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We report stimulated Raman spectra at 0.2 and 0.03! egsolution in the CH-stretching region of jet-
cooled fluorene. The results were obtained by a version of ionization-gain stimulated Raman spectroscopy in
which resonant two-photon ionization probing of the state-population changes arising from stimulated Raman
transitions is assisted by the process of intramolecular vibrational redistribution (IVR) in the Raman-excited
molecule. The fluorene spectra reveal extensive vibrational coupling interactions involving both the aliphatic
and aromatic CH-stretching first excited states with nearby background states. Results pertaining to the
symmetric aliphatic CH-stretching fundamental are consistent with a tier model of IVR and point to vibrational
energy flow out of the CH stretch on-al ps time scale with subsequent redistribution on&ps time

scale.

I. Introduction even without rotational resolution the frequency-domain mani-
festations of IVR may be readily observable in Raman spectra.
&iven that spectral resolution on the order of4@m— is
readily achievable in stimulated Raman schemes and that survey
spectra over hundreds of chare straightforwardly measured,
one has a means by which to investigate vibrational couplings

(e.g., refs 4 and-811) and frequency-domain (e.g., see refs 3 and IVR timescales over a range of several orders of magnitude

5, and 7) schemes. However, notable gaps in the kinds of specieén large speqes. ]
and portions of the vibrational level structure that can be readily '€ experimental method that we employ here is based on
studied still exist. One such gap pertains to ground-state IVR ionization-gain stimulated Raman spectroscopy (IGSRS)a
in large molecules (e.g., polycyclic aromatic hydrocarbons). vibrational-vibronic double-resonance scheme in which the gain
Time-domain methods suffer from the difficulty of exciting and 1N Population of excited vibrational states arising from stimulated-
probing the vibrational wavepackets associated with such Ra@man transitions is monitored by resonantly enhanced two-
species, especially in application to the sparse, collisionlessPhoton ionization (R2PI). A key new aspect of the present work,
samples that are most advantageous for the study of intramo-distinguishing it from other IGSRS studies, is that it takes
lecular dynamics. Frequency-domain methods also face obstacle§dvantage of the IVR dynamics of the molecule to facilitate
in application to IVR studies of large molecules. Principal the R2PI probe process. Specifically, it relies on the vibronic
among these problems is the rotational congestion that entersSPectral broadening that arises subsequent to dissipative IVR
into the spectra of such molecules and that masks the featured€-9-» €€ ref 2) to allow for fixed-frequency R2PI probing over
associated with IVR. Although double-resonance schemes can'ide regions of the stimulated-Raman spectrum. In conjunction
be very effective in eliminating this rotational congesfida with the prevalence of sharp rotational features in Raman spectra
produce spectra in which the structure due to (ro)vibrational @S described above, the (nominally) zero-background nature of
couplings is plain (e.g., in application to species like benzéne, tis “IVR-assisted” IGSRS makes it very well-suited for
propargylaminé? and methylamin®), application of such ~ Mmeasuring the congested vibrational spectra associated with IVR.
methods to larger species is hindered by the large rotational In this initial application of IVR-assisted IGSRS we study
partition functions that characterize the samples of such the fluorene molecule (GHig) at ground-state vibrational
molecules, even those at the low temperatures achievable inenergies between 2800 and 3300 ¢€nThis molecule is a good
seeded supersonic beams. candidate for initial study in that IVR at vibrational energies
In this paper we demonstrate an approach to ground-stateup to about 2000 cmt in the § manifold of fluorene has already
IVR studies of large species that is based on the measuremenpeen characterized with picosecond time-domain methods by
of stimulated Raman spectra. The principal advantage of this Kauffman et af That group mapped out the transition from no
approach is the fact that the rotational band contours of totally VR to restricted to dissipative IVR with increasing energy,
symmetric Raman bands are generally dominated by single, measured IVR lifetimes in the-10 ps range for several states
narrow features associated with no change in rotational statehaving~2000 cnt* of vibrational energy and used a Fermi-
during the vibrational transition (e.®Q branches in symmetric ~ golden-rule analysis to extract average vibrational coupling
tops%). The fractionatiof® of such a band by anharmonic matrix elements. The results presented here extend these findings
coupling (i.e., IVR) produces multiple sharp features. Hence, in several ways. First, the vibrational energies addressed herein
are larger than those of ref 9. Second, the types of vibrational
* Part of the “Giacinto Scoles Festschrift”. excitations studied here (aliphatic and aromatic CH-stretching

