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Isotopomer-Selective Overtone Spectroscopy of Jet-Cooled Benzene by lonization Detected
IR + UV Double Resonance: TheN = 2 CH Chromophore Absorption of 2C¢Hg and
13C12CsHe near 6000 cnrt
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Employing our recently introduced IR UV double resonance scheme for obtaining mass-resolved infrared
spectra, we have recorded the isotopomer seléd¢ted® CH chromophore absorption HCsHgs and*C1?CsHg

near 6000 cm! in a supersonic jet expansion of the benzene isotopomer mixture at natural abundance. The
13C12CsH; spectra are the first of this kind reported in the literature. ¥6#°CsHs, a preliminary analysis

yields an approximate decay time of vibrational excitatior 130 fs, which is presumably due to strong
anharmonic Fermi resonances between CH-stretching and CH-bending mode¥Cdtie spectrum is
compatible with a proposed model of intramolecular vibrational redistribution with a distinct hierarchy of
time scales: the CH-stretching state is the IR chromophore state coupled to the IR field. With a decay time
of T &~ 100 fs, vibrational excitation is redistributed to a first tier of vibrational states, probably CH-stretching/
bending combination bands coupled by strong Fermi resonances. Vibrational excitation is then further
redistributed withr ~ 0.35 ps to a second tier of states by weaker anharmonic resonances. The observed line
widths give a lower bound for the decay time into the dense background manifeld,.3 ps. Although the
experimental jet spectra $fC¢Hg are in qualitative agreement with previously published calculated spectra,
they disagree in finer details.

1. Introduction structure of benzene with an approximate combined experimental-

Benzene has been a prototvoe molecule for many aspects c)%heoretical method® somewhat similar to the more accurate
P yp y asp approaches developed for (HFand CH.?” The study of

chemical structure and dynamics for much more than a century, - . -
. . . . . -_“’dynamic IVR processes in benzene has been greatly influenced
including during the last five decades the dynamics of radia- . .

by the pioneering work of Bray and Berry on the overtone

tionless transitions from excited electronic stdtésin particu- . .
spectroscopy of benzene, observed by grating and photoacoustic

lar, the use of the experimental technique of single vibronic eClroscopy in a room-temperature @BAL After an ap-
level fluorescence developed by Parmenter and his school and*PeC¢ Py . P ’ . P
proximate deconvolution to correct for the rotational band

then applied also by many others has led to much insight into contour, the remaining broadening of overtone bands was
r f intramolecular vibrational redistribution (IVR) in Lo .
processes of intramolecular vibrational redistribution (IVR) attributed to ultrafast IVR decay processes. Sibert et al.

electronically excited staté8:1> There has also been substantial ; ; _ ;
explained this broadening by strong Fermi resonances between

recent interest in the rovibrational dynamics of high Rydberg . . . .
17 . 1 the CH-stretching oscillator and CH-bending modes as the main
states of benzené:'”Because of its high symmetry and special mechanism of VR (see also ref 43, ref 30 and the earlier

electronic structure, benzene is also prototypical for structural . e
P b proposal of this mechanism in the case ofsEXnolecule&>¢9.

studies'®~26 vibrational spectra and force field%,20-2822and Although i h iy sh h

intramolecular vibrational redistribution in the electronic ground A\though recent jet measurements have clearly snown that room-

state30-50 Benzene has also been the prototype molecule for temperature spectra are heavily affected by mhomogeneous
rotational and vibrational hot-band congest#mi®57 classical

studies of local and normal mode behavior of its CH chro- i ; )
mophore absorption (see also ref 32 for the historical develop- and quantum_calculatlons have established th_e dominant role
of these Fermi resonances for IVR on very fast time sc&ie8.

ment of these ideasj.*%>>¢ The analysis of the IR active CH-stretching fundamenta
Benzene vibrational spectroscopy has thus a long tradition. | '€ @nalysis of the Ik active ~stretehing fundame
P by d (Wilson notatiof®29 in 12CgHe has confirmed the presence of

Beginning with the vibrational assignment and calculation of " . 5 A
normal modes by Wilsofi and with the first comprehensive ~ S'ong Fermi resonances by experim&t:**The calculations
predict even finer details of IVR if2C¢He, and a whole

study on the vibrational spectroscopy of benzene and several . v 7 i
sequence of time scales for redistribution of vibrational excita-

deuterium labeled benzenes by Ingold and co-worKetse s - -
fundamental vibrations of benzeH€sHs and several deuterium ~ tion among different modes has been suggested in recent pub-

and3C-isotopomers are now fairly well characterized (see refs lications*>=°°A comparison of calculated spectra with the few
20, 23-25, 29, 55-64 and references cited within). Employing ~ available jet overtone spectra8€eHs, however, shows at most
these experimental data and additional ab initio corrections, dualitative, but no quantitative, agreement. Comparé&QgHs,

Gauss and Stanton have recently obtained the equilibrium  ONly @ few spectra of the isotopomé&#C'’CsHs have been
reporteck®56.63.64and no overtone spectra at all are published

* Corresponding authors. E-mail addresses: hippler@ir.phys.chem. {0 our knowledge. Experimental data f5C*“CsHs would be
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the carbon ring WiII.provide st.ructural ir)formation.not available CeHe' + ¢~
by deuterium labeling. Experimenf&C-isotope shifts are also w0000 4 1

useful for force-field determinations. In a recent time-dependent —

quantum mechanical study of IVR from the second CH- lE 60000 uv

stretching overtone i*CsHg, nonstatistical energy redistribution S 50000 -

has been attributed to the influence of the symmetry of the : 40000 1 27‘ Sy

molecule?® It would thus be interesting to study the effect of < i

the reduced symmetry iA3C2CsHg on IVR. The shift of ~. 30000 -

vibrational states if3C*2CsHg compared t0'?CeHg will also Ry 20000 A v

affect Fermi and other anharmonic resonances and thus influence

IVR processes. Such studies, however, are hindered by the lack 10000 So C.H
of experimental spectra: in conventional spectroscopy on the 0 % 66

natural benzene isotopomer mixturECl2CsHs absorption Figure 1. Scheme of excitation.
features are weak due to the low natural abundance (6.2%) and

obscured by much stronger absorptions of the domittalaHs. and thus aid the assignment of IR vibrational bands. As the
Isotopically enriched or puréC'CsHs is only available at great UV ionization is via distinct, separated transitions, the UV laser
expense. has to be scanned simultaneously to keep the resonance during

