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Intramolecular vibrational redistribution in aromatic molecules. I.
Eigenstate resolved CH stretch first overtone spectra of benzene

A. Callegari,a) U. Merker,b) P. Engels,b),c) H. K. Srivastava, K. K. Lehmann,
and G. Scolesd)

Department of Chemistry, Princeton University, Princeton, New Jersey 08544

~Received 17 December 1999; accepted 5 September 2000!

We have used infrared–infrared double resonance spectroscopy to record a rovibrational eigenstate
resolved spectrum of benzene in the region of the CH stretch first overtone. This experiment is the
first of a series aimed at investigating intramolecular vibrational energy redistribution~IVR! in
aromatic molecules. The experiment has been carried out in a supersonic molecular beam apparatus
using bolometric detection. A tunable resonant cavity was used to enhance the on-beam intensity of
the 1.5mm color center laser used to pump the overtone, and a fixed frequency@R(30)# 13CO2 laser
was used to saturate the coincidingn18

rQ(2) transition of benzene. After assigning the measured
lines of the highly IVR fractionated spectrum to their respective rotational quantum numberJ,
analysis of the data reveals that the dynamics occurs on several distinct time scales and is dominated
by anharmonic coupling with little contribution from Coriolis coupling. After the fast~;100 fs!
redistribution of the energy among the previously observed ‘‘early time resonances’’@R. H. Page,
Y. R. Shen, and Y. T. Lee, J. Chem. Phys.88, 4621 ~1988! and 88, 5362 ~1988!#, a slower
redistribution~10–20 ps! takes place, which ultimately involves most of the symmetry allowed
vibrational states in the energy shell. Level spacing statistics reveal that IVR produces a highly
mixed, but nonstatistical, distribution of vibrational excitation, even at infinite time. We propose that
this nonintuitive phenomenon may commonly occur in large molecules when the bright state energy
is localized in a high-frequency mode. ©2000 American Institute of Physics.
@S0021-9606~00!00345-7#
ra
-

e
io
es
f
e

t o
le

os
iz

an

the
y-
es
ace
, the
pace

an
ary
the

h the
s

e

eir

-
sti-
ann,

ty-
ore,
the

non
-
re-

er

ma
I. INTRODUCTION

A. Background

The issue and the very existence of intramolecular vib
tional energy redistribution~IVR! was raised in Slater’s pio
neering dynamical theory of unimolecular reaction rates1 and
the statistical theories of Rice and Marcus2,3 and Rosenstock
et al.,4 from which modern theories evolved.5,6 In statistical
theories, IVR is assumed to be rapid and complete, while
Slater’s theory, in which the vibrational modes are assum
to be perfectly harmonic and noninteracting, the react
proceeds only when a particular superposition of th
modes causes the reaction coordinate to reach the top o
reaction barrier. Recently, however, it has become evid
that both the assumption of no randomization and tha
total randomization are too strong, and that real molecu
are better described by an intermediate picture that is cl
to one or the other extreme depending on the molecular s
structure, energy, and on the time scale considered.

Two different reasons may prevent complete energy r
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domization: either an IVR rate that is slow compared to
unimolecular reaction rate, or intrinsically nonergodic d
namics. In the first case the molecular motion simply ‘‘do
not have the time’’ to explore all of the available phase sp
before the reaction occurs. In the second case, instead
motion is constrained to a subset of the available phase s
and complete energy randomization cannot occur, even in
infinite amount of time. Note that, because of the necess
presence of quantum interference, only about one-third of
a priori available phase space can be accessed, even wit
strongest mixing.7 We shall therefore refer to this limit a
that of complete~in the quantum sense! energy randomiza-
tion.

That IVR rates can be slow, even for relatively larg
molecules~.10 atoms! at energies as high as 6000 cm21 has
been observed before. The study of slow IVR~100 ps and
longer! was pioneered by Perry and co-workers, with th
study of the CH stretching fundamentals of butyne.8,9 Quack
and co-workers10–12have found that the lifetime of the acety
lenic CH stretch fundamental and overtone in various sub
tuted acetylenes could be longer than 10 ps. Later, Lehm
Scoles and co-workers13–16 have studied the IVR of the
acetylenic CH stretch in a similar series of substituted ace
lenes and found lifetimes as long as several ns. Furtherm
the measured lifetimes appear to be uncorrelated with
magnitude of the total density of states. This phenome
can be explained11,14,17 as due to a lack of low-order cou
plings, which produces bottlenecks that prevent the fast

-

il:
3 © 2000 American Institute of Physics
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distribution of energy from the initially excited state.
The issue of ergodic versus nonergodic energy redis

bution is somewhat more controversial. Bixon and Jortne18

have given a set of sufficiency criteria for the existence
irreversible energy redistribution in isolated molecules,
quiring strong, uniform coupling matrix elements betwe
the initially prepared state and all other vibrational stat
where strong means much larger than the average spaci
vibrational states. The requirement of uniform couplings h
been relaxed by Kay19,20 to the more likely assumption tha
the couplings be strong, but allowing them to be statistica
independent. Similar assumptions, although applied to q
a different multibody system, lead to the well-known Gau
ian Orthogonal Ensemble model proposed by Dyso21

which has worked exceedingly well in explaining the stat
tical properties of the energy levels of atomic nuclei and
since become the reference model in the study of ergo
dynamics. Small molecules, with a sufficiently low dens
of states, may not satisfy the strong coupling requirem
and hence exhibit nonergodic dynamics. There is, howe
some evidence that nonergodic IVR dynamics is possi
even for relatively large molecules~see, e.g., Refs. 22–26!.
For recent reviews on IVR, see Refs. 11, 23, and 27–29

B. Current issues

When are the requirements for ergodic dynamics19–21

fulfilled ~if at all! in a molecule? The aforementioned su
cesses of statistical theories~e.g., RRKM! in predicting the
rates of unimolecular reactions, and of random ma
theory30 ~e.g., the Gaussian Orthogonal Ensemble model! in
predicting the energy spectrum of several different ma
body systems, would suggest that most molecules should
hibit ergodic energy redistribution, but a clear answer to
question has yet to be been found. It was suggested by F
and Nitzan,31,32 that ‘‘perhaps it is the statistical character
the initial state which is responsible for the success of
statistical theories.’’ As for random matrix theory, its su
cessful description of atomic nuclei may well be related
the peculiar nature of these highly confined and strongly
teracting multiparticle systems. It is not obvious to what e
tent a similar description would be appropriate for model
molecular dynamics.

In light of the findings discussed in the previous sectio
it appears that neither thefastnor thedemocraticcharacter of
the IVR process required by statistical theories should
taken for granted, even in large molecules.

