily detected below
the channel three threshold, the observed rovibronic absorp-
tion linewidths are generally far less than 1 cm™'' The
resolution required to differentiate a HL component line
shape reflecting these absorption linewidths, from a RRS
component line shape with an intrinsically narrower
linewidth, is difficult to obtain in this UV spectral region.
Although the rovibronic absorption linewidths approach
several wave numbers above the channel three threshold, as
described above, the resonance emission intensity becomes
small.

In contrast to the previous methods of distinguishing
between the RRS and HL components, we in this study di-
rectly characterize the dominant component(s) of the 'B,,
resonance emission in the channel three region independent
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of the emission line shapes. We accomplish this by taking
advantage of the fact that in addition to having different
emission line shapes, the excitation frequency dependence of
the scattering amplitudes of the HL and RRS components
must also be different. Since in RRS the coherence of the
superposition between excited vibronic states and the
ground state is maintained, the RRS amplitude is modeled
by the familiar KH summation over the Raman amplitudes
contributed by each of these superposed excited vibronic
states, whether these excited states are resonant or non-
resonant. Therefore, in the case where at least two excited
states each give rise to significant Raman scattering ampli-
tudes in a particular vibrational mode, interference between
these amplitudes (the modulus squared of which is propor-
tional to the Raman intensity) may occur as the excitation
moves through resonance with one of these states (vide in-
Jfra). However, if the emission from the resonant state is HL
rather than RRS, no interference between resonant and non-
resonant amplitudes can occur.

We probe the components of the 'B,, resonance emis-
sion by looking for evidence of interference effects between
the Raman scattering amplitudes of the 992 cm ™! symmet-
ric ring breathing vibrational mode contributed by resonant
!B,, vibronic levels and the nonresonant or “preresonance”
Raman scattering amplitude active in this mode in the 'B,,
transition energy region. This preresonance 992 cm™~' Ra-
man scattering amplitude derives from much higher energy
allowed electronic transitions®** and is independent of the
vibronic absorption bands of the 'B,, state (vide infra). In-
deed, with excitation only several wave numbers away from
resonance with 'B,, vibronic absorption bands, the only sig-
nificant intensity observed in any vibrational mode is the
preresonant Raman intensity of the 992 cm ™' mode.

In Sec. IV of this paper we discuss our measurements of
the 992 cm ™' mode Raman cross section as excitation ap-
proaches and moves through the 6} 13 'B,, vibronic transi-
tion ~5100 cm~! above the 'B,, origin. We observe reso-
nance emission from this vibronic level in the form of
enhancement of the 992 cm ~ ! Raman fundamental intensity
as well as the appearance of the overtones of the 992 cm ™!
band and the progression 2v, + nv,. In Sec. V A we review
expressions which describe resonant light scattering both in
the presence and absence of pure dephasing processes, and
demonstrate that the 992 cm ™! excitation profile through
the 6} 15 region can reflect interference occurring between
the 992 cm ™' resonant and nonresonant amplitudes. In Secs.
V B and V C, we demonstrate that a Raman interference
effect occurs in the 992 cm ™" excitation profile indicating
that some portion of the observed 992 cm— ' mode resonance
emission intensity (as well all other observed vibrational
progressions) from the pumped 'B,, vibrational levels must
be RRS as described by the KH expression for Raman scat-
tering. We then show the observed resonance emission has
both HL and RRS contributions which are similar in magni-
tude.

In Sec. V D, we examine the nature of the pure dephas-
ing process responsible for destroying the coherence
between the 992 cm ™~ ! resonant and nonresonant amplitudes
in those molecules which contribute to the HL intensity.
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Although these pure dephasing events have generally been
attributed to intermolecular interactions we find that the
pure dephasing in our experiments is an intramolecular
event caused by the high density of background states within
the molecule high in the 'B,, manifold. This high density of
background states serves as an intramolecular bath for de-
phasing the states originally superposed by the incident field.
These background states represent a large number of inter-
nal degrees of freedom which collectively dampen the time
interval over which the coherence of the superposition state
is maintained.

Il. EXPERIMENTAL

The Raman spectrometer used has been described in
detail elsewhere.>* The excitation source is a Quanta Ray
DCR2A Nd:YAG laser operated at 20 Hz and frequency
doubled to pump a dye laser. UV light was generated by
doubling the dye laser light and mixing it with the 1.06 um
fundamental of the YAG laser which produces continuously
tunable excitation from 800 to 217 nm with a pulse duration
of 6 ns and a spectral width of ~0.25 cm™"'. An ellipsoidal
mirror was used to collect the scattered light. The scattered
light was focused through a crystalline quartz wedge to ran-
domize the polarization to avoid any polarization efficiency
bias of the monochromator gratings. The light then passed
into the slit of a modified SPEX Triplemate monochroma-
tor. A Princeton Applied Research OMA Il intensified Reti-
con detector (model 1420) was used to detect the scattered
light. Methane was used as the internal intensity standard
for determining the benzene cross sections; the absolute Ra-
man scattering cross section of the 2920 cm ™! symmetric
carbon-hydrogen stretching mode of methane vapor has
been determined between 600-200 nm.** The spectral
widths observed derive from the spectrometer bandpass;
thus, we determined the absolute Raman scattering cross
sections from relative peak height measurements.

Benzene was obtained from Baker Chemical and used
without further purification. Research grade methane was
pumped through two successive bubblers containing liquid
benzene to saturate the methane gas with benzene vapor.
Raman spectra were obtained in an open flowing system at a
controlled temperature of 24° ( 4+ 0.5 °C). The gaseous mix-
ture of ~ 80 Torr benzene and 680 Torr methane was passed
through a 1 cm long cylindrical nozzle of 0.5 mm diameter,
and then exhausted to a hood by a vacuum line. Excitation
occurred 0.5 mm from the nozzle tip and the scattered light
was collected at 90°. A nitrogen gas purge surrounded the
sample and flowed uniformly about the long axis of the noz-
zle in order to surround the benzene-methane mixture with
a noncombustible environment.

The short path length (0.25 mm) as well as the low
absorption oscillator strength of the benzene vapor in the
energy region studied here rendered self-absorption and op-
tical saturation effects insignificant. The vibrational fre-
quencies were calibrated by referencing to Raman spectra of
acetonitrile under identical conditions. The quoted frequen-
cies are estimated to be accurate to + 5 cm™!. The 992
cm ™' band excitation profile data were obtained using a low
resolution 600 groove/mm grating in the spectrograph stage

of the monochromator so that both the 992 cm ™' benzene
band and the internal standard methane band at 2920 cm ™!
were obtained simultaneously. A ~75 cm™~" bandpass was
used for the cross section measurements. Higher resolution
spectra (~10 cm™!) were obtained with an 1800 groove/
mm grating. Depolarization ratios were measured with a
calibrated polacoat analyzer placed prior to the polarization
scrambler.

lIl. NOTATION AND BAND ASSIGNMENTS

Absorption band assignments have been adapted from
Parmenter et al.®® as well as Stephenson, Radloff, and
Rice.'® Band assignments use the notation introduced by
Calloman, Dunn, and Mills.>” For example, the notation
65 165 17} indicates a transition in which only the v, v,4, and
v, vibrational modes are excited. In the ground state none of
these vibrational modes are populated while in the upper
electronic state one quanta of v, v,, and v, are excited.
This notation can also be used to describe molecules in spe-
cific levels; 6'1* would refer to an upper electronic state in
which v{ =1 and v{ = 4.