In even more general terms, our approach to the short-timean IR scan. This is difficult to achieve, however, and no IR
(subfemtosecond to nanosecond) vibrational dynamics of poly- Spectra obtained in this way have been reported. Recently, an
atomic molecule®57relies on the development of appropriate IR + UV absorption scheme was presented, where vibrationally
experimental tools, which allow us to unravel the often very excited phenol was ionized by nonresonant two-photon ioniza-
complex spectra that arise from IVR in polyatomic molecules. tion.”?As discussed in our previous stutjhowever, ionization
For example, extensive hot-band transitions are to be expectedPresumably also occurred in these cases by resonantly enhanced
for the overtone transitions of benzene, which will require jet- two-photon ionization, as in the present scheme, which is based
cooling to obtain vibrationally resolved spectra. The resulting ©n the original development of OSVADPY. "
low number densities in conjunction with low absorption cross- ~ Thus the aim of the present paper is to introduce the
sections will therefore necessitate very sensitive detection of application of ISOS spectroscopy to benzene to unravel some
the IR excitation. To observe spectra of a selected species inaspects of IVR in this molecule and its isotopori#*?CsHs
an isotopomer mixture, the detection scheme must also be highlyin the region of theN = 2 CH chromophore absorption around
selective. The technique of isotopomer selective overtone 6000 cntl. We refer here also to some of our studies of further
spectroscopy (ISOS) recently introduced by us is ideally suited isotopomers of benzene in relation to their vibrational dy-
for this purposé? In this scheme, vibrationally excited mol- namics’3~75:%
ecules are ionized by resonantly enhanced two-photon ionization
via hot-bands of the stable intermediate @ectronic state. 2. Experimental Section
Compared to previous schemes, such a quasi-continuum of
resonance enhancing intermediate states has the distinct advar]R
tage that the UV laser does not have to be scanned simulta-
neously with the IR laser during an infrared scan, because the

resonance condition is always fulfllled._ lon detection inamass jq setup. The subsequent absorption of two UV quanta leads
spectrometer then allows one to obtain mass-selective Spectrg, yq jonization of vibrationally excited molecules by resonantly

in a jet expansion; hot-band and isotopomer congestion are thusynnanced two-photon ionization via the electronically excited
removed simultaneously. This scheme for mass-selective IR gita $. Figure 1 shows a survey of this scheme. IR idler

spectroscopy supplements another ISOS variant introduced by, iation was generated in an optical parametrical amplifier
us, where the intermediate state is dissociative (overtone SPECIOPA) of a narrow-bandwidth dye laser operating at the signal
troscopy by vibrationally assisted dissociation and photofrag- \yayelength. A frequency-tripled, injection-seeded Nd:YAG laser
ment ionization, OSVADPI??f71 In the combination of both (Continuum, Powerlite 9010) pumped the OPA system (Lambda
schemes, ISOS can be applied most generally to the IR specppysik modified SCANMATE OPPO, 10 Hz repetition rate, 4
troscopy of molecules with dissociative or bound intermediate 5 pulse length (full width at half-maximum, fwhm)). The
electronic states. spectra displayed here were recorded with an IR laser bandwidth
In the past, IR+ UV double resonance schemes have been of 0.15 cm?, because no additional structures were apparent
reported, which show some similarities with the present with the improved bandwidth of 0.02 crhachieved using an
scheme: ion-dip spectroscopy has been applied by Page, Sherintracavity ‘¢alon in the dye laser in a series of control
and Lee to the overtone spectroscopy of benZéreloss of experiments at higher resolution. Employing a 25 cm focal
ionization yield is accomplished by depletion of ground-state length lens, the IR radiation with typically 1 mJ/pulse was
molecules due to IR excitation or by depletion of molecules focused into the core of a skimmed supersonic jet. Counter-
from the intermediate statg 8y stimulated emission pumping  propagating and with a delay of ca. 30 ns, the UV output of a
into vibrational levels of & IR spectra are observed as small frequency-doubled dye laser (Lumonics, HD-500) pumped by
dips in an immense ionization background and they thus suffer a frequency-doubled Nd:YAG laser (Continuum, NY82-10, with
from poor signal-to-noise ratios. Page, Shen, and Lee have alsamode beating structure) with a typical pulse energy of 0.5 mJ/
applied an ionization enhancement scheme, where IR excitedpulse was also focused to the same jet region by a 30 cm focal
benzene molecules are UV ionized via selected1(IREMPI length lens. To avoid saturation of the transitions by IR
transitions close to the electronic origin of the S S excitation, the focus of the IR radiation was pulled slightly out
transition3” The additional selection rules of the UV transition of exact overlap with the jet region (by ca=2 cm). Signals
increase the selectivity of the HR UV double resonance scheme were then linearly dependent on the IR pulse energy, and the