Intramolecular vibrational redistribution (IVR) has received
considerable attention over the past several decades because
the centrality of the process in chemical and molecular relaxation
dynamics. (For reviews, see refs-1.) Experimental methods
to probe IVR are numerous and include powerful time-domain
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| _ | Figure 2. Schematic vibronic spectra corresponding to a ground-
V= = ln}> electronic-state molecule that is vibrationally unexcited (bottom) and
excited to a vibrational level that undergoes dissipative IVR (top). The
) 0> arrow indicates a frequency faps that is a suitable R2PI probe

frequency for IVR-assisted IGSRS.
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(a) (b) jet-cooled or gas-phase speciéd?20They arise from the fact
Figure 1. Level diagrams depicting the transitions involved in IGSRS. that due to IVR the “zero-order bright state” (ZOBS)y[]
Excitation fieldsw, andw, drive a stimulated Raman transition from rapidly evolves after excitation into a superposition of many

vibrational level|0Cto |v[Jat the resonant frequeney, — w.,. (a) No . . . .
IVR following excitation to|v[]Raman-excited species are photoionized other zero-order states having markedly different vibrational

by w3 via R2PI originating inv[] (b) IVR following excitation to|v] characters (the stategn} of Figure 1b). The highly diverse
Raman-excited species undergo IVR and are then photoionized by  Vibrational makeup of this superposition state is that which gives
via R2PI that originates in the statégn} [J with which |v0is coupled rise to the broad, vibrationally relaxed, vibronic spectrum
and proceeds through the manifold of excited intermediate states orginating from it. The fact that in the dissipative IVR regime
le{ne U such diversity obtains regardless of the identity|dflis that
which renders the vibrationally relaxed vibronic spectra insensi-
tive to |05 nature. What these properties allow for in IGSRS
is the ability to seiw; to a fixed frequency in the midst of a
broad vibrationally relaxed vibronic band (e.g., the arrow in
Figure 2) and by so doing measure Raman-induced increases
in R2PI signals throughout the IVR-active vibrational level
structure in the ground state. The excited vibrational-state
dynamics eliminates the need to seagsimultaneously with
w1 — w», and the probe spectrum remains effectively constant
in time after the initial, fast dissipative dynamics.

We note that the IVR-assisted IGSRS described above is very
close to the stimulated-emission pumpi®g2Pl method em-
Il. IVR-Assisted IGSRS ployed by Bugi et al?! to measure ground-state vibrational

) ) o ] spectra and van der Waals binding energies in molecular

Figure 1la shows a level diagram depicting conventional complexes. In fact, their method is the resonance-Raman variant
IGSRS!%17 Laser fieldsw, andw, drive a stimulated Raman ¢ the method described here. We note also the resemblance of
transition from|OCtto [vLJ Laser fieldws is tuned to a vibronic e present scheme to the “nonresonant ionization detected
transition or_iginatin_g inullBy R2PI this latter field photo_ionizes infrared spectroscopy” developed by Fuijii e®aln the latter,
those species excited fol] Measuring the photoion signal vs  {he photoionization frequency is set to be slightly less than that
w1 — w; yields a stimulated Raman spectrum. _ required to photoionize from the zero-point level of the ground