Ideally, one would like to be able to reliably predict th
rate and extent of IVR for a given molecule and a giv
method of excitation, starting from a small number of m
lecular parameters. Recent theoretical models have been
~starting from semiempirical potential energy surfaces! to
successfully reproduce the experimentally observed dat
molecules as large as benzene33–47and (CH3)3 CCCH17 with
densities of states in some cases in excess of 107/cm21. To
what extent is the knowledge gained about these spe
molecules transferable to ‘‘similar’’ molecules, and how c
the similarity be quantified? To what extent can the obser
dynamics be explained by means of some ‘‘universal la
Downloaded 22 Jun 2001 to 128.112.83.42. Redistribution subject to A
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and how much of it instead depends on the fine details of
potential energy surface and of the initially prepared stat

At the two extremes we find the following: on one sid
the case of total predictability, where some sort of ‘‘gro
behavior’’ ~see, e.g., Refs. 11,48! can be defined and trans
ferred from one molecule to another~analogous to the con
cept of group frequencies in infrared spectroscopy!. On the
other side we have total unpredictability, where the dynam
of every individual molecule and initial excitation has to b
worked out from first principles with the great expense
computational effort.

A sensible approach is to study a series of molecu
large enough~number of degrees of freedom and density
coupled states! to be considered typical, but at the same tim
with a simple enough structure that allows for accurate m
eling. Benzene (C6H6), pyrrole (C4NH5), and triazine
(C3N3H3), the aromatic molecules chosen for this purpo
satisfy all the requirements as ‘‘benchmark systems.’’ Th
have a reasonably large number of atoms~'10! but a rela-
tively rigid structure that removes the problem of deali
with strongly anharmonic low-frequency motions~e.g., inter-
nal rotor torsional modes! that plague other potentially inter
esting candidates. Hopefully this will make it possible
calculate the most relevant couplings from semiempiri
andab initio potential energy surfaces, with sufficient acc
racy to make these molecules ‘‘textbook models’’ for t
study of vibrational redistribution in a system of couple
oscillators. It is not by chance that one of these molecu
~benzene! has become the focus of possibly the largest nu
ber of experiments in the history of IVR, as well as a benc
mark system for most theoretical models. The first pape
this series will be dedicated to the study of benzene, wh
the results relating to the other two molecules will be p
sented later.

C. Previous work on benzene

Numerous theoretical and experimental papers have
vestigated benzene fundamental49–54 and overtone
vibrations33–47,55–65 and potential energy surface.66,67 The
observed fundamental frequencies are reported in Tab
along with the two commonly used Wilson’s and Herzberg
naming conventions. Note that throughout the paper we
be consistently using Wilson’s mode numbering.

Since the pioneering work of Berry and co-workers,55,57

benzene overtones have become one of the most impo
model systems for the study of IVR. The early experimen
work57 investigated the CH stretching fundamental and ov
tone bands up tov59, but because of extensive inhomog
neous contributions to the measured spectra, their interpr
tion remained ambiguous. Theoretical modeling by Sib
et al.40 indicated that the overall spectral width of the visib
bands reflects rapid IVR via Fermi resonances between
C–H stretching local modes and the C–H bend norm
modes. However, dynamics on a time scale longer t
;100 fs could not be inferred from the experimental resu
due to the rotational and hot band congestion present in th
room temperature spectra.

More recent experimental work on the overtone sp
trum has exploited free jet cooling of the molecules, whi
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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dramatically reduces inhomogeneous effects. Because o
lowering of the transition dipole with increasing overto
order, these experiments are restricted to the near IR, par
larly the first and second overtone bands near 6000 and 8
cm21, respectively.59–61

The spectrum of the first overtone region, reported
years ago by Pageet al.,59,60 shows the presence of at lea
30 vibrational bands, spread over a range of 300 cm21 ~the
lower panel of Fig. 1!. The bright state of this transition i
believed to consist of a CH stretching excitation intermedi
between local and normal mode motion.58 The multiplicity
of bands mentioned above arises from the mixing of t
state with a small subset of the available vibrational states

TABLE I. The observed gas-phase fundamental frequencies of benz
from Refs. 51 and 67 and references therein. Wilson’s mode numbe
convention is used throughout this paper.

Sym Wilson no. Herzberg no. ñ/cm21

a1g n2 n1 3073.942
n1 n2 993.071

a2g n3 n3 1350
b1u n13 n5 3057

n12 n6 1010
b2u n14 n9 1309.4

n15 n10 1149.7
e2g n7 n15 3056.7

n8 n16 1600.9764
n9 n17 1177.776
n6 n18 608.13

e1u n20 n12 3064.3674
n19 n13 1483.9854
n18 n14 1038.2670

a2u n11 n4 673.974 65
b2g n5 n7 990

n4 n8 707
e1g n10 n11 847.1
e2u n17 n19 967

n16 n20 398
Downloaded 22 Jun 2001 to 128.112.83.42. Redistribution subject to A
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light of earlier theoretical studies,46,47 it is tempting to iden-
tify this first tier of coupled states with the states involvin
only in-plane vibrational modes. However, recent stud
discussed in Sec. III B have shown that out-of-plane con
butions cannot be neglected.

Each peak in the spectrum shown in the lower pane
Fig. 1 represents a resonance that is produced by the e
time dynamics of the C–H stretch vibrational energy red
tribution.

We will refer to these features as ‘‘first-order’’ states,
emphasize that they come from the diagonalization of
zeroth-order Hamiltonian perturbed with the strongest c
plings. The survival probability calculated from this spe
trum, reveals an IVR ‘‘lifetime’’ of the bright state of 100 fs
The qualitative features of this and other experimental sp
tra have been reproduced in theoretical models by Lung
Wyatt,33 Zhang and Marcus,46,47 Lachello and Oss,62 and
Rashevet al.65

The experiments of Refs. 59–61 were carried out w
pulsed laser sources of limited spectral resolution, whi
combined with the residual inhomogeneous rotational str
ture present even under molecular beam conditions, lea
an effective resolution of a few cm21, limiting the study of
IVR dynamics to a time scale shorter than about 1 ps.

This leaves unanswered two questions of fundame
importance for the study of reaction rates in large polyatom
molecules.

~1! After the initially excited state has undergone the fi
step of IVR mixing with the in-plane modes, how muc
time will it take for further energy redistribution to oc
cur? This time is equal to the lifetime that would b
observed for one of the ‘‘first-order’’ states prepared
the initial state. Nicholson and Lawrance63 have recently
given a lower limit ~t.21 ps! for some of the ring
modes involved, up to an energy of 8200 cm21, which

e,
g

h
een

rk
FIG. 1. Thev52 overtone spectrum of the CH stretc
in benzene. The spectrum in the bottom panel has b
reconstructed from the data of Pageet al. ~Ref. 59!; the
top panels are the transitions observed in this wo
originating from theJ52, K50 ground state.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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suggests that vibrational energy flow from the first tier
states into the full bath might be generally slower th
previously thought.

~2! Is this second energy redistribution complete or inco
plete? Incomplete IVR implies the presence of so
quantum numbers other than energy and total ang
momentum that are approximately conserved in the t
evolution of the bright state. Classically, this corr
sponds to the fact that only part of the available ph
space is accessed by the trajectory originating from
initially prepared state.