IV. RESULTS

Figure 1 shows a room temperature moderate resolu-
tion gas phase benzene absorption spectrum showing vi-
bronic transitions to the electronically forbidden 'B,, elec-
tronic state. The vibronic activity observed in the 'B,,
« 4, transition has been extensively characterized and will
only briefly be reviewed here.'>!536° In benzene (D,
point group), electronic transitions are allowed to states of
E,, and 4,, symmetry. The oscillator strength observed for
the forbidden 'B,, < '4,, transition derives from the failure
of the Condon approximation and the 'B,, state is Herz-
berg-Teller coupled to the 'E,, state. The 'B,, transition
may therefore be induced by vibrations of a symmetry con-
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FIG. 1. Moderate resolution room temperature absorption spectrum of the
'B,, «'A,, transition of gas phase benzene between 270-225 nm. The main
progression in this vibronically induced transition is induced by the v, e,,
vibration with v, displaying Franck—Condon activity. This progression is
labeled 6417,
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FIG. 2. The 2-3 cm ™! resolution absorption spectrum of the 6} 13 transition
region between 43 280 and 43 130 cm™ ! (curve 1). Curve 2 is the transmit-
ted power through the same region; upper absicca scaling refers to curve 1
and 2. Curve 3 is the jet cooled fluorescence excitation profile through the
6} 12 transition adapted from Rice et al. (Ref. 16) Lower abscissa scales

curve 3. Vibronic origins are assigned as (Ref. 15, 16, and 36): (a) 6,182
17213-163 17415, (b) 6312, (c) 6516513, 6516417515, (d) 6516517513,
654510512, (e) 63164175 1} Insert shows the first 20 cm ~ ! of the 63 13 rovi-
bronic absorption contour, adapted from Callomon e? al. (Ref. 37).

tained in the cross product B, X E|, . Thus, only vibrations
of e,, symmetry or those combinations which contain e,,
character can induce transitions to the 'B,, state. The main
progression in the 'B,, absorption spectrum is induced by
the v, e,, vibration and displays a Franck—Condon progres-
sion in the v, (a,, ) 992 cm ™' ring breathing mode. This pro-
gression is labeled 6] 17 in Fig. 1. The broad structureless
background absorption of ~0.04 absorbance units evident
at higher energies is typical of absorption spectra of polyato-
mic molecules at high vibrational energies in excited elec-
tronic states, and presumably is due to sequence and hot
band absorption as well as a larger homogeneous linewidth
of the higher energy, shorter-lived states.

Curve 1 in Fig. 2 is a higher resolution (2-3 cm™")
room temperature absorption spectrum of the 6513 transi-
tion region between 43 280 and 43 130 cm . The well de-
fined shoulder at 43 240 cm ™! and the observation that the

structured absorption in curve 1 spans a 100 cm ™" interval
indicates that additional vibronic absorption bands must
overlap that of the 6} 13 transition. The detailed analysis of
emission from the lower energy absorption members 6 13
(n = 1,2) by Parmenter ef al.'>"® and later by Spears, Rad-
loff, and Rice'® help us to easily assign these additional over-
lapping vibronic transitions. Curve 3 in Fig. 2 shows the jet-
cooled fluorescence excitation profile through the 612
region (lower energy axis, Fig. 2) adapted from that of Rice
et al.'® The integrated fluorescence intensity vs excitation
energy is plotted. The transition origins are easily resolved
since only several rotational levels are populated. The transi-
tion origins in the 6} 12 region labeled a, b, ¢, d, and e in curve
3 of Fig. 2 are related to the underlying transitions in the
6¢ 15 region; those in the 6} 17 region derive simply from
adding three quanta of v, to the upper state of the transitions
in 6} 12. The transition origins in the 6} 13 region are aligned
below those in 651; in order to facilitate comparison
between the analogous transitions. For example, the vi-
bronic origin labeled “b” in curve 3 corresponds to the 6} 13

origin; the 6513 origin would therefore be located at
~43 235 cm ™! near the observed absorption maximum.

At room temperature, many rotational levels are popu-
lated and the transition origins are not resolved in absorption
because of overlapping rovibronic band shapes of the ~7
vibronic transitions occurring between 43 280 and 43 180
cm ™. The rovibronic band shapes of 'B,, —'4,, vibronic
transitions are rather complex and have been characterized
by Callomon et al.*” Numerous transitions are known to
exhibit absorption line shapes at room temperature charac-
terized by a sharp high frequency edge ~5 cm ™' to the blue
of the transition origin followed by steadily decreasing ab-
sorption which can extend 60 cm ™' to lower energy. The
inset in Fig. 2 illustrates the first 20 cm ™! of the 6} 1 rovi-
bronic band shape. The 6; 1; band shape would be expected
to be similar since the shape of the rovibronic absorption
contour is influenced primarily by the Coriolis coefficients
for v4.>” The sharp rise in absorption in curve 1 at 43 235
cm™~! is, thus, the high frequency absorption edge of the
6515 transition, while the shoulder between 43 250 and
43 235 cm ™! is assigned mainly to 6516517} 15 absorption
but also contains contributions from overlapping 63 164 13
and 6347, 10} 1} transitions. The additional absorption to the
red of the 6} 13 maximum derives from the 6; 183 13 and the
mixed 17213 ~16; 17} 13 transitions. It should be noted that
the absorption features in curve 1 have a maximum molar
absorptivity of only ~ 10. Curve 2 in Fig. 2 was obtained by
slowly scanning the laser excitation through a quartz cell
containing 80 Torr benzene vapor and monitoring the trans-
mitted power. This allows us to correlate our excitation ener-
gy with an exact location on the observed absorption enve-
lope.

Figure 3 shows four representative Raman spectra A, B,
C, and D obtained with excitation at the positions labeled A,
B, C, and D (respectively) on the observed absorption fea-
tures. Figure 3 shows changes in the 992 cm ™" band intensi-
ty relative to that of the methane internal standard at 2920
cm ™! as excitation is moved through the 6; 13 transition re-
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FIG. 3. Four representative Raman spectra A, B, C, and D obtained with
excitation at the positions, labeled A, B, C, and D (respectively) of curve 1
of Fig. 2. Note the dramatic spectral changes in C, and changes in the v,
cross section relative to the methane internal intensity standard at 2920
cm™!

gion. The spectrum labeled A was obtained with 43 280
cm ™! excitation which is not in resonance with any struc-
tured absorption feature. The only benzene modes with mea-
surable intensity are the two totally symmetric modes; the v,
ring breathing mode at 992 cm ~! and v,, the carbon-hydro-
gen stretching mode at 3060 cm™'. As will be discussed
further below, the 992 cm ™! intensity in spectrum A is the
preresonance Raman intensity deriving from the allowed
'E,, and possibly ' B,, electronic states near 190 nm; negligi-
ble intensity in the 992 cm ™' mode in spectrum A derives
from 'B,, vibronic states. The band at 2920 cm ™! is the
carbon-hydrogen stretching vibration of the methane stan-
dard. Spectrum B, although obtained in resonance with the
absorption shoulder at 43 245 cm ™, shows no activity in
any of the expected vibrational progressions arising from
emission or scattering from the levels 6'16'1714, 6'16*14, or
6'4'10"1*. The only significant difference between A and B is
a ~20% increase in the 992 cm ™! peak intensity in B rela-
tive to the methane band. Spectrum C, obtained with 43 230
cm ™! excitation in resonance with 6} 15 absorption shows
dramatic spectral changes; overtones of the 992 cm ™! band
appear in addition to a progression in 2v¢ + nv,. Both of
these features are characteristic of emission or scattering
from an upper vibronic level in which both v, and v, are
excited. The v, progression results from a net Avg = O for the
Raman process, where Avg= + 1( — 1) in the upward
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FIG. 4. Measured absolute Raman cross sections of the v, 992 cm~! funda-
mental (squares) and the 2v, overtone (open circles) through the 150
cm™! region surrounding the 613 vibronic absorption band. Error bar
shown represents + 2 standard deviations.