There are two difficultieS’ associated with conventional  gjectronic state by two photons. Vibrational excitation by
IGSRS. First, the vibronic spectra of different excited vibrational jsfrared absorption provides enough additional energy to
states|v[) even ones close in energy, can be substantially g0 two-photon ionization. Hence, ion signal vs IR frequency
different from one another. Thus, it is generally not possible to produces an IR-absorption action spectrum with fixed-
measure stimulated-Raman spectra over a range greater thafequency probing. The difference between their method and
several cm* without tuningws. Second, if the Raman-excited  |yR-assisted IGSRS (apart from the vibrational excitation
vibrational states are squect to dynamical processes, the RZPbroceSS) is that the former relies on probe processes that are
probe spectrum for a givepplican evolve over the course of 15t single-photon resonant as opposed to the R2PI probing

the experiment. employed here.
Figure 1b shows a level diagram depicting IVR-assisted

IGSRS. In this scheme, one makes use of the fact that dissipativ
IVR originating in |vOtends to produce rapid (1 ns tol ps)
evolution of the vibronic spectrum of the vibrationally excited The apparatus and methods employed for IGSRS experiments
molecule into one with broad features that do not substantially in this laboratory have been described in detail elsewfere.
evolve further; see Figure 2. One also exploits the property that Briefly, the w; field was the frequency-doubled (532 nm) output
such a vibrationally “relaxed” vibronic spectrum is essentially of a 10 ns pulsed, injection-seeded Nd:YAG laser. dadield
independent of the identity di/[] Both of these properties of  (628-645 nm) was the output of a dye laser pumped by the
IVR-active molecules are well-known, for example, from same Nd:YAG laser. The Raman resolution was determined by
measurements of single-vibronic-level fluorescence spectra ofthe bandwidth of the dye laser and was either 0.2 or 0.03'cm

fundamentals) were not studied in that earlier work. Third, the
present work allows for the characterization of fluorene IVR
processes into the subpicosecond regime. Finally, the ability
here to measure spectra at 0.03 émesolution over tens of
cm~! makes plain the existence of hierarchfes the pattern

of vibrational couplings involved in fluorene IVR.

The paper is organized as follows. In the following section
we describe more completely IVR-assisted IGSRS. In section
Il we outline the experimental apparatus and procedure
employed to study jet-cooled fluorene. The final section is a
presentation and discussion of the experimental results.

Q. Experimental Section
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depending on whether the dye laser was tuned by a diffraction
grating only or with a grating and an Etalon. Thefield (298.5
nm) was the frequency-doubled output of a second dye laser
pumped by a second Nd:YAG laser that was fired synchronously
with the first. Thews pulse was delayed such that it arrived at
the sample approximately one pulse width after the arrival of
the overlappedv; and w, pulses.

The sample consisted of a skimmed supersonic free-jet
expansion of fluorene seeded in helium. Fluorene vapor at
100°C was mixed with 300 psig helium (yielding about 1:100

fluorene:helium) in the pre-expansion region of a solenoid-
driven pulsed valve (General Valve, Series 9) operating at 30 MM
Hz. Expansion of the gaseous mixture into vacuum was through

T T T T T T T
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an orifice 0.08 cm in diameter. The expansion was skimmed 2900 2905 2910 2915 2920 2925 2930
several centimeters downstream whereupon it entered the Raman Shift (cm™)
differentially pumped ionization region of a WileMcClaren- Figure 3. IVR-assisted IGSRS spectra of fluorene at 0.27&m

type time-of-flight mass spectrometer. IGSRS spectra were resolution in the region of the aliphatic CH-stretching fundamentals.
collected by monitoring the fluorene parent-ion signal as a The top spectrum corresponds to parallel-polarized and the bottom to
function ofw,, with w1 andws held constant. In all experiments  perpendicularly polarized; andw; fields.

reported herevs, at 33 500 cm?, was about 275 cnt to the

red of the $ — S Opand of fluorené42s At this ws
frequency the fluorene parent-ion signal was negligible when-
ever wy and/or w, were prevented from impinging on the
sample.