The improvement in sensitivity of our molecular bea
spectrometer obtained with the power buildup cavity d
scribed in Sec. II has enabled us to measure the first over
band of benzene with full resolution of the rovibrational e
genstates thus extending the time interval over which I
has be studied in this molecule by a factor greater t
10 000. Preliminary results have already been reported
previous communication.64 The congestion of the spectrum
deriving from the concurrent effects of extensive fractio
ation of the bright state, a highly degenerate rotational str
ture, and small rotational constants has been overcom
using mid-IR/near-IR double resonance. This allows us
obtain the spectrum originating from a single, assign
lower rotational level of the ground vibrational state. The
fore, having eliminated the inhomogeneous rotational str
ture, we have been able to unambiguously prove that it ta
about 20 ps for the second step of energy redistribution
occur. Furthermore, we have also obtained evidence that
redistribution is not achieved within the time limit7 corre-
sponding to the finite density of states.

II. EXPERIMENTAL APPROACH

The original version of the spectrometer along w
some of the main modifications that lead to the current se
have been described before.15,68,69 Briefly a 1% mixture of
benzene in helium is expanded in a vacuum chamber thro
a 50mm nozzle at a backing pressure of 400 kPa. A 0.5 m
skimmer lets only the center portion of the free jet expans
into a second vacuum chamber, thus forming a w
collimated molecular beam. Farther downstream, the bea
then probed by a color center laser tuned in the CH overt
region. The laser interacts with the beam in a single,
thogonal crossing inside a resonant power buildup ca
~BUC! that enhances the circulating power by an estima
factor of 500 in this wavelength region. Excitation of a m
lecular vibration is detected by sensing the increased en
of the beam with a cryogenically cooled bolometer loca
downstream of the BUC.

The only significant change made to the spectrometer
this particular experiment has been to implement a dou
resonance scheme made necessary by the need to isola
contribution from a single initial rotational state out of a
extremely congested spectrum. A few cm downstream fr
the skimmer and upstream from the BUC, the beam
pumped with about 1 W of 13CO2 laser radiation at 9.6mm
in a single—almost orthogonal—crossing. Here 1 W is
enough IR power to strongly saturate then18

rQ0(2) transi-
Downloaded 22 Jun 2001 to 128.112.83.42. Redistribution subject to A
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tion of benzene whose frequency is only 17 MHz away fro
the center of theR30 line of the 13CO2 laser,53 giving about
10 mV of signal when the laser is chopped at 280 Hz. In
single resonance spectrum an absorption signal is seen a
increase in the energy of the beam, any time the color ce
laser hits a molecular transition. In contrast, in a double re
nance experiment a signal is seen~on top of the 10mV
baseline generated by the CO2 laser! only when the transi-
tions pumped by the two lasers share a common level.
signal appears as a dip in the baseline when the transit
pumped by two lasers share theirlower state, i.e., the ground
state~V-type double resonance!. Alternatively the signal ap-
pears as a peak on top of the baseline if the transi
pumped by the second laser originates from an18 vibra-
tionally excited molecule, prepared by the first laser~ladder-
type double resonance!. Transitions of this second type~al-
though not the main scope of this investigation! have been
observed in the frequency region investigated here~Fig. 2!,
shifted with respect to their V-type counterparts by the cro
anharmonicity of the C–H stretching withn18.

Excess noise, due to power and frequency fluctuation
the CO2 laser, is present in the baseline of the double re
nance spectra and brings the total measured noise up to a
100 nV/AHz from the usual value of 40 nV/AHz. A special
problem is posed by the fact that—even if the average C2

laser frequency is locked to the peak of the bolometer
sorption signal—occasionally large frequency excursions
cur, putting the laser off resonance with the molecular tr
sition. This causes the baseline to shift down for a sh
moment, which could be mistaken for a double resona
signal. The highly non-Gaussian distribution of the
pseudolines, together with their observed line shapes, ca
used to discriminate them from real transitions. In order

FIG. 2. The double resonance molecular beam spectrum of benzene
served with the probe laser tuned to the region of the CH stretch first o
tone. Downward-going peaks correspond to transitions from the gro
state, depleted by the pump laser, to thevCH52 pure overtone manifold.
Upward-going peaks correspond to transitions from the upper state (n18)
populated by the pump laser, to the 2nCH1n18 manifold.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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minimize the possibility of making a mistake, two scans
each spectrum were collected under the same experim
conditions, retaining only those features that appeared
both scans.

The signal to noise ratio obtained was sufficient for t
investigation of the spectrum of the strongest ‘‘first-orde
feature~6005 cm21 in the spectrum of Pageet al.!, but it was
clear that eliminating the excess noise was needed to in
tigate the second most intense transition~6000 cm21! and
perform a meaningful comparison between the two spec

We have found that the power and frequency instabi
of the CO2 laser were mainly the consequence of an irregu
discharge in the laser tube caused by the imperfect insula
of one of the metal plates supporting the laser tube Z
windows. The metal plate occasionally acted as a sec
cathode diverting the plasma discharge from its normal p
thus disturbing the laser action. After fixing the problem w
were able to collect the spectrum of the second state~about
half the intensity! with the same signal to noise. In this wa
it became possible for us to compare the dynamics of
different first-order states of the overtone manifold and stu
its dependence on the amount of CH stretching characte
the bright state.

III. RESULTS AND DISCUSSION

A. Assignment and rotational state analysis

In the bottom panel of Fig. 1 the CH stretch overto
spectrum of benzene has been reconstructed from the da
Pageet al.59 as a sum of Lorentzian peaks. The intensity a
center position of the peaks have been taken from Table
Ref. 59, and the full width at half-maximum has been se
the value of 4 cm21 reported there. The results of our hig
resolution investigation of the two strongest peaks is sho
in the two top panels~note the 100-fold magnification of th
frequency scale!. We will refer to them as band A~6005
cm21! and B ~6000 cm21!, respectively.

We treat each of these first-order states as a sepa
chromophore and study the dynamics that each would h
if separately prepared as the initial state~e.g., by a short lase
pulse of appropriate spectral width!. This description is ap-
propriate, as long as there is a separation of time scales in
IVR dynamics, which is indeed the case here. These fi
order states do not necessarily coincide with a pure
stretch anymore, as a result of the mixing caused by the e
IVR dynamics.

Each of the two bands is composed of more than 2
lines, which must be assigned to a complete set of quan
numbers before proceeding with the analysis of the unde
ing dynamics. Since these are V-type double resonance s
tra, all observed transitions must originate from theJ52,
K50 ground state labeled by the CO2 laser. This, in con-
junction with the selection rulesDJ50, 61 andDK561
for a perpendicular band, restricts the candidates for an
signment to three transitions only:rR0(2), rQ0(2), and
r P0(2) corresponding to the upper rotational statesJK8

8
531,21,11 , respectively. Lines corresponding to all thr
possible transitions are visible in the spectra as three part
overlapping clumps:rR0(2) andrQ0(2) with about the same
Downloaded 22 Jun 2001 to 128.112.83.42. Redistribution subject to A
f
tal
in

s-

.
y
r

on
e

nd
h,

o
y
of

of
d
of
o

n

ate
e,

he
t-
H
rly

0
m
y-
ec-

s-

lly

relative intensity andr P0(2) with about 1/4 relative inten-
sity. ~This ratio is erroneously reported as 1/3 in our fi
paper.64! For single resonance spectra, Ho¨nl–London factors
give a 1:5:4 intensity ratio for theP, Q, and R transitions,
respectively. For double resonance spectra, some correc
apply, depending on the relative polarization and the deg
of saturation of the two transitions.70 Given that in our ex-
periment the degree of saturation of the first transition a
the relative laser polarization are both uncontrolled para
eters, the observed intensities can be considered, in ag
ment with the expected ones.

