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Eigenstate resolved infrared–infrared double-resonance study
of intramolecular vibrational relaxation in benzene: First overtone
of the CH stretch
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The first eigenstate resolved, near the infrared spectrum of benzene in the region of the first C–H
stretch overtone~6000 cm21! has been obtained with an IR–IR double-resonance molecular beam
optothermal spectrometer. Using a hierarchical tree analysis and level spacing statistics, we show
that the intramolecular vibrational relaxation occurs nonergodically over at least seven different
time scales ranging from 100 fs to 2 ns. ©1997 American Institute of Physics.
@S0021-9606~97!02701-3#
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The Letters to the Editor section is divided into four categories entitled Communications, Notes, Comments, and Errata.
Communications are limited to three and one half journal pages, and Notes, Comments, and Errata are limited to one and
three-fourths journal pages as described in the Announcement in the 1 January 1997 issue.
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I. INTRODUCTION

Since the pioneering work of M. Berry and co-worker1

benzene has been one of the most important model sys
for the study of intramolecular vibrational relaxation~IVR!
~see Refs. 2–4, and references therein!. Recent experimenta
work has focused on jet-cooled samples in the region of
first and second overtones, near 6000 and 8900 cm21,
respectively.3,5 Because of the linewidth of the lasers em
ployed, the effective resolution of these experiments wa
few cm21, allowing the study of IVR dynamics of 2nCH on
time scales of;1 ps or less. The spectrum reported by Pa
et al.5 shows the presence of at least 30 vibrational ba
spread over a range of 300 cm21. The bright state is believed
to consist of a CH stretching excitation intermediate betw
local and normal mode motion.6 Each peak in the spectrum
represents a resonance in the early time dynamics w
arises from the mixing of this vibration with a manifold o
states produced by other in-plane vibrational modes. The
vival probability calculated from this spectrum, reveals
IVR ‘‘lifetime’’ for the bright state of 100 fs. The qualitative
features of the experimental spectra have been reproduc
theoretical models by Iung and Wyatt,2 Zhang and Marcus,7

and Iachello and Oss.8

Thanks to recent improvements in our molecular be
spectrometer,9 we now have the sensitivity and the resoluti
to obtain an eigenstate resolved spectrum of the first o
tone band of benzene, which allows us to extend the t
interval over which IVR has been studied in this molecule
more than 4 orders of magnitude. To solve the spectral c
gestion problem we have used near-IR/mid-IR double re
nance. This gives a spectrum originating from a single,
signed, lower rotational level of the ground vibrational sta
432 J. Chem. Phys. 106 (1), 1 January 1997 0021-9606/9
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thus completely eliminating the inhomogeneous rotatio
contribution.

II. EXPERIMENT

The experiment has been carried out using an optot
mal molecular beam laser spectrometer which has been
scribed in detail in a previous paper.10 Briefly, a 1% mixture
of benzene in helium is expanded through a 50mm nozzle at
a backing pressure of 60 psi~410 kPa!. A molecular beam,
formed by collimating the expansion with a 0.5 mm conic
skimmer, impinges on a liquid He cooled bolometer whi
senses the change in the energy content of the beam. A
cm downstream from the skimmer, the beam is pumped w
about 1 W of 13CO2 laser radiation at 9.6mm in a single,
almost orthogonal, crossing. This is enough IR power
strongly saturate then14

rQ0(2) transition which is only 17
MHz from the center of theR30 line of the 13CO2 laser,

11

giving about 10mV of signal when the laser is chopped
280 Hz. Further downstream, the beam interacts with 1
mm radiation from a commercial F-Center laser12 that probes
the C–H stretch overtone. The interaction region is loca
inside a resonant cavity which enhances the circulat
power by a factor of 100 in this wavelength region. A d
tailed description of the cavity is reported in Ref. 9.
V-type double-resonance signal is seen as a dip in the 10mV
baseline generated by the CO2 laser only when the transition
pumped by the two lasers share the same lower level.
average CO2 laser frequency is locked to the peak of th
bolometer absorption signal, yet some excess noise du
frequency fluctuations of the laser is still present. A spec
problem is posed by the fact that occasionally large f
quency excursions of the CO2 laser occur, putting the lase
off resonance with the molecular transition. This causes
7/106(1)/432/4/$10.00 © 1997 American Institute of Physics
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433Letters to the Editor
baseline to shift down briefly, which could be mistaken for
double-resonance signal. Given the highly non-Gauss
character of this noise, two scans of the same spectrum w
collected under the same experimental conditions, retain
only those features which appear in both spectra. For c
bration purposes, the absorption spectrum of iodometh
has been collected in a White-type gas cell simultaneou
with the benzene beam spectrum. A scanning 150 MHz c
focal etalon is used to linearize the spectrum. Estimated
solute and relative accuracy of the calibrated spectrum ba
on the literature value of the iodomethane lines13 are 5 and 1
MHz, respectively.