IV. Results and Discussion

Prior to presenting experimental results it is useful to consider
some background information pertaining to the CH-stretching
vibrations of fluorene. There are two aliphatic and eight aromatic
CH-stretching modes in fluorene. The former transform as A
and B in the C,, point group of the molecul®& One expects
these fundamentals to be in the 289940 cm! range with : | : : :
the A; band at lower frequendy/. The aromatic CH stretches 2908 2910 2912 2914 2916
are composed of four Aand four B modes. Ab initio Raman Shift (cm™)
calculations predict these fundamentals to lie within4 cn? Figure 4. Portion at 0.03 cmt resolution of the IVR-assisted IGSRS
window (about 30453085 cn1!)?” and to be arranged in four  spectrum of fluorene in the region of the aliphatic CH-stretching
doublets, with each doublet consisting of ongdhd one A fundamentals. They; and w; fields were parallel-polarized.
fundamental separated from each other~ay cm1.28 This
doublet pattern can be understood in terms of the separation of
the two aromatic rings in fluorene and the expectation that such
separation likely precludes strong couplings between CH
stretching on the different rings.

In the absence of IVR the Raman spectra of the fluorene CH
fundamentals should exhibit two qualitatively different types
of bands at the resolution of the present work. The A
fundamentals should have band contours dominated by a single
feature corresponding to the Boltzmann-weighted sum of
rovibrational transitions of the type;J,[}— | 0;J.[Jwhere|v;J,[]
represents an asymmetric-top rotational stifén the manifold
of vibrational statgv[15 The intensity of these bands should
be significantly greater for parallel-polarizegl and w- fields T | | | |
(Iy) than for perpendicularly polarized; andw, fields (). In 3020 3040 3060 3080 3100
particular, p = I/l; < 0.75. In contrast the Band B Raman Shift (cm )
fundamentals should both give rise to broad (severafivand Figure 5. IVR-assisted IGSRS spectra of fluorene at 0.27&m
contours without sharp features. And, their polarization ratios, resolution in the region of the aromatic CH-str(_atching fundamentals.
p, should be equal to 0.75.In the presence of IVR induced The top spectrum corresponds to parallel-polarized and the bottom to
by anharmonic couplif§ each of the fundamentals will fheépbelﬂg'g‘#grrlgIgg\lg'tzoe?&a}';?%’érf'elds' The latter is truncated on
fractionate into several bands, the number of which depends '
on the number of states effectively coupled to the excited CH
stretch. The resulting bands should have contour shapes andll the major Raman features observed from 2800 to 3300 cm
polarization characteristics similar to the fundamental from in this work. Those of Figures 3 and 4 correspond to the region
which they arise. of the two aliphatic CH-stretching fundamentals of the molecule.

Figures 3-7 show IVR-assisted IGSRS spectra of fluorene The spectra in Figures 5 and 6 correspond to the region of the
in three spectral regions above 2890¢nThe spectra contain  aromatic CH-stretching fundamentals. And the Figure 7 spec-
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vibrational coupling is the principal source of the observed
congestion, as opposed to congestion due to combination bands
and overtones with inherent transition strength, is strongly
suggested by the dearth of similarly intense bands in neighboring
spectral regions in which CH-stretching fundamentals are not
present, that is, 28662890, 2936-3010, and 31163220 cnr?

(not shown).

Second, consider spectral assignments in the aliphatic CH-
3072 074 3076 3078 3080 stretch region. The many sharp bands in Figures 3 and 4 with
smallp values can be confidently attributed to transitions ending
in totally symmetric vibrational states {An the C,, point group
of the molecul&). We assign these bands, which have a “center
of gravity” at about 2910 crrt, as being due to the IVR-split,
aliphatic CH-stretching fundamental ofi Aymmetry. In con-
trast, the unpolarized, broad feature at 2925 tisee Figure
3) arises from nontotally symmetric vibrational excitation(s).
We assign it as being associated with the asymmetric aliphatic
CHe-stretching fundamental of;Bymmetry. In fact, it is almost
T | | T T certainly a superposition of several Bands deriving their
3058 3060 3062 3064 3066 intensity from vibrational coupling with the excited, EH-
stretching state. However, the inherent breadth of the rotational
contours of B bands (in contrast to the sharp Band contours)
precludes any definitive assessment of the feature’s composition.