(downward) transition, while the 2v¢ + nv, progression re-
sults from a net Avy = + 2, with v, in both cases simply
being Franck—Condon active. This type of overtone and
combination scattering is typical for resonances with forbid-
den electronic transitions. A further increase in the 992
cm™ ' fundamental intensity relative to that of the methane
band should also be noted. It should be pointed out that
spectrum C shows clearly, for the first time, that emission or
scattering occurs directly from 'B,, vibronic levels well
above the channel three threshold. Spectrum D results from
43 170 cm ! excitation which is to lower energy than struc-
tured absorption features. The spectrum has returned to the
usual nonresonance appearance in the 'B,, region with Ra-
man activity limited to only the two totally symmetric v, and
v, modes.

The excitation profiles of the absolute scattering cross
section of the 992 cm ™' v, fundamental as well as the 1984
cm™ ! 2v, overtone are shown in Fig. 4 through the 150 cm !
region surrounding the 6} 15 absorption band. Each data
point is an average of two measurements, with a relative
standard deviation of ~5%. The v, 992 cm ™! intensity is
seen to gradually increase from that observed off-resonance
at 43 280 cm ™! to that at 43 245 cm ™~ (see spectra A and B,
Fig. 3). The sharply increased v, cross section at ~43 230
cm ™! occurs in conjunction with the appearance of the v,
overtones and the 2v, + nv, progression in spectrum C. The
1984 cm ™! overtone excitation profile rises sharply at this
same excitation energy and has a “shape” similar to that of
the expected 6} 15 rovibronic absorption contour, this indi-
cates the dominance of this absorption band in contributing
to v, fundamental and overtone intensity. It is important to
note that significant intensity changes occur for the 992
cm ™! fundamental without any concommitant increases in
the overtone intensity. Figure 5, which shows the difference
spectrum between spectra B and D of Fig. 3, demonstrates a
selective intensity increase only for the 992 cm ~! mode fun-
damental.
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FIG. 5. Difference spectrum between spectrum B and spectrum D of Fig. 3,
showing an intensity difference only for the 992 cm ™' fundamental.

Figure 6 shows the emission spectrum between 235-260
nm obtained with excitation at 43 230 cm ™ as in spectrum
C of Fig. 3. The v, overtones and the 2v¢ + nv, progression
members are observed throughout this region. An increased
contribution of broad featureless emission is evident
at longer wavelengths. The weaker 2v;3+ nv, and
2vs + 2v,5 + nv, progressions derive from the 65183 13 ab-
sorption band which overlaps the 6; 13 absorption maximum
in the room temperature absorption spectrum. The two ad-
ditional progressions, labeled A and B in Fig. 6, will be dis-
cussed below.

The 2v+ nv, progression members display larger
linewidths than that of the 992 cm~' fundamental and over-
tones, which are instrumentally limited ( ~35 cm™! spec-
trometer bandpass in Fig. 6). This is expected due to the
Fermi-resonance interactions between v + v; and vg.'* At
our highest resolution of ~ 10 cm ™', we find the v, progres-
sion linewidths are still less than our minimum spectrometer
resolution. The progression members clearly do not derive
from “relaxed” emission since the bands remain at the same
displacement from the laser line over the entire 60 cm™!
excitation region where they appear. No spectral changes are
observed when the total pressure is reduced from 760 to 70
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Torr. The measured depolarization ratio of the 992 cm™!

2v, overtone and the 2v¢ + v, combination band in Fig. 6 are
0.7 4+ 0.1 and 0.9 + 0.1, while the v, fundamental depolar-
ization ratio with 43 230 cm ! excitation is 0.3 + 0.1.

The relative intensities of the individual members of
each progression in Fig. 6 are determined by their relative v,
Franck—Condon (FC) factors; the progression members
differ only in the number of quanta of v, in the final state.
The relative intensity distribution within a progression de-
riving from a specific excited 'B,, vibronic level is then sim-
ply proportional to { f|v)?, where v is the number of quanta
of v, excited in the resonant 'B,, level and fis the number
of quanta of v, in the final state. The resonant levels have
either three, four, or five quanta of v, excited. These FC
factors are readily calculated for v, for excitation to the 'B,,
state since the magnitude of the ring expansion along the v,
normal coordinate is well known.*!*> We use the simple har-
monic oscillator recursion formulas réviewed by Mathies et
al.*® with a displacement of 1.7 dimensionless units in the
excited state and take into account the change in frequency
of the 992 cm ~! band upon excitation. Our results are essen-
tially identical to those of Yoshihara et al.'® and Par-
menter.'® Figure 7 shows the expected intensity distribu-
tions in progressions deriving from upper states where three,
four, or five quanta of v, are excited. A comparison of the
observed Fig. 6 intensity distributions (uncorrected for
monochromator efficiency) to the calculated distributions
in Fig. 7 reveals that indeed the relative intensity distribu-
tions in the 2v¢ + nv, and v, progressions, except for the v,
fundamental, are best described by FC factors for an upper
state in which five quanta of v, are excited (6'1%).

We find that although no vibrational progressions are
observed from the states 6'16'17'1%, 6'16*1%, or 6110414,
which are responsible for the absorption shoulder ~43 245
cm ™', the integrated emission intensity observed at longer
wavelengths does reflect this absorption shoulder. Figure 8
displays the ““excitation profile” of the broad emission inte-
grated between 260-280 nm. The excitation profile curve
clearly reflects the spectral features observed in the absorp-
tion spectrum. We also attempted to observe the temporal
relationship between the laser pulse excitation and the emis-
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FIG. 6. Spectrum resulting from excitation at 43 230 cm ™' (cf. Fig. 3, spectrum C), showing all emission between 235-260 nm. Note an increasing contribu-
tion from “broader” emission can be seen in the rising base line at longer wavelengths. Experimental conditions identical to that of Fig. 3: 80 Torr benzene,

680 Torr methane.
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sion from the resonant 'B,, vibronic levels by gating the
Reticon detector on at times subsequent to the 6 ns excita-
tion pulse. As anticipated, we can say only that the emission
from these short lived states decays beyond our detection
limit within 1 ns.
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FIG. 8. “Excitation profile” of the broad emission between 260280 nm.
Solid triangles represent the relative integrated intensity of all emission be-
tween 260 and 280 nm as the excitation energy is varied through the 6, 1
absorption region. Conditions: 80 Torr benzene, 680 Torr methane.

V. DISCUSSION

At room temperature, benzene rotational levels up to
~J =80 are populated giving rise to several thousand differ-
ent J, K initial quantum states which can undergo Raman
transitions. At our resolution, the 992 cm ™! preresonance
Raman intensity we measure in spectrum A of Fig,. 3, as well
as the additional 992 cm ' resonance emission intensity ap-
parent in spectrum C represents the integrated intensity of
all @, P, R, §, and O branch rotational Raman scattering
associated with the v, = 1 — v, = 0 Raman vibrational tran-
sition. In both cases the 992 cm ! intensity will be dominat-
ed by Q branch scattering. For preresonance the Raman
transition matrix elements (vide infra), which depend upon
Jand K, determine the relative contribution of a molecule to
the integrated Raman intensity. However, with resonance
excitation, selectivity also derives from the particular excita-
tion frequency used since the 992 cm ™! resonance emission
intensity derives mainly from molecules in those J and K
initial states which have resonant 'B,, rovibronic transition
energies.