III. RESULTS

In the top panel of Fig. 1 the double-resonance C–
stretch overtone spectrum of the feature centered at 6
cm21 is shown. All the transitions originate from theJ52,
K50 ground state. TherR0(2),

rQ0(2), transitions and the
weaker rP0(2) are recognizable as separated clumps
about 60, 70, and 40 lines, respectively. Assignment of e
spectral line to one of the three clumps has been made b
on visual inspection of relative intensities and line positio
except for the regions where two clumps overlap. In the
ter case, direct comparison betweenP,Q, andRbranches has
been made by superposition of the strongest feature of e

FIG. 1. Top panel: stick spectrum with all the observed double resona
transition from theJ52, K50 level. Bottom panel: theQ andR transitions
enlarged and superimposed top-to-bottom for comparison.
J. Chem. Phys., Vol. 106,
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branch, as shown in the bottom panel of Fig. 1 for theQ and
R branches. Although this procedure is rigorously corr
only if the IVR and rotational dynamics are separable,
observed spectra show striking similarities between the li
in each branch. This in turn means that, at least for these
J states, anharmonic coupling strongly dominates over C
olis coupling, and that the relative shifts between the bri
state and the bath states coupled to it do not significa
change withJ. The standard deviation of the separation b
tween corresponding lines in theQ and R branches
~1–531023 cm21, depending upon the criterion used
match those lines that do not have an immediately evid
counterpart! is reasonably close to the value of 2.531023

expected based upon the spread inDB for the 20 perturba-
tions observed by Pliva and Pine14 in the n12 fundamental.

The observed density of coupled states for the cen
portions of theR andQ branches is very close to the valu
calculated ~based on a harmonic Hamiltonia
approximation15! for the density of bath states with the sam
symmetry as the bright state: 100 and 133 states per cm21,
respectively. The same is not true for theP branch, which is
about three times less intense due to the Ho¨nl–London fac-
tor, nor for the wings where the intensity fades. When
significant fraction of the lines disappears into the noise,
roneous conclusions about the underlying dynamics may
derived. Therefore most of the observations reported be
are based on the appearance of theR andQ branch portions
mentioned above, where we are confident that almost all
coupled states are observed.

IV. TREE ANALYSIS

The clustering of lines evident in Fig. 1, makes this sp
trum a good candidate for a hierarchical analysis, which w
developed in Ref. 16 and applied to an overtone spectrum
propyne in Ref. 17. The idea behind such an analysis is
artificially degrade the resolution of the observed spectr
by convoluting it with a Gaussian of large enough width~G!
such that no structure is resolved, and then to see how u
solved features split asG is decreased. This gives a quan
tative assessment of the amount of clustering, and an
mate of the number of distinct time scales present in
spectrum. In terms of the standard tier model of IVR,18,19this
analysis estimates the number of coupled tiers present
spectrum. The graphical representation of such a tree, ge
ated from theQ-branch of the spectrum in Fig. 1, is pre
sented in the bottom panel of Fig. 2. For comparison, a t
from the spectrum of Ref. 5 is shown in the top panel. T
time scales for the two panels range from approximately 1
fs ~the top split of the tree in the top panel! down to approxi-
mately 40 ns~the last node on the tree in the bottom pane!.

There is a direct correspondence between~i! large gaps
between the nodes of a tree, the presence of distinct t
scales in the spectrum, and the presence of tiers sequen
coupled to the bright state,~ii ! the number of such gaps, th
number of distinct time scales, and the number of succes
tiers, ~iii ! the position of each gap, the magnitude of t
corresponding time scale, and the effective coupling to

ce
No. 1, 1 January 1997
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434 Letters to the Editor
corresponding tier. Also, the number of states coupled to
bright state up to a certain tier is approximately equal to
number of nodes above the corresponding gap. Visual
spection of the trees in Fig. 2 reveals the following. There
a large gap between the top node and subsequent node
both trees. There are also significant gaps below the sec
and fifth nodes of the top tree indicating that there
roughly three and then six states in subsequent tiers. T
numbers are close to those quoted in Ref. 5 for the numbe
IR active modes: 3 and 7 neglecting and including Fe
resonances, respectively. The tree for the present spect
which is shown in the bottom panel of Fig. 2, indicates th
besides the two distinct groups discussed above, there
distinct gaps below nodes 3, 4, and 8 which in turn indic
a clumping of the spectrum into 4, 5, and then 9 groups. T
results of the visual inspection can be quantified using
techniques discussed in Ref. 16. The rest of the analysis
focus on the region of theQ-branch where the density o
observed states is close to the calculated value, as expla
at the end of the previous section. This region includes li
19 to 61, as measured from low to high energy.