Most aspects of the experimental setup employed to acquire
+ UV double resonance spectra have been described in our
previous study of anilin€® In short, we excite benzene
rovibrational levels with tunable IR laser radiation in a skimmed
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ionization yield was IR power corrected assuming linear power by nonresonant two-photon ionization. Below and slightly above
dependence. IR frequency calibration was accomplished by that threshold, IR excitation of benzene enhances the ionization
simultaneously recording photoacoustic spectra of ca. 50 mbaryield by several orders of magnitude, thus allowing very
methane in a reference cell. After a quadratic fit to methane sensitive infrared excitation spectroscopy by-+RUV double
reference lines with known positiof%an absolute wavenumber  resonance experiments. After IR excitation, FranGlondon
accuracy of 0.1 cmt is estimated for the data presented below. factors for hot-band transitions are much more favorable for
Benzene (Fluka) was purified by distillation, and the purity the one-photon transitions to the Sate and the UV energy is
was checked with gas chromatography. The natural isotopomersufficient to ionize vibrationally excited benzene molecules by
mixture contains about 6.4% of &fiC isotopomers. Isotopically  resonantly enhanced two-photon ionization via vibrational hot-
pure benzené?CgHe (depleted benzene, Cambridge Isotope bands on the S— Sy transition. For benzene with IR excitation
Laboratories, CLM-867:2C 99.95%) was used without further at 6000 cm! and UV radiation at 37 600 cm, the excess
purification for some FTIR measurements in comparison. For energy in $is about 5500 cm. At this energy, the vibrational
the jet experiments, 500 mbar of Ar as seed gas was flowing density of states in the ground statgiSabout 700 states per
over frozen benzene at T, which has a vapor pressure of cm™, as calculated by the BeyeBwinehart algorithrf? using
about 40 mbaf’ The gas mixture then expanded into the probe a set of observed fundamental frequencies compiled in refs 23
vacuum chamber through the 1 mm circular orifice of a pulsed and 29. A similar density can be expected for thestate. This
solenoid valve (General Valve) and a 0.5 mm skimmer at 3 cm corresponds to a dense set of states, which is accessible to one-
distance. lons resulting from IR and UV laser absorption were photon excitation from the vibrationally excited electronic
then mass analyzed in the time-of-flight mass spectrometer ground state. The ion yield in the R UV double resonance
(custom-built Wiley/McLaren type reflectron, Kaesdorf, Mu-  experiment is easily saturated by the UV pulse energies em-
nich). ployed, and no variation in the ion yield is then apparent when
Certain experimental conditions promoted the formation of the IR radiation is left resonant to a vibrational transition and
clusters, for example, high partial benzene sample pressure, highthe UV laser is scanned over an extensive range. The ionization
Ar stagnation pressure, or probing molecules in the middle or yield therefore mirrors the IR excitation, and by scanning the
at the end of the jet pulse train. Cluster formation became |R laser, we obtain infrared spectra. Compared to results from
apparent by additional mass peaks in the TOF spectra andionization depletion detection schemes, the spectra are almost
specific peaks in the UV spectrum of the S S transition in background free and have an excellent signal-to-noise ratio, even
benzene. IR spectra of benzene clusters differ greatly from thefor the reduced number densities in a skimmed supersonic jet
monomer spectr. Care was taken that the spectra displayed expansion. For the spectra shown below, an UV wavelength of

here were not affected by cluster formation. Reference spectragee nm (37 594 cm') was chosen for the IR- UV double

at room temperature were recorded with a high-resolution FTIR
spectrometer (BOMEM DA002332%5n a long path absorption
cell (multipass White cell, Infrared Analysis). A resolution of
0.015 cnt! was chosen (fwhm bandwidth, apodized), which is
about twice the Doppler width at 300 K and 6000 ¢r(~0.008
cm™b). The spectrometer was equipped with a Globar light
source, a Cafbeam splitter, and a liquid nitrogen-cooled InSb
detector. Absolute wavenumber calibration of the FTIR spectra
was accomplished by calibration against observed water lines
of impurity water present in sittP Sample pressures were
measured with MKS Baratron capacitance gauges which had
been calibrated, but no corrections were applied for loss due to
adsorption at the cell walls during the measurement.

3. Results and Discussion

3.1. General Aspects.The absorption mechanism, which
allows us to observe IR- UV double resonance signals in

resonance experiment. This particular UV wavelength would
also be easily accessible and available by frequency quadrupling
of a Nd:YAG laser, for example, by employing part of the output
of the Nd:YAG laser, which is also used as a pump laser for
the generation of IR radiation. Thus in this case the frequency-
doubled dye laser would not be needed.

Although the ion yield in the present IR UV experiment
is sufficient to obtain ISOS spectra of benzene with good signal-
to-noise ratio (see below), it is much lower than in our previous
similar experiment with anilin€® Whereas the resonani S-
S, absorption cross-section of benzene is comparatively large
and easily saturated, the effective ionization cross-section of
excited § benzene is rather lof. This mismatch of cross-
sections prevents efficient resonantly enhanced multiphoton
ionization (compare also ref 81): De-excitation by stimulated
emission and, in addition, intramolecular dynamic processes in
excited § benzene are expected to compete with UV photo-

benzene (see Figure 1), is analogous to the scheme discusseinization and thus reduce the ionization yield in our scheme.

in our previous work on aniling® Without vibrational excitation,
the UV radiation does not have sufficient energy to promote
the transition to the electronically excited statg ®hich
resonantly enhances ionization<{(1) REMPI), and nonresonant
two-photon ionization is also energetically not possible: Two-
photon (1+ 1) REMPI ionization occurs via the A- X6j
transition and other vibronic levels of the @ state above
38 606 cnTl.2 One-photon g)transitions to theorigin of S; at
38086 cnt! are symmetry-forbidden in the electric-dipole
approximation, butibronic transitions of appropriate symmetry
can be induced by vibrational excitatiérwith an adiabatic
ionization threshold at 9.2438 eV or 74 556 T4 which is
also close to the vertical ionization linTit,almost no benzene
ions are observed under the present conditions applying UV
radiation only below 37 280 cm (about half the ionization
threshold). Above that threshold, the ionization yield increases