The central question here is whether this enhancement
of the v, 992 cm ™! mode preresonance Raman intensity and
the spectral appearance of the v, overtones and the
2v¢ + nv, progression derives from the pure dephasing in-
duced components of the resonant light scattering process or
from RRS. In principle, these components may be differenti-
ated by their emission line shapes as described above. The
RRS component deriving from these rovibronic levels would
remain displaced from the laser line by the frequency of the
Raman scattered vibration throughout the entire ~60cm ™!
region in which the emission appears, and would exhibit a
relatively narrow linewidth determined only by the initial
and final ground state rovibronic linewidths. However, the
HL component will also track with the laser line in our case
due to the inhomogeneous site distribution of oscillator
strength which derives from the rotational structure of these
vibronic transitions. The HL emission linewidth, while char-
acteristic of the resonant rovibronic levels, is too narrow to
be diagnostic of the origin of the emission process; the 6513
rovibronic linewidths have been estimated by Callomon et
al®! using ultrahigh resolution absorption spectroscopy to
be 2-3 cm™'. We do not have sufficient resolution to dis-
criminate between the RRS and pure dephasing induced
emission linewidths; all components are simultaneously in-
tegrated in our experiments.

It should be noted that the measured depolarization ra-
tios provide information on the resonance scattering time.
An ensemble of benzene molecules excited in resonance
within the x, y degenerate in plane 7—#* 'B,, vibronic
transitions should show depolarization ratios of 0.125 for 4-
term scattering of the v, fundamental and its overtones, and
a depolarization ratio of 0.44 for the 2v, + v, vibration, if
the emission time scale is significantly shorter than the mo-
lecular rotation time. The measured depolarization ratios of
0.3 4+ 0.1,0.7 + 0.1, and 0.9 4 0.1 for resonance excitation
for the v,, 2v,, and 2v, + v, bands indicate that the reso-
nance emission (RRS and/or HL ) time scale is on the order
of a rotational period (~6 ps).
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A. Review of Raman scattering theory and the
utilization of the 992 cm~—1 mode excitation profile in
determining the components of the 18, resonance
emission intensity

If the incident field is considered to couple or superpose
some initial state with electronic, vibrational, and rotational
quantum numbers given by |g) = |g)|/)|JK ), and some ex-
cited electronic state |m) = |e)|v)|J 'K '), the dephasing de-
cay parameters are defined as

— yg + 7m

&m 2
where 7, ,, is the total coherence loss decay parameter
(cm™"), 7, and y,, are the T population decay constants of
the states |g) and |m), respectively, due to radiative and
nonradiative relaxation, and 7;,, is the pure dephasing co-
herence loss decay constant. As described in the Introduc-
tion, in the absence of pure dephasing processes (7, = 0),
only the RRS component can occur. The RRS intensity or
cross section of the # — g molecular transition, where |g) and
|m)areasdefinedaboveand |n) = |g)|f)|J "K "),isgivenby
the KH expressions as

+ Ygms

0, o(RRS) =K¥{ ¥ |a,, (vo)|*Fres (¥,), (1)
Y

where K = 237%/32 (€*/hc)?, v, is the incident laser frequen-
cy, and v, is the frequency of the Raman scattered photon.
Frrs (v,) is the function which describes the dispersed
emission line shape of the resonance Raman band. a,, , (v;)
is the p, ath (p,o = x,p,z) component of the Raman scatter-
ing amplitude** contained in the molecular Raman polariza-
bility tensor, which is given by the summation over all reso-
nant and nonresonant intermediate states |m):

ap,a (VO)

=2

m Vg — Vo — lyg,m

(n|R,|m){m|R,|g) 4 SpIR, Im) (mIR, &)
Vm,n + Vo — iYg,m .
(2)
R, is the electric dipole moment operator along the molecu-
lar coordinate 0. v,,, =v,, —v,, and v,,, =v,, — v, are
the upward and downward transition frequencies, respec-
tively. The summation in Eq. (2) predicts that for each Qo
element of the polarizability tensor interference between res-
onant and nonresonant Raman amplitudes will occur in the
case where both amplitudes contribute significantly,*>4¢
Comparable preresonance and resonance 992 cm™' v,
amplitudes occur in the energy region of the ' B,, levels. The
preresonant 992 cm~! mode Raman intensity has been
shown to derive from higher energy electronic states®>*; our
recent vapor phase study of the 992 cm™"' cross section
between 514-217 nm (in which we explicitly avoided exact
resonances with 'B,, vibronic absorption bands) gives a cal-
culated 992 cm ' Raman cross section of 2.4 X 10727 cm?/
mol srfor an excitation energy of 43 280 cm ~! which derives
entirely from higher energy electronic states.>* The in-plane
polarized 'E,, and/or 'B,, electronic states around 190 nm
dominate this 992 cm ™! mode preresonance intensity with a
small contribution from even deeper UV states. The mea-
sured 992 cm ! cross section at 43 280 cm ! of 2.3 10~ %’

cm’/mol sr (spectrum A, Fig. 3) demonstrates that the 'B,,
vibronic bands contribute negligibly except with exact reso-
nance. Since the 'B,, transition as well as the 'B,,, and 'E,,
transitions are all in-plane polarized, a,, =a,, =a,,
a,, =0 for both the resonant and preresonant 992 cm ™!
mode amplitudes, where x and y lie in the plane of the ring.

Both destructive and constructive interferences between
the resonance and preresonance Raman amplitudes will oc-
cur because the sign of the denominator of the resonant 'B,,
rovibronic term changes as excitation moves through the
resonance. The sign of the preresonance Raman amplitude
contributed by the higher energy electronic states remains
fixed. Since the Raman intensity is proportional to the mo-
dulus squared of Eq. (2), as the excitation energy ap-
proaches and moves through 'B,, rovibronic absorption, the
992 cm™! mode excitation profile may show constructive
followed by destructive interference or vice versa depending
upon the initial signs of the numerators.

When y;,, #0, the coherence between those states su-
perposed by the incident field is not maintained during the
scattering process for all molecules in the ensemble, and the
resonant light scattering amplitude cannot be expressed sim-
plyasinEq. (2).""'* Albrecht et al.'* have derived the analo-
gous expressions for Egs. (1) and (2) in the presence of pure
dephasing processes, where they explicitly consider only the
resonant vibronic state contribution and assume the reso-
nant term in Eq. (2) dominates. They find the resonance
emission cross section per molecule, ohe, (v,), to be'?

(n|R,|m)(m|R,|g)

Vm,g —Vo— lyg,m

2

FE_(v,) = Ko

ne—g

X (FRRS (vs) + Fyp (v,)

X _2_7’;,,_,1_1 _Third (3)
Ym Term /)

The first term in Eq. (3) is exactly that givenin Egs. (1) and
(2) when only the resonant term is considered significant.
This is the RRS component. The second term in Eq. (3) is
the HL, RF, or SVLF component and represents emission
from molecules which have undergone dephasing before
scattering of the photon. The function Fyy; (v, ) describes the
HL emission line shape, while the factor {2y, ,,/7,, — 1] is
related to the probability that dephasing occurs before emis-
sion. This factor represents the ratio of molecules contribut-
ing to the HL vs RRS intensities, respectively, and reflects
the relative magnitudes of the radiative and pure dephasing
rates. Albrecht!® has shown that the intensity ratio of the
third term in Eq. (3) to the RRS term will be approximately
equal to the ratio of the ' B,, rovibronic lifetimes (1/7,,,) to
the ground electronic state rovibronic lifetimes (1/,,,).
The 'B,, 6'1° rovibronic lifetimes deduced from the ~2-3
cm ™! linewidths are about 2.5 ps. Previous studies of colli-
sionally induced rotational and vibrational relaxation rates
show that the lifetimes of lower lying .S, rovibronic levels, at
760 Torr, are completely dominated by *“collision” induced
rotational relaxation.*’! In the absence of collisions the
lifetimes of low lying rovibronic levels of .S, are expected to
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be in the microsecond time regime.’® Extrapolation to 760
Torr by considering previously measured rotational relaxa-
tion collisional cross sections***3 results in S, rovibronic life-
time at least a factor of 10 longer than the 'B,, 6'1° rovi-
bronic levels. Therefore, the intensity of the third term in Eq.
(3) is small relative to the RRS term. The third term is
neglected in the following discussion.