Third, the assignment of features in the region of the aromatic
CH-stretching fundamentals (Figures 5 and 6) is complicated
by the number of such fundamentals and by the congestion
arising from vibrational couplings. Nevertheless, the polariza-
tion-specific spectra of Figure 5 give one a start in making such
T T T T T T assignments. In particular, the strongly polarized features in the
3044 3046 3048 3050 3052 3054 clumps centered near 3062 and 3077 t@re certainly due to
Raman Shift (c;m'1 ) Aj bands. The large intensities of these features strongly suggest
Figure 6. Three portions at 0.03 criresolution of the IVR-assisted that they are due to two (or more) IVR-fractionated @H-
IGSRS spectrum of fluorene in the region of the aromatic CH-stretching stretching fun_damentals. One sees that there are also Other
fundamentals. They; and w, fields were parallel-polarized. strongly polarized sharp features in other parts of the aromatic
CH-stretching region. The provenance of thegséands cannot
be sorted out in detail here, though most, if not all, are also
very likely the result of fractionated aromatic CH fundamentals.
As to bands deriving from the Bundamentals one notes, in
particular, the broad, unpolarized feature centered at 3048.cm
It is most likely the result of overlappingzbands arising from
the IVR-induced fractionation of a BCH-stretching funda-
mental. Other B features are almost certainly present in the
spectra of Figure 5. Unfortunately, there is no way here to
distinguish between Bbands and the unpolarized portions of
A; bands when the two band types overlap spectrally.

Fourth, the last major bands observed in this work are those
evident in Figure 7. These are about one-third as intense as the
| T | T | stongest bands in the aliphatic and aromatic CH-stretching
o see s s Em0 S8 regions. There is little doubt that these bands are associated
Raman Shift (cm ') with the first overtone of the Afundamental near 1615 crh
Figure 7. IVR-assisted IGSRS spectra of fluorene at 0.27tm  That fundamental has been observed with very strong intensity

resolution in the region of the first overtone of thel615 cnT! A; in the Raman spectra of fluorene in G&blution (at 1615 cmt)
vibrational mode. The spectrum corresponds to parallel-polatized  and in the pure crystal (at 1612 ci).26
andw; fields.

Photoion Signal
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Finally, consider in more detail the information that the
trum covers the region of the first overtone of the strong Raman- present results contain regarding vibrational couplings and IVR
active CC-stretching mode whose fundamental is at about 1615at energies above 2900 cfin fluorene. We focus specifically
cm 1, on the A bands in the aliphatic CH-stretching region (see

There are several points to make about these results. FirstFigures 3 and 4), because they can be reasonably attributed to
there are many more Raman bands in the CH-stretching regionghe fractionation of asingle ZOBS, namely, the first excited
than there are CH-stretching fundamentals. This is plain from state of the aliphatic symmetric CH stretch. One notes, in
the lower-resolution spectra of Figures 3 and 5. It is even more particular, the hierarchical nature of thg Aand structure in
apparent in higher-resolution results of Figures 4 and 6. This this region. It consists of several “clumps” spread out cv&b
observation is no surprise given the extensive IVR to be cm™1, each of which in turn consists of finer structure spaced
expecteflin fluorene at the relevant excitation energies. That by tenths of cm?! over ranges of 2 cnrl. Such results are
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consistent with a tier model of IVR (e.g., refs 3, 5, 6, and 11b), unraveling of those influences can only benefit from the
in which vibrational energy flow out of the ZOBS proceeds characterization of IVR for a wide range of species and
first through nearby zero-order states (Tier 1) strongly coupled vibrational excitations. The experimental approach presented
to it through low-order anharmonicities. (The spectral mani- in this paper can play a valuable role in this endeavor.
festation of this is the gross clump structure in Figure 3.) This
is followed by energy flow from the Tier-1 states into a second
set of nearby zero-order states (Tier 2) similarly strongly coupled
to them, etc. (This is manifested spectrally by the structure
within the clumps; see Figure 4.) The experimental results imply References and Notes
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