Parsimonious tree analysis16,20 has been used to find th
number of distinct time scales present in the spectrum
parsimonious tree replaces a particular tree with one wh
nodes can occur only at a fixed number of specified wid
whose values minimize a suitably chosen error function.16,20

The error function measures the ‘‘distance’’ between the p

FIG. 2. Top panel: hierarchical trees generated for the spectrum of P
Shen, and Lee~Ref. 5!. ~v52!. Bottom panel: the tree for theQ-branch of
the spectrum of Fig. 1. The dot near the bottom of the top tree and the
emanating from it indicate where the tree of the bottom panel should
attached.
J. Chem. Phys., Vol. 106,
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simonious tree and the actual tree. An elbow in the cu
obtained from plotting the absolute error vs the number
allowed widths is expected when the number of time sca
is properly identified.16 A parsimonious tree analysis show
that there areapproximatelyfour distinct time scales in the
middle portion of theQ-branch, indicating roughly four
coupled tiers of states. These widths, 0.087, 0.042, 0.0
and 0.0063 cm21 from the bottom panel of Fig. 2, can b
converted into the time domain to 0.17, 0.35, 0.85, and
ns. The longest time scale can be observed in the Fou
transform of this portion of theQ-branch where there is a se
of distinct, somewhat weak recurrences at 2 ns.

V. DISCUSSION

We have performed a number of statistical tests on
spectrum in order to extract information about the dynam
of benzene. Fourier transformation of the spectral autoco
lation function yields lifetimes which are about the same
all three observedJ states~'25 ps!, almost one order of
magnitude longer than the estimate given by Pageet al.5

However a more careful inspection of the autocorrelat
function reveals that two other time scales~about 100 ps and
1 ns! are involved. One very important question is wheth
any approximately good quantum numbers are still preser
on the time scale corresponding to the average level spa
~'20 ns!. Classically, this corresponds to incomplete ra
domization of the vibrational energy into the bath
symmetry-allowed dark states, as opposed to the comp
randomization expected for chaotic dynamics. In the c
where no good quantum numbers except energy and ang
momentum are left, level repulsion is expected according
the Gaussian orthogonal ensemble model~GOE! of Dyson.21

Conversely, if there is a set of one or more hidden quant
numbers, a Poisson distribution of the energy levels is
pected. We have observed that the spacing distribution in
case is reasonably well fit by a Poisson distribution, and e
more so by a slightly modified version of it due to Brody22

P~S!5aSb exp~2bSb11!, ~1!

where the additional parameterb is introduced in order to
account for attraction/repulsion between the energy lev
TheQ branch exhibits weak attraction~clustering! between
the levels, as can be inferred from the small negativeb pa-
rameter~20.2 overall,20.1 center portion! obtained in the
fit, whereas theR branch follows overall a Poisson distribu
tion, with some weak repulsion in the center portion~b
50.2!. These observations are confirmed by theD3
statistics23 which also tests for remnants of long range ord
in the spectrum that could originate from GOE-type sta
tics. As shown in Fig. 3, the result is consistent with
almost perfect Poisson distribution for theR branch and a
weak clustering for theQ branch. The deviation from a per
fect Poisson distribution at long range allows us to estim
the number of sequences present in the spectrum to be a
five, each one corresponding to different values of some
of quantum numbers whose nature and identity are at pre
unknown to us. In general, it’s not surprising to observe t
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435Letters to the Editor
the dynamics still exhibit some remnants of order. Inde
this has been previously observed for other molecules, s
as NO2, at a time scale on the order of 200 ps.24 What is
surprising in this case is that this happens for such a, c
paratively speaking, big molecule as benzene, on a very
time scale~20 ns!.

In summary, we have observed and rotationally assig
an eigenstate resolved spectrum of benzene in the regio
the first C–H stretching overtone. Analysis of both this, a
a previously observed5 lower resolution spectrum revea
highly hierarchical dynamics with at least seven distinct ti
scales spanning 100 fs to 2 ns. The dynamics produc
highly mixed, but not statistical even at infinite time, dist
bution of vibrational excitation. These results may have i
portant consequences for the assumptions made by R
Ramsperger–Kassel–Marcus and other statistical approa
to chemical reactions in large polyatomic molecules.
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