An essential point is that nonresonant Raman ampli-
tudes will add to the resonant scattering amplitude as in Eq.
(2) only for those molecules contributing to the RRS com-
ponent of Eq. (3). Therefore, interference in the 992 cm™!
mode excitation profile will only occur to the extent that a
significant portion of the 992 cm ~! mode intensity enhance-
ment (as well as v, overtone and 2v, + nv, band intensities)
derives from the RRS component as described in Eq. (3) or
Egs. (1) and (2). If no interference is observed the pure
dephasing induced components of Eq. (3) must dominate
the observed resonance emission. Thus, we can utilize any
interferences observed in the 992 cm ™! excitation profile to
probe the origin of the 'B,, resonance emission intensity.

B. Demonstration of interference in the 992 cm ' mode
excitation profile

Any interferences observed in the 992 cm ™! mode exci-
tation profile represent some ensemble average of interfer-
ences ocurring in many individual rovibronic excitation pro-
files. The initial J, K distribution coupled with the benzene
absorption selection rules of AJ =0, + 1,and AK =0, + 1
give rise to ~ 17 000 rotational transitions which contribute
to the 6 13 absorption band shape. With our pulsewidth of
~0.25 cm ™!, hundreds of rovibronic transitions are simul-
taneously resonant.

The most straightforward way to determine if the ob-
served 992 cm ™! mode excitation profile reflects this inter-
ference is to compare the observed data to the 992 cm ™!
mode profile which would result if the 'B,, resonance emis-
sion contained effectively no RRS component. This pre-
sumes that the increased probability of interaction with the
photon for those molecules in resonance results only in pop-
ulation of 'B,, rovibronic levels. The rest of the ensemble
merely gives rise to the 992 cm ™! mode preresonance Ra-
man intensity. The expected 992 cm ™' excitation profile
through the 6 15 region would then simply be the sum of the
preresonance Raman 992 cm ™' profile and the 992 cm ™!
resonance emission profile. The preresonance 992 cm ™' Ra-
man cross section excitation profile is essentially constant
over the 200 cm ™! region of interest and has a value of
2.3X107% cm®/mol sr as measured in spectrum A of Fig. 3.
The resulting 992 cm™' preresonance Raman excitation
profile is given in Fig. 9 by the dashed curve labeled A.

The 992 cm™! intensity deriving only from the reso-
nance with 'B,, rovibronic levels can be calculated by con-
sidering the 'B,, rovibronic transition moments and the ob-
served excitation frequency dependence of the intensity of
bands which are observed only with exact resonance. If we
assume the separation of electronic, vibrational, and rota-
tional wave functions is valid, at any excitation energy the
rotational matrix elements associated with any particular
vibronic transition can be considered identical, and we can

CROSS SECTION x10-27 cm?/molc. str.

04+—0--0—0

43,300

43,250 43,200 150 43,100

WAVENUMBERS

FIG. 9. Excitation profiles. The 992 cm ™" cross sections have been redis-
played from Fig. 4. The triangular data points in the lower portion of the
figure correspond to the measured 2v, + v, cross sections divided by 2.8.
The circular data points represent the 2v, cross sections displayed in Fig. 4
multiplied by 0.80. See the text for details. The 992 cm ™' preresonance Ra-
man excitation profile is given by the dashed curve A and is a constant equal
to 2.3 107?” cm?*/mol sr. The solid curve B represents the expected v,
resonance emission excitation profile. Curve C is curve A plus curve B, and
is the 992 ¢cm ™! profile expected if no RRS component exists in the 992
cm™ ! resonance emission intensity. Curves D and E show a ~ + 15% vari-
ation in curve B similarly added to curve A.

treat only relative vibronic intensities. It is known from pre-
vious studies of ' B,,, resonance emission that for upper levels
of the type 6'X 'Y ! 1" or 6'X 2 1%, the dominant vibrational
progressions in emission will be 6,,X,Y1, or.6,,X,1,, re-
spectively, because the FC factors for simultaneous one
quantum changes in X and ¥, or a two quantum change in X
are much smaller than those for a plus or minus one quan-
tum change in v,.'* Thus, the 6} 13 transition has the largest
FC factors leading to resonance emission for the v, funda-
mental and overtones. This is the origin of the similarity
between the shape of the 2v, excitation profile and the 6} 1;
rovibronic absorption contour. It can easily be shown that'*

AL
(60/24/6")

where 6', 6,, and 6, are harmonic oscillator vibrational wave
functions for the degenerate coordinate v,. The intensity ra-
tio of the 2v¢ + 2v, band to the 2v, band should be equal to
this ratio of Franck—Condon factors, and the observed ratio
is 2.8.

We can predict the excitation frequency dependence of
the v, 992 cm ™ ! resonance emission cross section by measur-
ing that of the 2v4 + v, band. The 2v 4 v, excitation profile
and the v, resonance emission profile will show identical
shapes since all the excited vibronic states contributing to
the absorption in Fig. 2 (except 173 1%) derive from vibra-
tional transitions of the type 6, X Y31 or 6)X313, and
must, therefore, contribute proportionally to the resonance
emission intensity of both the v, and 2v, + v, bands. Since
the dominant progression characteristic of the level 17214,
(6,17,1,)," is not observed, its contribution to any other

b
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progression must also be negligible. The 992 cm ' reso-
nance emission excitation profile can therefore be obtained
by dividing the measured 2v, + v, mode cross sections by
our experimental value for the v FC ratio of 2.8. The result-
ing 992 cm ™! profile is given by the triangular data points in
the lower portion of Fig. 9. In the same manner, the 2v, cross
sections (shown in the lower portion of Fig. 4) also check
the consistency of the predicted shape of the v, resonance
emission excitation profile.

Initially, we scale the observed 2v, cross sections by a
constant (0.8) to obtain the best agreement with the triangu-
lar data points in Fig. 9. The result is given by the circular
data points. Ideally, this constant should be equal to the ratio
of the 2v¢ + v,/2v¢ + 2v, band intensities, which is ob-
served to be 0.85. The agreement between these data is excel-
lent. The solid curve labeled B in Fig. 9 drawn through the
data points gives the expected v, resonance emission profile
through the 6 13 transition region. The magnitude of curve
B could bein error by anmuch as + 10% duetoerrorsin the
relative intensity measurements.

The v, excitation profile which would be observed
through the 6} 15 region, if the resonant 992 cm ™' emission
given by curve B contains no RRS component, can now be
obtained by simply adding curves A and B in Fig. 9. The
resulting profile is given as curve C. The observed 992 cm ™!
excitation profile clearly deviates significantly from curve C,
as the predicted 992 cm ™' cross section is too small at higher
energy excitation, and is too large at lower energy excitation.
Curves D and E demonstrate that variation in the magnitude
of curve B cannot reconcile the deviations between the ob-
served and predicted 992 cm ! excitation profiles.