The intramolecular dynamics of excited Benzene has been
studied extensively before: Above excess energies of 3000
cm~1, Callomon et al. noticed the diffuseness of vibrational
bands due to a sudden increase of intramolecular decay’rates,
which has been attributed to some unknown nonradiative
electronic relaxation mechanism (“channel thréeSjnce then,

this unusual dynamic behavior has been studied in detail using
experimental techniques such as “chemical timing-f@essure
dependence of emission spectfajotationally resolved high-
resolution spectroscogyor time-resolved photoionization ex-
periment$® The high-resolution studies revealed a strong
rotational dependence of the nonradiative decay rdteese
findings may be explained by a mechanism where very fast IVR
occurs from bright rovibronic states to $ackground states
induced by rotationally dependent Coriolis and anharmonic
couplings’-82 These $ background states may then undergo
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rapid internal conversion togSpossibly aided by a conical  absorptions, at 6004, 6113, and 6128 émwith relative
intersection of the Sand $ potential energy surfacés.82-84 intensity 1, 0.0017, and 0.006, respectiV&A pure local mode
After internal conversion, isoenergetig States are expected description of overtones, however, is also not satisfactory:
to have low ionization cross-sections due to small Franck theoretical studigd=5° and the analysis of the spectrum of the
Condon factors to the ionization continudfilt is not yet clear CH-stretching fundamenf&lP”->%show that CH-stretching modes
to which extent these dynamic processes reduce the ionizationare in addition strongly coupled with CH-bending modes by
efficiency in the present scheme, because differgsteies than Fermi resonances exchanging one quantum of CH-stretching
previously studied are accessed by the +RUV double excitation with two quanta of CH-bending excitation. All
resonance absorption. It is clear, however, that under the presenvibrational modes of a given symmetry with common polyad
experimental conditions ionization can compete successfully quantum numbeN are thus strongly coupled and mixed by
with the fast intramolecular relaxation, because photoionization Fermi, Darling-Dennison, and further anharmonic resonances,
is observed. It would be interesting to study in future experi- whereN = vs + 0.5, vs represents all CH-stretching ang
ments the intramolecular dynamics of highly excited states in all CH-bending quantum numbetsWe will therefore refer to
S1, which can be accessed by the #RUV double resonance  the IR absorption near 6000 cfas theN = 2 CH chromophore
absorption with appropriate time resolution. However, the goal absorption, instead of the more common “first CH-stretching
of the present study is obviously ground-state dynamics. overtone”, for example. _ _ _
Benzene ionized by the IR UV scheme used here has a  The isotopomet:Ct%CsHs is an asymmetric top of the point
characteristic mass spectrum, which is dominated by the parentd"@UP Cz.. We use the axis convention of refs 25 and 73 with
ion and some weaker fragment ion peaks ranging from the C; axis equal to the-axis and thQ/-ax_ls in the ring Elane.
Cyz_6Hy—0_5 to C. Obviously, some fragmentation occurs after 1N€ asymmetry parametar - 0.9157 is close to 1 the
ionization, because the UV wavelength and intensity chosen "éPlacement of oné“C by the**C isotope introduces only a
are not suitable for efficient resonantly enhanced or nonresonantSMall perturbation. Ii€,, symmetry, many more fundamentals
multiphoton ionization of neutral C atoms or other fragments. |€ad {0 IR transitions: Among the 30 normal vibrations, 27
By gating ionization detected IR excitation to the parent jon ViPrations of A, By, and B symmetry species are IR active,
mass peak, mass-selective IR spectra are obtained. With a naturaﬁmd. allmodes are Ramaq allowed. We have previously presented
abundance of 1.196C, the benzene isotopom&C12CsHg with a hlgh-resquF|op analysis of Fm—l (B2) out-of-plane funda-
one 13C atom has 6.2% abundance in the natural isotopomer mental of this isotopomer situated at 673.6092(2) &

mixture. A distinct shift of vibrational frequencies of the CH Isotopic labeling will also cause in princ_iple an alteration Qf
chromophore (and also in other mofgs:63} is expected with normal mode characters (mode scrambling). The perturbation

1 i i it 3L
this substitution. Mass gating the ionization detection in the IR of the *C, however, is so S.ma" that intensities #C'“CsHe .
+ UV double resonance experimentalz = 78 and 79 u allows cannot be (_expected to dgwate much from the cor_respondlng
us to obtain the separate vibrational spectra of the two transitions in12CgHe, despite the relaxed IR selection rules,

isotopomersd?CgHg and13C2CsHg in a single scan of the natural ggdsmﬁlgra_;?\g&iéoifsg?gr?spsunbdéggj;i/(')?:avt\;ﬁlngls n;()gﬁs m:gso
isotopomer mixture. : P

o duce a minor frequency shift to lower wavenumbers. The
Benzene'”CeHs (Den Symmetry) has 20 normal vibrations, oy ertone vibrations of the CH chromophore will probably
of which 10 are doubly degenerafefor a summary of these  yosemble local diatomic CH oscillators. The relative energy
fundamentals and the_correla’uon of their numbering in Wilson's gnitt of 13CH-harmonic oscillator vibrations compared to a
and Herzberg's notation we refer to ref 23. g, symmetry, 12CH-harmonic oscillator is about0.3%.
only perpendicular IR transitions from the ground state {p E 3.2. Room-Temperature Overtone Spectra and Isotopic

vibrational states are allowed with an in-plane electric dipole ghifts. The N = 2 CH chromophore absorption spectrum of

transition.moment, or parallel IR tran;itions toAvibrational benzene obtained by FTIR spectroscopy at room temperature
states with an out-of-plane transition momé&m Seven is shown in Figure 2. The spectrum BEgHs was obtained in

fundamental vibrations are Raman active and four are IR 5, isotopically pure sample. Depleted benz&eHs is readily
activel® Benzene has four fundamental normal modes between gy ajjaple, because it is used as solvent in NMR spectroscopy.