Since there is no ambiguity in the notation we will ofte
refer to these clumps just as theR, Q, andP clumps, respec-
tively. Because of the lower relative intensity of theP
branch, several of its weaker transitions have probably
appeared into the noise, and, in fact, only about 60% of
lines observed in theQ or R branches have a counterpart
theP branch. Therefore, unless otherwise specified, the li
of theP clumps have not been used for quantitative analy
A preliminary assignment of each observed line toJ851, 2,
or 3 has been made simply by visual inspection of the re
tive intensities and line positions. The assignment has b
checked and—in the regions where two clumps overlap
refined by a direct comparison betweenP, Q, andR branches
as shown in Fig. 3 for theR andQ branches.

The procedure is, in principle, rigorously justified on

FIG. 3. A comparison between the different transitions originating from
same (J52, K50) lower state observed in the eigenstate resolved sp
trum. The R branch lines~downward! are made to approximately coincid
with the corresponding ones in the Q branch by shifting them down
1.134 78 and 1.139 22 cm21, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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when transitions to the same final state are compared
when the IVR and rotational dynamics are completely se
rable, i.e., the interaction between vibrations and rotation
negligible in comparison to the interaction between the
brations themselves. Although the finalJ is not the same
here, the similarities observed between different rotatio
levels~see Fig. 3! point to the fact that—at least for the low
J states studied here—the IVR dynamics is strongly do
nated by anharmonic coupling with a negligible contributi
from Coriolis coupling. It is also quite clear from the com
parisons that the position of the bath states involved in
dynamics is not much different atJ53 than atJ52, which,
in turn, implies that these bath states have similar rotatio
constants. The degree of similarity is an important param
since it is related to the ergodicity~or lack thereof! of the
dynamics, as discussed below. It can be quantified by ca
lating the standard deviations2,3 of the frequency difference
between pairs of corresponding lines inrQ0(2) andrR0(2).
We assume that the bath states in the energy region u
investigation have rotational constantsB85B91DB, where
B9 is the ground state rotational constant andDB is normally
distributed with variancesB . Then, indicating witĥ & the
average over all pairs:

s2,35A^~DB!2@J~J11!J532J~J11!J52#2&

56A^~DB!2&56sB . ~1!

Unfortunately the procedure is to some extent arbitrary, si
it is not necessary that all the lines in one branch have a c
counterpart in the other, and, in fact, some of them actu
do not have one. To simply disregard these lines is likely
give an underestimate of the actual value ofs2,3, while just
pairing them with the closest available match is likely to gi
an overestimate. A reasonable compromise, often use
statistical data analysis, is to calculates2,3 with the latter
procedure, discard the pairs whose mismatch is larger
3s2,3 and then recalculates2,3.

The valuesB55.031024 and 4.131024 cm21 thus ob-
tained for the A and B band, respectively, can be compa
with the corresponding variance ofDB for the bath states in
the C–H stretch fundamental region, to check if the m
than 100-fold increase in the density of vibrational sta
going from the fundamental to the overtone region produ
an increased degree of mixing between the states. If the
states have the same degree of mixing in the fundament
in the overtone region then the value ofsB for the overtone
should be twice the value for the fundamental. This ari
from the fact that~see Ref. 71, p. 400! for a state with
v1 ,v2 ,...,vn quanta in mode 1,2,...,n:

DB52( a iv i , ~2!

and states in the CH stretch overtone energy region have
average, twice as many vibrational quanta as those in
fundamental. Conversely, if mixing of the bath states
creases significantly going from the fundamental to the ov
tone, then their rotational constants are equalized by the m
ing and the increase ofsB is smaller than the twofold value
expected. Remarkably, the value of 2.131024 cm21 esti-
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mated forsB in the CH fundamental region from the 2
perturbing states observed by Pliva and Pine50 speaks, unex-
pectedly, in favor of unchanged mixing.

B. IVR dynamics

Once the lines in the spectrum have been assigned
cording to theirJ, K quantum numbers, it is possible to sta
analyzing the underlying dynamics. Most of the followin
analysis~in particular, the level spacing statistics! would be
severely biased if the finite signal to noise would cause
many of the weakest transitions to disappear into the no
preventing their observation. Therefore the first quantity t
we want to analyze and compare to the expected value is
observed density of coupled states. The expected densi
coupled states has been calculated from the inverse Lap
transform of the partition function72 in the harmonic approxi-
mation using the fundamental frequencies of Table I. T
harmonic approximation clearly underestimates the ac
density of states. However, for the low average number
quanta in each mode typical of the energy region inve
gated, it has been estimated73 that the error is less than 10%
For benzene, we estimate a worse-case error by neglec
the CH stretch anharmonicity and placing the overtone 1
cm21 higher, at 6100 cm21. At this energy the calculated
density of states is larger by 16%, which is clearly an ov
estimate, since the CH stretch has the largest anharmon
among all the modes and since the average number of qu
per mode is low. In light of this, even a 10% error is still
safe estimate.

Of the calculated 1600 states/cm21 at the energy of 6000
cm21, on average about 1/12 (rcalc5133/cm21) have the
right e1u symmetry to couple to the bright state.74

The observed density of coupled states can be calcul
as

robs5~N21!/DE, ~3!

whereN is the number of states observed andDE the energy
range they occupy. In all cases the value obtained is low
at least for theQ andR branches, at most within a factor 2 o
the expected 133/cm21, making us confident that we do see
large fraction of the coupled states. This is especially tru
we limit ourselves to the center portions of the clumps wh
the intensity is higher and less lines are likely to be lost in
the noise. Furthermore, the statistical analysis of level sp
ing carried out in the next section give values of the aver
density of states in accordance with those calculated h
For both A and B bandsrobs does not depend appreciably o
J, which confirms the initial impression that Coriolis cou
pling does not play a significant role in the dynamics, at le
for the low-J states investigated here.

An important question to answer is the following: wh
would be the lifetime of the first-order bright state if we we
to prepare it att50 with, say, a short laser pulse? To es
mate the IVR ratekIVR , we have chosen the Fermi golde
rule:

G IVR52p^V2&r, ~4!

kIVR5GIVR /\, ~5!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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with the value ofr given by Eq.~3! and that of^V2&, the
average squared matrix coupling element, given by the re
of a Lawrance–Knight deconvolution of the spectrum75

When, as in our case,V and r are given in cm21 and
states/cm21, respectively, the equations above give

kIVR54p2^V2&rc. ~6!

This method is not as self-evident as fitting an expon
tial decay to the survival probability obtained from the Fo
rier transform of the spectrum autocorrelation function~see
below!. However, it has the advantage of giving a more
bust estimate of the actual rate, since the estimated rate
culated from spectral autocorrelation can change sign
cantly, depending on which portion of the initial decay
used for the fit. The values obtained from Fermi’s gold
rule are reported in Table II.