The observed descrepancy is exactly what would be ex-
pected from resonance Raman interference betwen the pre-
resonance and resonance v, Raman amplitudes, as the data
clearly reflect features associated with destructive and con-
structive interferences in the low and high energy wings of
the excitation profile, respectively. The selective intensity
change occurring in the 992 cm ™' mode fundamental, as
given by the difference spectrum in Fig. 5, derives from this
interference. If the 992 cm ™! intensity in Fig. 5 derived sim-
ply from an increased contribution of 992 cm ™' 'B,, reso-
nance emission in spectrum B, Fig. 3, then the 2v¢ + v, band
should also be apparent in Fig. 5 with an intensity ~ 3 times
that of the v, band. This is clearly not the case. Thus, some
fraction of the molecules which are resonantly excited give
rise to RRS where molecular eigenstates are not populated
and interferences occur between resonance and prereson-
ance contributions.

C. Modeling of interference effects

The interference in the 992 cm~' mode excitation pro-
file results from ensemble averaged interferences which de-
rive from the many unresolvable rovibronic excitation pro-
files. By modeling this excitation profile we can extract
parameters which will allow us to estimate the ratio of HL/
RRS intensity from the 'B,, rovibronic levels. Curve A in
Fig. 9 is easily modeled since the 992 cm ™' preresonance
Raman cross section is simply a constant equal to
2.3 107%" cm?/mol sr as described above. The value for the

amplitude a,,, = a,,,, can be easily determined from Eq.
(2) when we neglect the damping parameter because it is
negligibly small relative to the energy differences v, , — v,
orv,,, + v, and thus has a negligible imaginary component.
Substitution of the preresonance 992 cm ™' cross section into
Eq. (1) along with the appropriate constants give a value of
9.8 X 10~%2 cm?®/molecule for the preresonance amplitude.

The modeling of curve B in Fig. 9 is more complex. We
begin with Eq. (2) and include only the resonant term since
the summation over |m) here concerns only the rovibronic
levels giving rise to the absorption in Fig. 2. We also consider
the contribution of cross terms between these rovibronic lev-
els negligible compared to the resonant moduli squared. The
cross terms which arise because a molecule in a given initial
state |g) = |g) |/}|JK ) has access to more than one upper
rovibronic state via the benzene absorption selection rules,
are neglected because the likely energy gaps between levels
accessible by a molecule in an initial J, K quantum state are
large compared to the damping constant iy, ,, . Indeed, even
if these cross terms contribute it will only lead to a small
error in the value of F (vide infra), which will not alter any of
the conclusions.

We can thus model the distribution of rovibronic transi-
tion energies giving rise to curve B as a simple inhomogen-
eous distribution. Since we know the number of transitions is
large and we do not resolve them in our measurements, we
model curve B by convolving a transition energy distribution
function with the Lorentzian excitation profile molecular
response function as given by Egs. (2) and (3). Thus, the
992 cm ! resonance emission cross section, o~ (v,) can be
written as

I S
Vi — Vo —I¥:

2

oRE(vy) = KvAF? J G(v,-)[ ]dv,., )
where K, v,, and v, are as previously defined. G(v;) is the
distribution function which has the shape expected for the
6} 13 rovibronic absorption contour and is normalized to
unit area. The expression in brackets gives the Lorentzian
response about the resonant frequency v;. ¥; is the total co-
herence loss decay parameter associated with each transi-
tion. In this model F = (n|R,|m){m|R,|g) and represents
the rotational, vibrational, and electronic matrix elements
associated with the v; = 1 —v, = 0 Raman vibrational tran-
sition averaged over all orientations as well as all initial and
final states of the room temperature vapor phase sample.
Since the 6} 15 rovibronic transitions dominate these matrix
elements, we take ¥, here to be the 6} 1 rovibronic linewidth
measured by Callomon (y; = 2.5 cm™'). We fit Eq. (4) to
curve B of Fig. 9 by varying the shape of the distribution
function and the magnitude of F. The fitted value of F is
2.5% 107 cm?.

The value of the Raman matrix elements monitored by
parameter F may be quantitatively compared to that calcu-
lated from the absorption spectrum in Fig. 2. The integrated
oscillator strength of the structured absorption in Fig. 2 is
~2X% 1076 giving a value of 3 X 1022 cm? for |{g|R,, |m}|*.
The value of the factor

./ GIUKK")
R 5
[l ”|m>]/<v|f>(J'K'|J'K”> )
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(again, averaged over all orientations and relevant quantum
levels) should be equal to the value we find for F. Since the
maximum in the rotational distribution at room temperature
is at J =24, the value of the matrix elements (JX |J'K ") will
notbe dramatically different than the value of (J'K'|J "K ")
for the majority of the ensemble. We therefore take the aver-
age value of the ratio of these matrix elements as simply
being equal to unity in Eq. (5). The vibrational overlap inte-
grals refer only to the 992 cm ™! mode withi = 0, f= 1, and
v = 3,4, and 5 quanta. Since the absorption in Fig. 2 is domi-
nated by vibronic levels with » = 4 and 5, the value for the
FCfactors {i|v)/(v| f) liebetween 0.25 and 0.16 (see Fig. 7)
given all possible contributions to the absorption of levels
with v =4 and 5. The calculated value of Eq. (5) lies
between 1.2 and 2.0 X 10™2! cm?, which is satisfying close to
our value of F = 2.5X 10™%' cm?.

We utilize the G(v;) and F parameters and Eq. (4) to
model interferences in the 992 cm ~ ! mode excitation profile
a(vg):

o(vy) =KV§F2JG(VI)[ ———A——-—
Vi — Vo —IY;
2 B 2
+98%X1072cem?| + |——8m8 — ]dv,-, (6)
Vi — Vo — 1Y;

where all parameters and the distribution function are fixed
from the modeling of curve B via Eq. (4). The molecular
response function is given by the expression inside the brack-
ets is no longer simply Lorentzian; however, if the value of
the preresonance 992 cm ~ ! amplitude is set equal to zero the
expression in brackets becomes Lorentzian. The parameters
A and B monitor the fraction of emission amplitude which
gives rise to RRS or HL, respectively. 4 2 4+ B2 must equal
unity in Eq. (6). Theratio B ?/A4 *represents the ratio of HL/
RRS intensity from the 'B,, vibronic levels and is the coun-
terpart of the quantity [2y,,,/7,, — 1] in Eq. (3). The first
term inside the brackets in Eq. (6) therefore represents those
molecules scattering from the superposition state; the prere-
sonance Raman amplitude and the 'B,, resonance Raman
amplitude are added before taking the modulus squared.
This term gives rise to the interference phenomena described
previously. The second term which is always Lorentzian de-
rives from different molecules where pure dephasing has de-
stroyed the superposition state before emission. If 4 = O and
B =1 in Eq. (6), there is no interference, no RRS compo-
nent exists, and curve C in Fig. 9 is obtained. We simply
allow the parameters 4 and B to vary within the limits de-
scribed above to obtain the best fit (by inspection) to be
observed data.

Incorporation of such interference effects dramatically
improves the agreement between the predicted and observed
992 cm ™' mode excitation profiles. The best agreement is
obtained with 4 = B=0.7. The resulting calculated profile is
shown in Fig. 10 agrees closely with the observed data and
demonstrates the 992 cm ™! mode excitation profile derives
from ensemble averaged interferences occurring in many un-
resolved rovibronic excitation profiles. The relative values of
A and B suggest that the integrated intensities of the RRS
and HL components from the 'B,,, rovibronic levels are sim-
ilar in magnitude.