3048 and 3074 cmt, which are essentially CH-stretching modes gy 13C12C5H,, no isotopically pure sample was available. To
(in Wilson notat|oﬁ8_'2fb: v2 (A1g Symmetry) vz (Ezg), v13 (Buu), obtain its spectrum, the depleted spectrum has been subtracted
and the only IR active CH-stretching fundamentgj (Ex). In from the normal benzene spectrum, using appropriate weights,
the region of the first CH-stretching overtone near 6000%m  and rescaled. The difference spectrum is essentially due to the
only the three combination bands of CH-stretching modgs 13C12C5H, isotopomer. This manipulation, however, is subject
+ vz, v7 + v13, @ndvz + vy have B, Symmetry components o extra noise and possibly also to systematic errors and
and have thus allowed IR transitions from the ground state. All gistortions. The difference spectrum can therefore only be
other combinations including the overtone,@correspond to considered as an approximation to the prop&t?CsHs
symmetry-forbidden transitions in the electric dipole approxima- spectrum; in particular, the absorption cross-sections indicated
tion, excluding rovibrational coupling. As an alternative to the in Figure 2 are only approximate. The room-temperature spectra
normal mode description of vibrational overtone bands, however, improve upon previously published spectra of the natural
one may also use a local mode descriptiér>* related to a  penzene isotopomer mixture, which had been obtained at much
set of normal mode combinations that are expected to be |ower instrumental bandwidth {612 cnm2).41 The 13C12CsHg

strongly coupled by DarlingDennison and further anharmonic  jsotopomer spectrum is the first such published spectrum in the
resonances. In the local mode picture, one would expect in eachN = 2 CH chromophore absorption region.

CH-stretching overtone region only one dominant absorption  The integrated absorption cross sectfns
feature corresponding to one local CH oscillator with all

vibrational excitation. For the first overtone region, a calculation G=
of the CH-stretching absorption spectrum by lachello and Oss

based on the algebraic “vibron” model has given three IR for the spectra shown in Figure 2 aBCsHe) = 0.0077 pr,

6200 cntt

oo o)yt dv 1)
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Figure 2. FTIR spectra of th&l = 2 CH chromophore absorption of E Y L
benzene at room temperature. The lower panel shows the spectrum of 5800 5900 6000 6100 6200

2.20 mbar benzene (natural isotopomer mixture), the middle panel the
corresponding spectrum of 2.14 mbar depleted benZ&@eHg, °C
99.95%) at room temperature £ 28 m, resolution 0.015 cm). In Figure 3. N = 2 CH chromophore absorption &fCsHs near 6000

the upper panel, the depleted spectrum has been subtracted fronfmM ™. (&) The lower panel shows an FTIR reference spectrum of 2.14
the normal benzene spectrum using appropriate weights, and rescaledmbar depleted benzen®QsHs, °C 99.95%) at room temperaturie

~ -1
v /em

This difference spectrum is essentially due to #i€2CsHs iso- 28 m, resolution 0.015 cm). The upper panel shows the ionization
topomer (note that absorption cross-sections#a#CsHs are only detected ISOS spectrum of jet-cooled benzene, mass gatett at
approximate). 78 u (%CgHg), in a jet-expansion with 500 mbar of Ar. (b) Synthetic
jet spectrum reconstructed from the data of Page, Shen, and Wi,
G(*2CgHg) = 0.0077 prA, and G(*3C12CsHg) ~ 0.0050 prA, intensities corrected for saturation. Note that the corresponding

where the last value is very approximate only. It should be experimental spectrum has in addition significant néise.

stressed that no corrections were applied for loss of partial .5 40 ¢t (fwhm) with a distinct central peak and some diffuse

pressure due to adsorption of sample at the cell walls, etc. Thusjyeqyjar structure dominates the spectrum. The central peak is
we give these values only as rough indications of the absorption 5+ 6005.3+ 0.4 cnr? for 12C4Hg and at 59914 1 cnvt for

strengths and not as definitive values for the integrated band 13C12C4He. Higher CH-stretching overtones 8CsHs are well
strengths, and we provide no uncertainty estimates for theseyeagcribed by a Morse oscillator with, = 3163 cnm! andxm
values (the uncertainty is expected to be larger than 30%). The_ g7 7 cntL, which has been interpreted as the local m&de
values quoted above can be translated into an electric dipolecy gscillator absorptiod®41 The 12CH Morse oscillator vibra-

transition moment b tion for v = 2 is then calculated at 5980 ci and at 5963
cm~1 for the 13CH Morse oscillator taking into account the
(GlpnT) = 41.624M;/D|? (2 change of reduced massBsThe calculated estimatetfC-
isotopomer shift is-17 cnt! or —0.29%. A closer examination
resulting in|Ms| = 0.014 D for GHg and2CsHg, which is of of the experimental spectra reveals some differences in relative
the order of magnitude expected for the local CH Morse intensities and rotational band contours of corresponding
oscillator with a Mecke-dipole model functidi86-8° Earlier transitions, for example, in the wing at higher wavenumbers of