In all cases the lifetimes range from 10 to 20 ps, which
almost one order of magnitude longer than the estimate g
by Pageet al.,59,60 based on the linewidth of the peaks
their spectrum and clearly limited by their finite laser res
lution. Quite remarkably, the observed lifetimes are com
rable to the lower limit~t.21 ps! determined by Nicholson
and Lawrance63 for the ring modesnn112n6 (n50→7) up
to 8200 cm21. This agreement suggests a two step IVR p
cess for the C–H stretching overtone. In the first step~'100
fs!, the initial excitation is rapidly redistributed among a fir
tier of states—which includes thenn112n6 ring modes—
producing the spectrum observed by Page and co-work
Then, in a second, slower step~'10–20 ps!, further redistri-
bution occurs into a larger bath~possibly the full bath of
available states! thus producing the same linewidth observ
by Nicholson and Lawrance for the ring modes. Since th
retical models46,47 using only a planar-benzene Hamiltonia
have being able to reproduce the features of the Pageet al.
spectra, it is tempting to identify the first tier of states w
the in-plane vibrations. This intuitively reasonable a
physically appealing picture is, however, only a conveni
approximation at best. Recent theoretical studies34,36–38,45

show that the out-of-plane modes also give a non-neglig
contribution to the early energy redistribution. Howev
these same studies demonstrate that at 9.6 ps the relaxat
not complete, and that population continues to flow into c
tain low frequency modes on this time scale or longer.

TABLE II. Average properties of the IVR multiplets observed in the C
stretching overtone spectrum of benzene. The multiplets are labeled wit
rotational quantum numberJ and energy of their parent bright stateEb :
average coupling (^V&) and total square of the coupling (( Vi

2) to the bath,
number (Nd) and densityrobs of observed coupled states, and the lifetim
from Fermi’s golden rule (tGR). The density of states calculated with th
statistical methods of Sec. III C,rapp, is also listed for comparison.

Eb ^V& ( Vi
2 robs rapp tGR

J8 cm21 Nd 1022 cm21 (1022 cm21)2 states/cm21 ps

1 5998.54434 32 5.18 858 30 10
2 5999.32159 79 2.89 659 88 85 11
3 6000.42639 98 2.72 725 104 107 11
1 6004.72700 36 3.53 448 49 14
2 6005.50787 71 2.63 491 67 68 18
3 6006.63914 62 2.65 435 59 59 20
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The survival probability~Fig. 4!, calculated from the
Fourier transformation of the spectral autocorrelation fu
tion:

P~ t !5u^C~ t !uC~0!&u2

5E e2 ivt dvE I ~v8!I ~v2v8!dv8, ~7!

yields qualitative agreement for the lifetimes~20–25 ps!
when a negative exponential is fitted to the initial dec
rates, although the exact value changes by a few ps, dep
ing on which portion of the initial decay is used for the fi

Further inspection of the survival probability reveals th
there are at least two other relevant time scales involved
the IVR process: the time for the first recurrence to occur a
the time necessary for damping the recurrences. The
time scale~95 ps for band A and 55 ps for band B! is related
to the substructure visible in Fig. 3, and specifically to t
presence of two distinct subclumps in eachJ, K multiplet.
This is the time that it takes for the excitation to oscilla
back and forth between the two groups of states, and
proportional to the inverse of their separation. The secon
approximately the time that it would take for each of t
subclumps to dephase separately and can be thought o
this point, as the minimum time for ‘‘irreversible’’ decay t
occur.

Another important question that we want to answer
the following: how much of the available phase space
actually sampled by the IVR dynamics? An ergodic syst
will sample all regions of phase space democratically in
time average, subject only toa priori constants of the
motion.76 One convenient measure of this degree of ergod
ity is the fraction F of available states that are actual
accessed:7

he

FIG. 4. The survival probability calculated from the Fourier transform of t
spectrum autocorrelation function. The band termed ‘‘A’’ is the one o
served around 6005.5 cm21; the band termed ‘‘B’’ is the one observe
around 5999.3 cm21. For greater clarity the plots are offset vertically by 0
from each other.
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F5
Na

Na*
, ~8!

with

Na* 52p2^V2&r2, ~9!

the maximum theoretical number of accessible states, an

Na5S (
i

pi
2D 21

, ~10!

the actual number of states accessed, wherepi are the nor-
malized spectral intensities. Notice that the formula forNa*
given in Ref. 7 is too large by a factor of 2, due to the fa
that in the derivation ofNa* @Eq. ~20!# the author substitute
G ~the full spectral width! for l ~the spectral half-width!.
Quantum interference limits the number of states acces
even in the most ergodic system, to one-third of thein prin-
ciple available states.7,76 Therefore,F is expected to be 1/3
for completely ergodic systems and proportionally sma
for the less ergodic ones. Notice thatNa , as defined above, i
not very sensitive to weakly coupled states that are ea
lost in the noise in the experimental spectrum, since t
contribute very little to( i pi

2. ThatNa* also can be expresse
in a way that is not sensitive to missing levels, becom
evident when we use the equivalent definition:

Na* 5pG IVRr, ~11!

which holds as long as we have a reliable estimate of the
density of statesr. In fact, G IVR is, roughly speaking, pro
portional to the spectral width and, as such, it is not v
sensitive to missing levels. On the other hand, there i
larger uncertainty as to what the true density of states is.
best estimate is the valuercalc5133/cm21 calculated above
which we believe to be accurate. Table III lists the value oF
thus obtained for the IVR multiplets investigated in th
work. In all cases the value found is, on average, 26% lo
than the expected value of 1/3 for complete relaxation, po
ing to a large, but still incomplete, energy redistribution. T
implications of possible errors in the estimate of the tr
density of states will be discussed in Sec. III D. It is impo
tant to stress here that the harmonic approximationunderes-
timates the true density of states. Hence, any correct
would increasercalc and decrease the experimental value
F, ultimately giving a larger discrepancy with the 1/3 lim
value.

C. Level spacing statistics

Incomplete energy redistribution from the initially pre
pared state implies that the bath of vibrational states
which the energy is redistributed is not a fully mixed on
Mixing destroys all approximate quantum numbers, tha

TABLE III. Fraction ~F! of available states accessed by the observed I
multiplets.

A band B band
J52 J53 J52 J53

0.31 0.26 0.20 0.22
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all those that—unlike, e.g., energy and total angu
momentum—do not correspond to true constants of the
tion. One may then wonder whether the lack of full mixin
may preserve some of these approximate quantum numb
The presence of substructure in the observed IVR multipl
noted in Sec. III B, already implies that there are appro
mate quantum numbers that are preserved in the early p
of the vibrational energy redistribution. The question
whether some of these quantum numbers are still prese
on the longer time scale explored by our experiment, wh
is given by the resolution of the spectrometer~'6 MHz!
through the uncertainty principle:Dt'1/(2p Dn)'25 ns.
The presence of approximate quantum numbers can be
tected by the characteristic spectral features they give rise
In the case where no good quantum numbers are left o
than energy and angular momentum, all states interact w
one another and mutual repulsion of the energy levels~spec-
tral rigidity! is expected according to the Gaussian Ortho
nal Ensemble model~GOE! of Dyson.21 Conversely, if there
are approximately good quantum numbers still present,
els with different quantum numbers interact very weak
with one another. The spectrum is then formed by the sup
position of several noninteracting GOE sequences~one per
quantum number! and, when a large number of sequences
present, the distribution of the energy levels becomes in
tinguishable from a random~Poisson! distribution.