3 Dé

0o o

CROSS SECTION x10-27 cm2/molc. str.

o T
43,300 43,250 43,200 43150 43,100

WAVENUMBERS
FIG. 10. Solid curve gives “best fit” (by inspection) to the data using Eq.

(6) and allows for both RRS as well as HL from the resonant 'B,, rovi-
bronic levels. The improved agreement between this curve and the data rela-
tive to that for curve C in Fig. 9 derives from the interference between the
!B,, RRS component and the higher energy E,, or B, state Raman prere-
sonance amplitudes.

D. The nature of the pure dephasing process

The observation of both the RRS and HL components
of the resonant light scattering process requires a pure de-
phasing process with a rate similar to that of the 7 decay
rate. As described in the Introduction, pure dephasing pro-
cesses in vapor phase experiments have generally been attri-
buted to psuedoelastic collisions. To determine if this was
the pure dephasing mechanism operative in this study, we
measured the 992 cm™' v, fundamental and 1984 cm™!
overtone cross sections with a methane/benzene total pres-
sure of 70 Torr. We find that the shape and magnitude of the
resulting v, and 2v, excitation profiles are identical within
experimental error to those displayed in Fig. 4 which were
obtained at a total pressure of 760 Torr. The observation that
the resonance emission cross sections do not increase as the
pressure is reduced would imply that collisional processes
contribute negligibly to the total dephasing linewidth
Vmg = (Ym +¥¢/2) + ¥, and further that the relative
magnitudes of both y,, and y,,, must remain unchanged.
However, this analysis is complicated in our case because the
absorption is strongly inhomogeneously broadened. In the
previous two sections, however, we showed that the v, 992
cm ™' mode excitation profile was sensitive to the relative
amounts of HL and RRS deriving from the multitude of
resonant 'B,, rovibronic levels due to the interference of the
RRS component with the 992 cm™"! preresonant Raman
contributions. The fact that the 992 cm ™! mode excitation
profile is unchanged at 70 or 760 Torr indicates the ratio of
HL/RRS intensity deriving from the 'B,, levels is not a
function of any intermolecular collisional processes.

This lack of pressure dependence of the ratio of the HL
to RRS intensities is consistent with the recent study of colli-
sional broadening effects on the linewidths of individual ro-
vibronic absorption transitions measured by Riedle et al.,>*
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who measured a collisional broadening parameter of 15
MHz/Torr. The rovibronic linewidth reflects the total co-
herence loss decay parameter 7, ,, and must include the con-
tribution from pure dephasing. Even at 760 Torr, this broad-
ening parameter gives rise to a ~0.2 cm ™! contribution to
the rovibronic linewidth from intermolecular interactions;
this is small compared to the ~2.5 cm™! 6 13 rovibronic
linewidths estimated by Callomon. Since the T, contribution
to these linewidths is only 0.2 cm ™" (vide infra), this sug-
gests that a pressure independent intramolecular process de-
termines the observed ratio of HL/RRS intensity from these
'B,, levels. Indeed, we believe that the pure dephasing pro-
cess responsible for the ratio of HL/RRS intensity we ob-
serve here is the same process which gives rise to the well
established intramolecular line broadening of higher energy
'B,, —A,, rovibronic transitions.’’~" Although this line
broadening has been suspected for some time of being due to
intramolecular vibrational redistribution (IVR),?"?>?7 this
has only recently been confirmed by the chemical timing
experiments of Parmenter et al.*® They showed that a dy-
namic IVR process exists in the higher energy 'B,, vibronic
levels studied and that the lifetimes inferred from rovibronic
absorption linewidth measurements correspond to IVR
rather than T, lifetimes.

The description of IVR has appeared numerous times in
the literature,*>>* and we present here only a brief descrip-
tion aimed at developing a qualitative understanding of the
IVR process as a pure-dephasing mechanism. The essential
elements are presented in Fig. 11. The state |s) and its neigh-
boring field of states |/ ) are zero-order (harmonic basis sets)
!B, vibrational or rovibrational levels. The |s) state is treat-
ed separately as it is the only state with significant FC factors
to a thermal level in the ground state and is therefore promi-
nent in absorption while the |/} states represent “‘dark”
background states. In our case, the |s) state would corre-
spond to 6'1° rovibronic levels. Anharmonic and/or vi-
bronic couplings (V,,,¥,) mix these zero-order levels to
produce the true molecular eigenstates | j). Each |/} level
can then be viewed as some mixture of |s) and various |/)
zero-order states. The distribution of |s) character into the
| /> molecular eigenstates is represented by the heavy shad-
ing in Fig. 11.

]

Vo ===
e ———

A EEleaaa ———————— Vll R
A —_——— p——d
— —_———
S =1

Is> {i>} {1}

FIG. 11. Schematic diagram of the conventional state mixing model for
IVR. The zero-order levels {|/}|} and |s) are mixed through the anhar-
monic or vibronic coupling matrix elements ¥, =~ ¥;. The resulting disper-
sion of |s) character into the {} /) } true molecular eigenstates is depicted by
’the heavier shading in the {| /)|} manifold. Adapted from Parmenter et al.
(Ref. 53).
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IVR, or a time evolution of the molecular vibrational
identity, can occur when the coherence width of the excita-
tion is wide enough (or the | j) state density high enough)
such that a considerable portion of the levels containing the
zero-order |s) state character are coherently excited. The
description of the coherent superposition of the | j) molecu-
lar eigenstates at ““short times” closely resembles that of the
single zero-order state |s).>*>* A more complicated vibra-
tional identity will evolve in time as this coherent superposi-
tion dephases due to the ¥, and V; couplings, populating
the | /) molecular eigenstates. The IVR decay time corre-
sponds to how long the coherent superposition state survives
before molecular eigenstates are populated. IVR will cause
emission, which at short times is structured and characteris-
tic only of the |s) vibrational identity, to become increasing-
ly broad at longer times reflecting not only the |s) but also
the many |/ ) zero-order vibrational identities which define
the | j) molecular eigenstates.

The essential point is that IVR is intimately involved in
the time evolution (dephasing) of a superposition state into
a molecular eigenstate. Since in the more rigorous case the
description of this superposition state (in the IVR terminol-
ogy, the coherent superposition of | /) molecular eigenstates
at “short times”’) must include contributions from resonant
as well as nonresonant vibronic states, IVR dephasing actu-
ally serves to limit the time interval over which Raman am-
plitudes contributed by resonant and nonresonant vibronic
states can interfere. The summation over m in Eq. (2) is
valid for those molecules which scatter before IVR; these
molecules will have 992 cm ™! mode resonance Raman am-
plitudes which reflect contributions from both the resonant
!B, vibronic levels as well as the higher energy 'E,, and
1B,, electronic states. Interference will exist in the 992 cm ™"
mode excitation profiles of these molecules. After IVR, 'B,,
molecular eigenstates are populated. 992 cm™' resonance
emission can still occur due to the dispersion of |s) (6'1%)

tg ——fg> = m o m e

FIG. 12. Schematic diagram of RRS, IVR, and HL. Closely spaced hori-
zontal lines represent 'B,, molecular eigenstates as in Fig. 11, solid curve
represents dispersion of |s) character into these levels. The laser excitation
coherence width is considered to span this dispersion of [s) character. The
superposition or virtual state, which gives rise to RRS component and inter-
ference effects contains contributions from resonant and preresonant states.
IVR dephases the superposition state and populates the 'B,, | j) molecular
eigenstates; emission from these eigenstates is HL or SVLF.
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vibrational character in the | j) molecular eigenstates as giv-
en in Fig. 11. However, the 992 cm ™' mode amplitude from
these molecules will not reflect any contribution from higher
energy electronic states, and thus, represents the HL compo-
nent. Dynamic IVR serves as the pure dephasing process
which destroys the superposition state from which RRS occurs
and populates the 'B,, molecular eigenstates responsible for
HL. Figure 12 schematically represents the temporal rela-
tion described between RRS, IVR, and HL. (SVLF).