measurements & = 2 polyad band strengths ins8s resulted the main feature, where two additional features are apparent
in G = 0.0077 pm (ref 90) andG = 0.0098 pm (ref 41), in for 13C12CsHg. A further assignment or interpretation of the
good agreement with the present value considering the usualroom-temperature spectra is not possible because of inhomo-
uncertainties. More accurate results could be obtained by geneous structure and congestion. In addition to broad rotational
measuring the band strengths at a well-defined constant vaporcontours, room-temperature spectra are heavily affected by
pressure over a thermostated reser%birhe approximation of vibrational hot-band transitions, because about 40% of benzene
a conservation of the chromophore electric dipole transition molecules are in vibrationally excited states.
moment under a change of internal energy by jet cooling can  3.3. ISOS Jet-Cooled Overtone Spectra and Isotopic Shifts.
in principle be used to translate the relative signal strengths In Figures 3a and 4, the ionization detected 1SOS spectra of
reported below for the jet ISOS spectra into absolute absorptionbenzene in a jet-expansion with 500 mbar of Ar are displayed
Cross sections. and compared with the corresponding FTIR room-temperature
The general appearance of both isotopomer spectra at roomspectra. An UV wavelength of 266 nm (37 594 Thihwas
temperature is similar. A main broad feature with a width of chosen for the IR+ UV ionization. In the natural benzene
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25 . . — TABLE 1: Peak Positions in the Jet-CooledN = 2
3 1 CH-Stretch Overtone Spectra of thel?C¢Hg Benzene
20 7 Isotopomer (Compare Figure 3a)
z  r ] peak no. position/crt@  intensity/m\? remarks
- 10 |- | n (a) Weak and Medium Strong Features at Lower Wavenumbers
05 L A ] 1 5864.8 1.9 Eroag
F . 2 5880.1 2.8 roa
00 [ WARWY iy mmycri] 3 5897.7 3.1
600000 ——+——+—+—+—F—+—+—] 4 5907.5 1.4
i 5 5924.5 4.8 overlapped with no. 6
6 5933.6 7.5 overlapped with no. 5
., 400000 7 5947.8 7.0
§ (b) Overlapped Features in the Envelope of the Main Absorption
© 200000 near 6006 cmt
8 5956.4 2.7
0 9 5958.5 3.4
o 10 5966.6 3.3 broad
11 5973.8 4.9 broad
5800 5900 6(100 . 6100 6200 12 £979.7 =
v/em 13 5985.4 4.9
Figure 4. N =2 CH chromophore absorption 8C*?CsHg near 6000 14 5986.8 5.5
cmL. The lower panel shows a manipulated spectrum, where the FTIR 15 5998.9 14.5
spectrum of 2.14 mbar depleted benzeA€qHs, 1°Cs 99.95%) at room 16 6000.4 16.8
temperature has been subtracted from the FTIR spectrum of 2.20 mbar 17 6005.1 23.6
benzene (natural isotopomer mixture) and rescdled28 m, resolution 18 6006.0 25.4 maximum
0.015 cn?). The difference spectrum is essentially due to'#2°CsHs 19 6012.6 4.7
isotopomer (as in Figure 2). The upper panel shows the ionization 20 6014.6 4.9
detected ISOS spectrum of jet-cooled benzene, mass gatett at 21 6016.4 5.3
79 u (BC2CsHg), in a jet-expansion with 500 mbar of Ar. 22 6018.9 4.9
23 6023.7 3.8 broad
isotopomer mixture, mass gating the ionization detectionat 24 6038 15 very broad
= 78 u and 79 u yielded simultaneously the separate jet-cooled 22 6052 12 very broad
IR spectra of?CgHg and13C12CsHg isotopomers, respectively. (c) Weak Features at Higher Wavenumbers
In comparable jet experiments on anilifferotational temper- 26 6113.6 11
atures of abou5 K have been obtained, and vibrational hot- % gigg'g 2'?
band transitions have been almost completely suppressed; similar  5g 6146 0.7 very broad
conditions are expected to apply here. The spectral simplification 30 6156.2 1.0 overlapped with no. 31
obtained by jet-cooling is striking. The width (fwhm) of 31 6161.6 1.4 overlapped with no. 30
vibrational band contours decreases from about 40t@hroom 32 6170.1 0.8
temperature to about 4 to 5 cifor ?CeHe, and distinct apeak position, estimated accurae@.5 cni'™. ® Peak intensity in

resolved or partly resolved vibrational transitions become the ISOS spectrum (compare Figure 3djormal features have a fwhm
apparent. Tables 1 and 2 provide a listing of the positions and of about 4-5 cnt?, broad features ca. 10 cth and very broad features
intensities of observed transitions in the jet-cool¢e= 2 CH 15-20 cn1™,

chromophore absorption spectra of #€Hs and*C'*CsHs  1pg) £ 5. peak Positions in the Jet-CooledN = 2
isotopomers. Th&2CgHs spectrum (Figure 3a) is essentially in cH-Stretch Overtone Spectra of thel3C12CsHg Benzene

good agreement with the previously published jet spectrum of Isotopomer (Compare Figure 4)

Page, Shen, and Lééput it is not affected by saturation and

. . ; - . peak no. position/crrt 2 intensity/m\?
has a better signal-to-noise ratio. In the detailed comparison,
some differences in band contours and intensities are noticed, % ggﬁ 8'2
however, which are presumably due to different rotational 3 5958 0.45
temperatures, the improved laser bandwidth in the present study 4 5981 0.9
(0.15 cn1! compared to 1 cmt), and the effects of saturation 5 5993 1.7
in the previous investigation (see Figure 3b for a comparison g gigg 8-1471

of line positions and corrected relative intensities). The jet-
cooled spectrum of thé&C*?CsHg isotopomer in Figure 4 is a Peak position, estimated accuraeg cnr. ® Peak intensity in the
reported here for the first time. It demonstrates that the 6.2% ISOS spectrum (compare Figure 4).

abundance in the natural isotopomer mixture of benzene is

sufficient to obtain jet spectra with the new ISOS technique. cm™, whereas spectral contours iFC!??CsHs are much
The strongest peak in thBCgH¢ jet spectrum is located at  broader: from lower to higher wavenumbers, the main absorp-
6006.0+ 0.5 cntl, and the corresponding strongest peak in tion feature and the peak before that feature have a contour with
the 13C12CsHg jet spectrum at 5993: 1 cmil. These peak  a sharp rise in intensity, then a slowly decreasing intensity
positions provide good estimates for the band origind3@- followed by a sharp decline. The entire bandwidth (fwhm) is
isotopomer shift of-13 cnT?! or a relative shift 0of—0.22% is about 15 cm?, but the sharp edges have a half-width of about
thus deduced, which is close to the estimate from the room- 4 cntt only. It is thus likely that part of the broadening is due
temperature spectrum, but much more reliable, because the valuéo spectral congestion, for example, by the different rotational
has been obtained from vibrational bands with much reduced contour of the asymmetric rotor or by the presence of additional
inhomogeneous congestion. fCsHe, the main absorption  vibrational bands that are IR active in t8g, symmetry or arise
feature and other features have a width (fwhm) of abet54  through further allowed anharmonic and rovibrational couplings.
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A degenerate E IR active vibrational band iDg, symmetry
correlates to two IR active bands of, And B, species inC,,
symmetry?® which may be coupled by a strong Coriolis
interaction®® This effect may also give rise to an anomalous
intensity distribution.