We have tested the degree of spectral rigidity with t
D3 statistics of Dyson and Mehta:77

D3~L !5min
A,B

S 1

L E
E2L/2

E1L/2

@N~E!2A2BE#2 dED , ~12!

which basically measures the deviation of the staircase fu
tion N(E) ~the number of observed levels with energy le
than E! from the best fit straight lineA1BE. The two ex-
treme cases of a pure GOE and a pure Poisson spectrum
characterized by a remarkable difference in theL dependence
of D3 . Namely, whenL is normalized to the average spa
ing, D35L/15 is expected for the Poisson andD3

'1/p2@ ln(L)20.0687# for the GOE case.
The results obtained for theQ and R branches of both

the observed first-order states~see Fig. 5! point to a random
~Poisson! distribution of the energy levels in all four case
This implies that the spectrum does not consist of a sin
GOE sequence, but rather of several noninteracting o
corresponding to approximately good quantum numbers
are conserved on the time scale explored by the experim

Before proceeding further, an important side issue m
be examined. As already pointed out before, one must
careful about a possible bias introduced in the test by inco
plete sequences produced by the finite signal-to-noise ra
In order to rule out this possibility we have performed t
following test: we have assumed that the spectrum actu
doesconsist of a single GOE sequence of unknown den
rGOE, where only a fractionf of the levels are observed, an
then checked whether the assumption is consistent with
observed spacings. Lehmann and Coy78 give a formula for
the expected level spacing distributionP(s) as a function of
f andrapp5 f rGOE ~the apparent density of states!, which is
used here to calculate the likelihood function:
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. D3 statistics for the molecular
beam spectrum of the first CH stretc
overtone of benzene. The band terme
‘‘A’’ is the one observed around
6005.5 cm21; the band termed ‘‘B’’ is
the one observed around 5999.3 cm21.
The solid curves plotted are, startin
from the bottom, the limiting cases fo
~a! the single GOE sequence with n
missing levels,~b! one, ~c! two, and
~d! four GOE sequences of equal den
sity, of which only 50% of the levels
are observed,~e! a Poisson spectrum
L is normalized to the average leve
spacing.
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L~rapp, f !5)
i

P~si ,rapp, f !, ~13!

for the set of observed spacings$si%. As prescribed by stan
dard statistical methods79,80 the best estimatesf̄ and r̄app are
given by the values that maximize the likelihood functio
While the confidence level of the parameters thus obtai
can be quite precisely determined by bootstrapping te
niques, the procedure is quite laborious and time consum
for large samples. Therefore we have chosen to use the
lihood ratio method, which, for large samples, is much fas
and almost as accurate.80

Given

T~r, f !5
L~ r̄app, f̄ !

L~rapp, f !
, ~14!

the quantity22 lnT follows, in the limit of large samples, a
x2 distribution with one degree of freedom. The confiden
region at the levela for the parameters is then simply give
by the set of parameters that satisfy the relationship

T~r, f !,x12a
2 , ~15!

wherex12a
2 is defined such that

P~x2.x12a
2 !5a. ~16!

The results obtained are shown in Fig. 6 and reported
Table IV with their 1s confidence intervals. It is evident tha
if the hypothesis being tested is true, the real density of b
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states not only must be much higher than thercalc value
calculated before for the density of vibrational states ofe1u

symmetry ~133/cm21!, but also must be higher than th
(2J11)rcalc value expected in the case of complete bre
down of theK symmetry, produced by Coriolis coupling, th
presence of which is, in any case, not detected in the spe
~see above!. Therefore, there is strong evidence that under
reasonable circumstances is the hypothesis of a single
quence compatible with the observed spectra, and hen
must be rejected.

Unfortunately, determining the exact number of s
quences present in the spectrum is not possible, given
limited number of states observed. An estimate can be fou
however, based on the above conclusion that at least 50%
the states are actually observed, and on the following sim
consideration. For a spectrum composed of several arbit
GOE sequences, each with fractional densityr i :81

D3~L !5( D3~r iL !GOE. ~17!

When only a fraction of the actual levelsf is, on average,
observed, each term of the sum in Eq.~17! is proportionally
reduced. On the other hand, a new term arises from the ‘‘r
dom’’ disappearance of the remaining 12 f fraction of levels
~see the Appendix!. This gives

D3~L !5~12 f !
L

15
1 f 2( D3S r iL

f D
GOE

, ~18!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Confidence regions for the hy
pothesis that the observed benze
overtone spectra are composed of
single GOE sequence of densityr, of
which only a fractionf with apparent
densityrapp5 f r is actually observed.
The band termed ‘‘A’’ is the one ob-
served around 6005.5 cm21; the band
termed ‘‘B’’ is the one observed
around 5999.3 cm21. The curves de-
fine the 1s and 2s confidence regions
according to the likelihood function
defined in Eq.~13!. A small dot indi-
cates the most probable value for th
parameters. The results are also r
ported in Table IV.
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whereL is normalized to theobservedaverage spacing.
Since in all cases the observedD3 ~Fig. 5! does not

deviate from theL/15 line up toL525, the remaining con-
tribution must come from the presence of several GOE
quences. As can be seen from the same figure, assuming
the GOE sequences that compose the spectrum all hav
same density~the most unfavorable case!, four or more in-
dependent sequences are still required to explain the
served trend.

This conclusion implies the presence of four or mo
conserved quantum numbers, whose nature and identity
at present unknown to us. In particular, it is not clear
whether the sequences correspond to different values o
same quantum number, or to different quantum numbers

TABLE IV. Parameters corresponding to the maximum of the likeliho
function of Eq.~13! for the observed spectra of benzene. Densities of st
~r! are given in states/cm21. The uncertainties given are one standa
deviation.

A band B band
J52 J53 J52 J53

f ,0.07 ,0.05 ,0.15 ,0.07
rapp 6868 5967 8569 107612
rGOE .970 .1180 .560 .1500
(2J11)rcalc 665 931 665 931
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together. In general, it is not surprising to observe that
dynamics still exhibit some remnants of order. Indeed t
has been previously observed for other molecules, suc
NO2, on a time scale on the order of 200 ps.82 What is
surprising in our case is that this happens for su
a—comparatively speaking—large molecule as benze
even on the rather long time scale~25 ns! explored by the
experiment.