It should be pointed out that Parmenter’s?® study of
IVR in benzene !B, vibronic levels has not been extended to
levels as high above the 'B,, origin as 6'1°. The occurance of
IVR in 6'1° is certain since Parmenter has demonstrated
IVR in 6'1° using a YAG pumped dye laser system with
coherence characteristics similar to our own, and because of
the increased density of states in the 6'1° energy region com-
pared to the 6'1° region. We also observe an increasing
amount of broad, structureless emission at longer wave-
lengths suggestive of emission from many | j) molecular ei-
genstates populated via IVR; this can be seen in Fig. 6 as the
rising base line toward large displacements from the laser
line. Additionally, the fact that the excitation profile of the
(integrated) intensity of this broad emission follows the
shape of the observed absorption contour (see Figs. 2 and 8),
while we observe little or no emission directly from the vi-
bronic levels responsible for the absorption shoulder at
~43 240 cm ™!, suggests that a more “efficient” IVR occurs
for these levels. It is also interesting to note that the progres-
sions labeled A and B in Fig. 6, which are only observed with
excitation energies less than 43 230 cm ™!, seem to be satis-
factorily assigned only as progressions expected from those
vibronic levels responsible for the absorption shoulder at
43 240cm ™ '. An increased intensity in these modes could be
explained by the occurance of a dynamic IVR process in the
6'1° rovibronic levels which populates these overlapping ro-
vibronic levels; although it is not apparent why the intensity
of these progressions should be greater than is observed with
excitation directly in resonance with these vibronic levels.

The ratio of HL/RRS intensity observed from these
'B,, rovibronic levels is consistent with Eq. (3) and the mea-
sured rovibronic linewidths and the T, lifetimes of these lev-
els. The ratio of HL/RRS intensity predicted from Eq. (3) is
(2Ym/Vm) — 1 =2V /¥, if as expected ¥, €7,,,. The T,
lifetimes of the molecular eigenstates in the 6'1° region have
been measured by Yoshihara et al.,?! who recorded the time
resolved decay of the integrated intensity of the predomi-
nately featureless emission near 290 nm resulting from a sev-
eral picosecond laser pulse resonant with the 6} 15 transition
(recall, this is the broad emission we integrated to obtain
Fig. 8). They observe an exponential decay of ~ 30 ps, which
gives ¥,, =~0.2 cm™". The 2-3 cm™! rovibronic linewidth
measurement of Callomon for 6;15 transitions gives
Vem = 2-3 cm™' which yields 7}, =2-3 cm™', corre-
sponding to a 2-3 ps IVR lifetime. Thus, the value of
2¥¢ m/¥m Will be between 20 and 30.

Initially, this predicted HL/RRS intensity ratio seems
to contradict our excitation profile result which suggests the
HL and RRS components have similar integrated intensi-
ties. However, Eq. (3) intrinsically assumes that during the

T, 30 ps decay of the | j) molecular eigenstates, emission into
the 992 cm~ ! band occurs with the same efficiency as it does
in the 2-3 ps prior to IVR. This is simply not the case when a
dynamic IVR process exists, as described above. In the case
of resonance with 6'1° rovibronic levels, emission or scatter-
ing before IVR will occur primarily in the v, fundamental
and overtones as well as the 2v¢ + nv, progression, while
after IVR, the emission is distributed into many vibrational
progressions characteristic of the number of coupled dark
(vibrational) states V. This serves to reduce the amount of
HL in the 992 cm ™' mode predicted via Eq. (3), as the
efficiency of scattering into the 992 cm ™' mode after IVR
(which must therefore be HL) is reduced. Indeed, it has
been shown that the effective radiative lifetime for emission
into the 992 cm™! mode (as well as the v, overtones and
2v¢ + nv, progression members) after IVR will be
T,/N.>** Therefore, the ratio of HL/RRS intensity pre-
dicted by Eq. (3) is close to unity if the value of N were near
20-30.

Parmenter et al.>® have noted in their para-difluoroben-
zene studies that once the existence of a dynamic IVR has
been established, the relative amounts of structured and un-
structured emission observed in the collision-free emission
spectrum can be used as a general guide in determining the
likelihood of whether “intermediate” case (N < 30) or sta-
tistical case (V> 30) IVR dynamics will be observed. A
comparison of their collision free para-difluorobenzene
spectra to the series of emission spectra from 6'1” levels
(n<5) in benzene obtained by Yoshihara under similar ex-
perimental conditions reveals that the 6'1° level indeed ap-
pears to be a borderline intermediate-statistical case IVR.
This suggests an N value around 30 for the 6'1° vibronic level
and further supports our conclusions concerning the role of
a high density of background states in determining whether
RRS or HL components of the resonant light scattering pro-
cess will be manifested in the isolated benzene molecule.

VI. SUMMARY AND CONCLUSIONS

We have measured the absolute scattering cross section
of the 992 cm ™~ ' Raman active mode of benzene in the vapor
phase as excitation moves through the 6,13 vibronic absorp-
tion band ~5100 cm™~"' above the 'B,, origin. Structured
emission from the 6'1° level is clearly observed with excita-
tion in resonance with this absorption band in the form of an
enhanced intensity in v, 992 cm ™' fundamental and the
spectral appearance of the v, overtones as well as a progres-
sion in 2v¢ + nv,. By means of an excitation profile analysis
of the 992 cm ™! fundamental, we have distinguished be-
tween resonance Raman scattering and hot luminescence
components of the resonant light scattering process. We find
that the observed 992 cm ! excitation profile reflects both of
these components. Therefore, the structured emission from
the high energy short lived 'B,, vibronic states studied here
cannot be termed simply as hot luminescence or single vibra-
tional level fluorescence as is common in the literature since
a significant component of this structured emission is rigor-
ously resonance Raman scattering.

An interference pattern in the resonance Raman com-
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ponent of the 992 cm ™! excitation profile deriving from the
interference between the resonant 'B,, Raman amplitude
and the preresonant Raman amplitude from higher energy
electronic states demonstrates that some molecules in the
ensemble are scattering from a virtual or superposition state
where the summation over all excited states in the Kramers—
Heisenberg expression for the molecular Raman polarizabil-
ity is still valid. However, the HL component of the 992
cm™! resonance emission occurs independently of the 992
cm™ ! scattering amplitude contributed by the higher energy
electronic states. The HL derives from different molecules
which have populated isoenergetic 'B,, molecular eigen-
states prior to emission of the photon.

In our experiments, the process responsible for the de-
struction or dephasing of the superposition state, which
facilitates population of isoenergetic 'B,, molecular eigen-
states, is dynamic intramolecular vibrational redistribution
rather than the pseudoelastic collisions normally associated
with pure-dephasing effects in the vapor phase. the IVR pro-
cess simply reflects the statistical effects of a high density of
background states within the molecule which provide a bath
for dephasing the states being coupled by the incident field.
Prior to IVR, RRS will occur, while after IVR only HL will
be observed from the populated 'B,, molecular eigenstates.
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