3.4. Intramolecular Vibrational Redistribution. A detailed
description of IVR processes in tié = 2 CH chromophore
absorption could be obtained, if the character of all absorption
features could be assigned in terms of both effective and full
molecular Hamiltonian&’ This is not feasible at present.
Previous theoretical studies, however, provide some guidelines
for a tentative statistical interpretation of théCgHe jet
spectrum: The calculations of lachello and Oss have shown
that one strong pure CH-stretching transition prevails in the IR
spectrum of this region, which is calculated to occur at 6004
cm~185 This CH-stretching mode is coupled to the IR field as
a chromophore state. By anharmonic coupling, its vibrational
excitation will be redistributed among many vibrational modes,
giving rise to the observed vibrational bands in the IR jet
spectrum. At 6000 cmi, the vibrational density of states is about
1560 states per cm, as counted in the harmonic approximation
by the Beyer-Swinehart algorithrff using an experimental set
of fundamental vibrations (compiled in refs 23 and 29), E
symmetry is required for an allowed anharmonic coupling with
the &, CH-stretching overtone level. In the regular lifitthe
density of g, states is 2/24= 1/12 of the total density, about
130 states per cnt (note that in the total density of states,
vibrations are multiplied according to their degeneracy, whereas
in the density of vibrational states of a given symmetry species,
degenerate vibrational levels are counted as single levels). If
the off-diagonal coupling matrix elements are uncorrelated and
of the order of or larger than the mean energy between
consecutive coupled states, a Lorentzian with fwhoentered
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Figure 5. (a) Jet-cooled, isotopomer-selective overtone spectrum of
the N = 2 CH chromophore absorption &fCsHs (as in Figure 3a).

The dotted curve is a Lorentzian function with 45¢rfwhm centered

at 5988 cm?, and the dashed curve a Lorentzian function with 15%tm
fwhm centered at 6003 crh (b) Relative Gr(?) (integral of the
absorption cross section) corresponding to the jet-cobled 2 CH
chromophore absorption éfCe¢Hs (as in Figure 3a or Figure 5a), in
arbitrary units. The position of the half-height (solid arrow) and of the
quarter- and three-quarter-heights (dotted arrows) are indicated (see
text for a discussion).

a decay time ~ 0.35 ps of vibrational excitation into a second
tier of vibrational states. This tier could be composed of
vibrational states coupled by weaker anharmonic resonances to

around the chromophore state envelops a series of absorptior® CH-stretching/bending manifold. The two-tier statistical

lines, indicating exponential decay of vibrational excitation from
the chromophore state to the background states with decay tim
7 = W2aT = 1/2xcl (Lorentzian widthl" in energy unitsT in
wavenumber units)>?3Instead of the one-step coupling of the
bright state to the bath, a sequential “tier” picfifrg 343541
appears to provide a better description of IVR in benzene: In
a first tier, the bright CH-stretching state is strongly coupled to
a subset of vibrational states. A broad Lorentzian curve obtained
by a visual fit envelops all absorption features observed in the
experimental jet spectrum (Figure 5a, dotted curve) with fwhm
I' = 45 cnt?, corresponding to a decay time of vibrational
excitation into a first tier of vibrational states of~ 120 fs.

Because CH-stretching and -bending modes are known to be

coupled by strong Fermi resonan@ég’42-50.57.60the first tier
presumably involves the CH-stretching/bending combination
bands of &, symmetry species in the absorption region. The
inferred decay time is compatible with theoretical calculafiiid

and with typical redistribution times found, e.g., for CH-
stretching/bending Fermi resonances in GHr CHXY
compounds$?33.6566The Lorentzian is centered at 5988 Tin
which corresponds to the position of the chromophore state.
Higher CH-stretching overtones are well described by a Morse
oscillator, which has been interpreted as the local mode CH
oscillator absorptioRé411t is interesting to note that the Morse
oscillator levely = 2 is calculated at 5980 cm, close to the
position found here for the chromophore state in khe= 2
polyad absorption. The main absorption feature at 6008'cm
has accompanying weaker satellite lines. A second Lorentzian
obtained by a visual fit envelops these absorption features
(Figure 5a), dashed curve) with= 15 cnT? corresponding to

model proposed here for IVR in thé = 2 CH chromophore

gabsorption is compatible with the experiment and with expecta-

tion. The analysis of the CH-stretching fundamental has provided

a similar coupling schem&:°7.60the IR-active CH-stretching

fundamentalr,g is coupled to the IR field. By strong Fermi

resonances with CH-stretching/bending combination bands,

vibrational excitation is redistributed to an absorption triad,

v1g + v19, @ndvy + v + v19. The latter band is in addition

coupled by weaker anharmonic resonances wjthr ve + v1s.

The 4 cnt! width (fwhm) of features in the jet spectrum of the

N = 2 absorption is an upper bound for the homogeneous

bandwidthI" giving a lower boundr > 1.3 ps for the decay

time of further redistribution of vibrational excitation. Callegari

et al. have obtained the “eigenstate resolved” benzene spectrum

between 6004 and 6008 cfby IR—IR double resonance with

continuous wave laser systems and bolometric deteétith.