D. Comparison with a model calculation

In order to understand what type of Hamiltonian is co
patible with, and likely responsible for, the observed featu
of the benzene overtone spectrum, we have performe
simple model calculation. In analogy with random matr
theory, we consider the most general Hamiltonian comp
ible with our a priori knowledge in which a single brigh
state is randomly coupled to a bath of dark states. The b
states zeroth-order energies are drawn from a uniform di
bution centered on the bright state energy, with a densitr
5rcalc5133/cm21. The couplings between the bright sta
and each of the bath states in turn are drawn from a Gaus
random distribution with zero mean and standard deviat
V̄52.131022 cm21, such thatG52pV̄2r is equal to the
averageG IVR for the four multiplets analyzed. Couplings be
tween each pair of bath states are drawn from a Gaus
random distribution with zero mean and standard deviat

s
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W̄, which is kept as an adjustable parameter. In order
minimize edge effects, we start with 400 bath states, dia
nalize the corresponding Hamiltonian and retain only the 2
central eigenstates to calculateD3 and F ~see above!. The
results of this model calculation are summarized in Figs
and 8. Figure 7 shows the value ofF for synthetic spectra
generated withW̄/V̄ varying from 0.01 to 1 in 5% incre-
ments. As expected, the average value ofF increases with
increasing bath–bath coupling, but with visibly large fluctu
tions about the average. These large fluctuations preven
exact pinpointing of the extent of bath–bath coupling th
corresponds to the values ofF of the observed spectra. I

FIG. 7. The calculated fraction~F! of available states accessed by the IV
dynamics as a function of the bright state–bath to bath–bath coupling r
Thin lines show the result of a pseudolinear fit and the 1s confidence bands
The thick lines shows the region compatible with the range of values oF
observed experimentally.

FIG. 8. CalculatedD3 statistics for different ratios of the bright state–ba
(V̄) to bath–bath (W̄) coupling. From top to bottom: (W̄/V̄50, 0.1, 0.2, 0.5,
1!. Each point corresponds to the average ofD3(L) over 20 randomly gen-
erated spectra. Solid lines are the limits expected for Poisson and
spectra, respectively.
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spite of this, Fig. 7 justifies the belief that the ratio of brigh
bath to bath–bath coupling must likely be smaller than 0
More compelling evidence comes from the results presen
in Fig. 8, whereD3(L) is plotted forW̄/V̄50, 0.1, 0.2, 0.5,
and 1. Again, a comparison with the experimental resu
~Fig. 5! shows that the observed spectral features are inc
patible with a strong bath–bath coupling, i.e., withW̄/V̄ ra-
tios higher than 0.2.

It is important to remark here that theD3 andF statistics
lead to the same result in two complementary ways. As
have remarked earlier,D3 statistics give useful information
only when a substantial fraction of the coupled states
observed, which we believe to be the case, based on
estimate of the density of states. However unlikely, compl
breakdown of theK rotational symmetry and anharmon
interaction, which we have neglected in our treatment, co
give rise to a much more dense bath than expected,
making the result of theD3 analysis unusable. On the othe
hand, theF statistics remains valid, as discussed, as long
the appropriate density of states is used in Eq.~11!. It is clear
from the previous discussion that an increased density
states would proportionally decrease the value ofF for the
experimentally observed spectra, thus pointing even m
strongly to a weakly coupled bath.

The question arises then as to what is the physical rea
why the bright state is more strongly coupled to the bath th
the bath states are among themselves. Giving a definite
swer without the support of accurate—and tim
consuming—calculations is very difficult or perhaps impo
sible. There is, nevertheless, a simple and often overloo
argument that could prove this apparently counterintuit
phenomenon to be the rule rather than the exception.

It is well known that the coupling matrix elements b
tween two vibrational states on average decrease expo
tially with the order of the term in the Hamiltonian expa
sion that connects the two states, that is, with the ‘‘distanc
in quantum number between the two states.23,83–85Perhaps
less obvious, the state for which all the energy is in t
highest frequency mode has—at least in the limit of a sys
with an infinite number of vibrational modes—a uniqu
property among the set of states in the same energy she
‘‘distance’’ from a state taken at random from the set is,
average, the shortest. If—as in the present case—the b
state corresponds to the highest-frequency mode, one w
then find it normal for the bright state–bath coupling to
stronger than the bath–bath coupling. That the minim
‘‘distance’’ property holds for the bright state thus defin
follows from two facts.

~i! In a system with an infinite number of vibrationa
modes at a given energy, the probability that tw
states taken at random have nonzero quanta in
same vibrational mode is zero. Then the ‘‘distanc
between these two states is simply the sum of th
total number of vibrational quanta.

~ii ! Since the bright state has the highest frequency, it a
has the smallest number of total vibrational quanta
a given energy.

Then, withnb the number of quanta in the bright sta

io.

E
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~two in the case of benzene! andnd (.nb) the average num
ber of quanta in the bath, the average bright state–bath
tance isnb1nd , which is smaller than the average bath–ba
distance 2nd .

The above reasoning also holds for finite systems,
long as the average number of quanta per mode is m
smaller than 1. Unfortunately, in benzene at 6000 cm21 this
approximation fails for the lowest-frequency modes. An a
ditional complication arises from the fact that couplings d
crease exponentially with the distance in quantum num
This implies that the average coupling is sensitive to the
of the distribution of distances on the short distance side,
one needs to know not only the average but also the widt
the distribution. In order to overcome these problems,
have adopted the more robust choice of computing the br
state–bath and bath–bath distance distribution directly fr
the list of vibrational states in the energy region of intere
calculated in the approximation of harmonic frequenci
Since generating all the vibrational states in the 6000 cm21

region is a very time consuming task, we have random
picked a suitable subset of them. The procedure is sim
and quite convenient for all the situations where the to
number of vibrational states is too large to handle: for e
state in the subset the number of quanta in each vibrati
mode is randomly chosen from a Boltzmann distributi
with a fictitious temperatureT0 . When the appropriateT0 is
chosen, the energy of the states chosen with this metho
strongly peaked at the energy of interest, and states in
same energy shell have the same probability of being
domly picked. Therefore the states chosen are an unbi
subset of the full collection of states in which we are int
ested. The energy distribution can be narrowed down
needed, without introducing any bias by simply discard
states with total energy outside a prescribed window.

The definition of distance between two modes in
molecule with degenerate vibrational modes requires a l
care. It is convenient for this purpose to use symmetri
vibrational coordinates39,65and label the states with the num
ber of quanta in each symmetrized coordinate:$ni%
5(n1 ,n2 ,...,n30). In this way each$ni% has a well-defined
~complex! symmetry and the distance between two sta
$mi% and$ni% is simply ( i umi2ni u.