From the observed clustering of eigenstates, the authors deduced

further time scales for IVR ranging from 100 ps to 2 ns.
Another useful and more quantitative analy%is possible

by considering the quantity),

) = f%o(v') di’ (3)
or more appropriately, but almost equivalently,
Y S S G
G() = [, o) d ~5.50) 4)

where the lower integration limity is near 5850 cmt, outside
the absorption range, arid is the center of gravity or effective
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v /em’ (a) Stick spectrum, redrawn from Rashev, Stamova, and Djamt3ova.

(b) Stick spectrum convoluted with rotational contours of 5 &fawvhm,
Figure 6. (a) Jet-cooled, isotopomer-selective overtone spectrum of redrawn from Zhang and Marcds.
theN = 2 CH chromophore absorption &1C*2CsH¢ (as in Figure 4).

The dotted curve is a Lorentzian function with 40 ¢rfwhm centered a corresponding Lorentzian curve indeed envelops all absorption

at 5993 cm®. (b) RelativeGr(¥) (integral of the absorption cross 1 : : .
section) corresponding to the jet-cooléti= 2 CH chromophore features of thé3C'CsHg jet spectrum (Figure 6a). The effective

absorption of3Ci2CqHs (as in Figure 4 or Figure 6a), in arbitrary units. 0and center is very close to the value téCcHe, presumably
The position of the half-height (solid arrow) and of the quarter- and because the dominating chromophore absorption is in both cases

three-quarter-heights (dotted arrows) are indicated (see text for adue to2CH Morse oscillators (strictly speaking, 3 types, the

discussion). 13CH Morse oscillator has an expected shift efl7 cnT?).
Because the inherent assumption of one single chromophore
band centerG(¥), corresponding to the jet-cooléd = 2 CH absorption in this analysis is presumably not strictly valid for

chromophore absorption 8fCsHg (as in Figure 3a or Figure  13C12CsHg, the actuall’ due to IVR will be somewhat smaller
5a), is shown in Figure 5b. The effective band center is obtained than the 40 cm! obtained by the integration method. We thus
from the position of half-height of this function, whereas the estimatel’ < 40 cnT? and a resulting approximate decay time
effective widths are obtained from the quarter- and three-quarter- of vibrational excitationr > 130 fs. This very fast decay of
heights centered around this position. One obtéins: 5995 initial vibrational excitation is most likely due to strong
cm~1 for this chromophore absorption with width= 60 cnt?, anharmonic Fermi resonances between CH-stretching and CH-
in reasonable agreement with the visual fit shown in Figure 5a. bending modes, because similar resonances and redistribution
We thus finally quotel’ = 50 + 10 cnt! and a resulting times have been found fdfC¢Hs (see above) and CHXor
approximate decay time of vibrational excitatiorr 100 fs CHXY, compound$2:33.6566 A further and more detailed
combining both approaches. The basis of this dynamic analysisanalysis of the3C12CsHs jet spectrum has to await additional
is the assumption of one single chromophore absorption carryingexperimental and theoretical results to guide the assignment.
all the oscillator strength in the integration range, an assumption In particular, a detailed analysis of the= 1 CH chromophore
that has had some theoretical basis for a long &#&32 (see, absorption around 3058100 cnt?! should be feasible; it is
in particular, the historical review in ref 32) and that has been anticipated to provide results that could help to unravel the
justified again more recently, e.g., by the “vibron” model analysis of theN = 2 absorption. Such studies are in progress,
calculations of lachello and Oss (ref 85, see also above). Forapplying the new ISOS scheme to the spectroscopy of benzene
12CgHs, this chromophore absorption probably resembles the isotopomers.
excitation of local®?CH Morse oscillators. Zhang and Marcu8 have calculated the absorption spectrum
Due to the similarities in the general appearance of the jet of 12C¢Hg in the 6000 cm? region using an anharmonic force
spectra, theN = 2 CH chromophore absorption &fC12CsHg field together with dipole moment derivativ&sMore recently,
can probably be interpreted on similar general lines as outlined Rashev et al. have also published a calculated spectrum based
here forl?CgHg. Because no theoretical calculations exist to our on anharmonic force field$?° and symmetrized complex
knowledge to guide the assignment, only a preliminary analysis coordinated? Relative intensities in the stick spectrum were
of the IVR dynamics can be made at this stage using somecalculated by assuming local CH oscillators as zeroth-order
simple models: On the basis of a local mode picture, one could “bright” states. Both calculated spectra are shown in Figure 7.
expect two chromophore absorptions fC2CsHg in this A comparison with our experimental jet spectrum shows perhaps
overtone region, a strong absorption due to |Idé&H Morse qualitative, but certainly not quantitative, agreement; also both
oscillators, and a weaker absorption due to the 56 Morse calculations differ markedly. Because they are based on force
oscillator. Assuming now that the absorption of the I0éalH fields, which were also used in theoretical IVR studies, this
Morse oscillators is dominating, one can attempt a similar disagreement between theory and experiment casts also some
quantitative analysis as before for tH€sHs isotopomer: In doubt on the reliability of the corresponding theoretical calcula-
Figure 6b, G(¥) is shown for the jet-cooledN = 2 CH tions of IVR, in particular concerning details on longer time
chromophore absorption 8iC1°CsHg. The effective band center  scales. Further progress in the understanding of IVR in the
is obtained afig = 5993 cnr? with width T' = 40 cnt?, and important model molecule benzene could be achieved by
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alternative theoretical models to be developed in close com- more than three decades. Our work is supported financially by
parison with experimental jet spectra. It would also be interesting the ETH Zirich (including C4, CSCS and AGS) and the
to perform calculations based on the most recent anharmonicSchweizerischer Nationalfonds.
force field by Miani et al 2°
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