For our calculation we have usedkT05606 cm21 and
kept only states that fall in the 5800–6200 cm21 energy win-
dow. Figure 9 shows the distribution of distances, resp
tively, between the bright state and 10 000 randomly cho
bath states and between 10 000 couples of randomly ch
bath states. For the sake of convenience we have disrega
the symmetry of the states, that is, we have assumed tha
the chosen states belong to the same symmetry class a
bright state. This should not introduce any approximation
long as the distribution of distances is the same for all sy
metry classes. It is evident from the plot that the avera
bright state–bath distance is smaller by about two qua
than the average bath–bath distance. Furthermore, eve
shorter distances, the curve for the bright state remains ab
or comparable to the distribution for the bath–bath distan
An additional contribution could come from the fact th
anharmonic coupling is generally stronger for states with
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quanta in a single mode~like our bright state! than it is for
states with small numbers of quanta in each mode.86

IV. SUMMARY AND CONCLUSIONS

An analysis of the eigenstate resolved spectrum of b
zene in the region of the first C–H stretching overton
joined by a comparison with previously reported results,
veals a highly nonergodic energy redistribution dynamics
volving several different time scales. The secondary ti
scales observed are much longer than the 100 fs previo
observed for the primary IVR time scale of the CH stretchi
vibration. The dynamics appears dominated by anharmo
coupling, with little or no contribution from Coriolis cou
pling. The time necessary for secondary energy redistri
tion ~'10–20 ps!, which is comparable with the estimate o
Nicholson and Lawrance for the relaxation of ring modes
to 8200 cm21 suggests a two step process, with fast redis
bution to a first tier of states and subsequent slow redistr
tion to the complete bath. Level spacing statistics reveal
the dynamics produces—even at an ‘‘infinite time’’—
highly mixed, but not statistical, distribution of vibrationa
excitation. We have shown how this incomplete IVR
likely to originate from a bath–bath coupling that is mu
weaker than the bright state–bath coupling. We propose
this nonintuitive feature could be typical of large molecul
whenever the bright state vibrational energy is localized i
high-frequency mode.

The results obtained show the power of eigenstate
solved molecular beam spectroscopy as a tool for study
intramolecular vibrational energy redistribution in relative
large molecules. We have also shown how the informat
provided by eigenstate resolved spectra is not limited to
IVR of the bright state. When the appropriate estimators
used, eigenstate resolved spectra can provide useful info
tion about bath–bath couplings~hence about their IVR! us-
ing the bright state IVR as a clock. These results also sh
how statistical methods nicely complement ‘‘exact’’ Ham

FIG. 9. The distribution of the bright state–bath~filled squares! and bath–
bath~unfilled diamonds! distance~in vibrational quantum number space! for
20 000 randomly selected states at'6000 cm21. Note that the distances ar
discrete values, and the lines serve only as a guide to the eye. Note als
vertical log scale.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tonian analysis~discussed, e.g., in Ref. 87! in extracting dy-
namical information from frequency resolved spectra. Wh
exact methods give the most detailed information and ar
such, preferrable whenever possible, often the size of
molecule or the complexity of the spectra makes their ap
cability impossible. In this case, approximate statistical c
cepts become very valuable. Furthermore, these concept
ing not molecule specific, they are helpful to understand
general features of IVR. In light of the results of this wor
the assumptions made by RRKM and other statistical
proaches for the calculation of chemical reaction rates
large polyatomic molecules should perhaps be reconside
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APPENDIX: D3 STATISTICS FOR MULTIPLE,
INCOMPLETE SEQUENCES

We want to prove that for a spectrum composed of s
eral arbitrary GOE sequences, each with fractional den
r i , when only a fraction of the actual levelsf is, on average,
observed:

D3~L !5~12 f !
L

15
1 f 2(

i
D3S r iL

f DGOE , ~A1!

whereL is normalized to theobservedaverage spacing. A
similar formula is given by Mukamel, Sue, and Pande88

without proof. Note that Ref. 88 uses a different notatio
theref is the fraction ofmissinglevels, and 12 f is the frac-
tion of observedlevels.

Let us indicate with a primed symbol the actual~un-
known! value of a parameter and with unprimed symbols
observed value. ThusL8 andL5 f L8 will be the length of an
interval in average spacings~true and observed spacing, r
spectively!, n8 the number of actual levels in a given interv
andn the number of observed levels in the same interva

We start by considering the varianceS2(L8)5^n82&
2^n8&2 of the number of levels observed in an interval
length L8. For a single GOE sequence with no missi
levels:30

SG
2 ~L8!5

2

p2 @ ln~2pL8!1a#, ~A2!

with a5g112p2/8.
To treat the case of a single sequence with missing

els, we first need to find the probabilityPf(L8,n) of observ-
ing n levels in an interval of lengthL8, when every level in
the interval has a probabilityf of being observed. This is
given by

Pf~L8,n!5(
n8

P~ f ,n,n8!PG~L8,n8!, ~A3!
Downloaded 22 Jun 2001 to 128.112.83.42. Redistribution subject to A
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wherePG(L8,n8) is the probability that a perfect GOE se
quence hasn8 levels in a given interval of lengthL8 and
P( f ,n,n8) is the probability of observingn of thesen8 levels
when each individual level has a probabilityf of being ob-
served. The latter is given by the binomial distribution:

P~ f ,n,n8!5 f n~12 f !~n82n!S n8
n D . ~A4!

Then

^n& f ,L85(
n

nPf~L8,n!

5(
n

(
n8

nP~ f ,n,n8!PG~L8,n8!, ~A5!

changing the order of summation gives

^n& f ,L5(
n8

(
n

nP~ f ,n,n8!PG~L8,n8!

5(
n8

f n8PG~L8,n8!5 f ^n8&G,L8 , ~A6!

with ^n&G,L the average number of levels in an interval
lengthL for a perfect GOE sequence.

Similarly,

^n2& f ,L85(
n

n2Pf~L8,n!

5(
n

(
n8

n2P~ f ,n,n8!PG~L8,n8! ~A7!

5(
n8

(
n

n2P~ f ,n,n8!PG~L8,n8!

5(
n8

f n8~12 f 1 f n8!PG~L8,n8! ~A8!

5 f ~12 f !^n8&G,L81 f 2^n82&G,L8 . ~A9!

Substituting in

S f
2~L8!5^n2& f ,L82^n& f ,L8

2 ~A10!

gives

S f
2~L8!5 f ~12 f !^n8&G1 f 2~^n82&G2^n8&G

2 ! ~A11!

5 f ~12 f !L81 f 2SG
2 ~L8!, ~A12!

which can be written as

S f
2~L !5~12 f !L1 f 2SG

2 ~L/ f !. ~A13!

Substituting the above formula in the definition30

D3~L !52/L4E
0

L

~L322L2R1R3!S2~R!dR, ~A14!

gives

D3~L ! f5~12 f !L/151 f 2D3~L/ f !. ~A15!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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If the n8 level in a given interval comes fromi different GOE
sequencesn1 ,n2 ,...,ni with n11n21¯1ni5n, the hy-
pothesis of statistical independence gives

SG
2 ~L8!5( 2/p2@ ln~ni8!1a#, ~A16!

and the same calculation performed above for a single
quence gives the desired result:

D3~L ! f5~12 f !L/151 f 2(
i

D3~r iL/ f !. ~A17!
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FIG. 2. The double resonance molecular beam spectrum of benzen
served with the probe laser tuned to the region of the CH stretch first o
tone. Downward-going peaks correspond to transitions from the gro
state, depleted by the pump laser, to thenCH52 pure overtone manifold.
Upward-going peaks correspond to transitions from the upper state (n18)
populated by the pump laser, to the 2nCH1n18 manifold.
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FIG. 7. The calculated fraction~F! of available states accessed by the IV
dynamics as a function of the bright state–bath to bath–bath coupling r
Thin lines show the result of a pseudolinear fit and the 1s confidence bands.
The thick lines show the region compatible with the range of values oF
observed experimentally.
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