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With picnsecond spectroscopy and molecular besms it is shown that nonchentic mulrilent
vibrationst energy Now is present in Iarge polysinmic molecules This Lelier reparts on this
novel ahservation snd its probing of 1the fundsmenial process of encrgy redistiibution in

motecules

FACS numbers A2 20 Rp 33 S0 Hv

The fundamental process of collivionless in-
tramolecular  vibrational  energy  redisiribution
(IVR) in polyatomic molecules has been extensive-
ly studied for at least two major reasons. Firsily,
IVR plays a central role in a wide variety of molecu-
lsr processes such as muktiphoton dissociation,
laser-selective chemistry, radintionless transitions,
and unimolecular resctions'  Secondly, clasical
and semiclassicsl treatments’ of vibretions! dynam-
ics in a coupled two-mode system (Henon-Heiles
Hamillonien) have revesled interesting changes in
vibrational motion (guasiperindic or chaolic) which
depend on totel energy and coupling parameters.
The results have stimulated research d st de-
fining and discovering analogous quantum behavior
n molecules. For these ressons two fundsmental
questions concerning IVR in real molecules are im-
portant: Given the impulsive excitation of an iso-
Iated molecule to 3ome nonstationary excited state,
how rapidly does this initinl siate evolve to encom-
pass olher vibrational motions, and fo what extens
do other vibrational molions become involved in
the vibrational motion as & whole?

An intuitive feel for the concept of IVR can be
gained by considerstion of the classical case of cou-
pled oscillators represented in Fig. !. With pendu-
fum a initinlly set in motion and pendulum # st rest,
the effect of the coupling ¥, is 10 fransfer energy
from a 10 & In 1he quantum snalog 1o this situstion
(Fig. 1, middiz) a hermonic oscillstor zero-order
state la} is sssumed 10 be prepared by a light pulee
alr=0 Due to the coupling V¥, tn the 1ero. oerler
siate |5) (via anharmonicity, for Instance) this inj.
tinlly prepared state evolves in time to contain some
contribution from |#}. I is this wave-function
evolution which describes the flow of energy from
the vibrational motion represented by la) to that
represented by [8). In the situstion where the ini-
tinHy prepared |a) is coupled 10 more than one oth-
er level (Fig. 1, bottom) muliitevel IVR occurs.

Time-integrated  experimentsl  messurements’
concerning 1VR are somewhat indirect in that the
phservables mesyured depend on VR but are re-
moved from the primary process itsell. Recently,
however, the combination of ultracold, seeded su-
personic molecular beams with picosecond laser
spectroscopy has been shown to be useful 10 the
study in real time of s number of aspects of
isolnted-molecule dynamics.* In thiy Letter we re-
port on the direct observalion, using these tech-
niques, of nonchaotic multitevel IVR in the large
muaolecule, snthracene
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FIG. 1. Sch it represenist) of coupled oscilla-
tort in classical and quantum systems. In the quanium
casey the probing of 1VR by Muorescence spectroscopy is
indicated. Note that other coupling schemes for quan-
tum N are also possibie.
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We shall be concerned with IVR in anthracene at
= 1400-cm ™" excess vibrationai ¢energy in the first
excited singlet electronic stale S). Al these ener-
gies ihe density of §, vibretionsf states is
~25/em™'  Excitalion 1o 8, from an 55 level
selectively prepares the (uliracold) molecule in one
well-defined  vibrational state {harmonic state}
while the remainder of 1he states are not excited be
cause of symmetry and/or Franck-Condon re-
sirictions. The scheme of our experiment (Fig. })
is 10 prepare such s well-defined optically allowed
vibrational state, la}, and then to probe the tem-
poral evolution of the state by temporally and spec-
lrally resolving the NMuorescence from the sample.
In what follows, we shall show thar the flow of vi-
brational energy from an initially prepared slate 1o
other vibrational states is manifested in fluores-
cence decays as moedulations {quanium beats), the
Phases of which are specirally dependent, and the
number of Fourier components of which are depen-
dent o the number of levels involved in the energy
flow,

Consider the case of N coupled vibrational levels
(Fig. I, bottom} It is convenient 1o initially deat
with the molecular eigenstares, 17}, f=1,N, which
resull from the coupling of these levels:

= X a,ly) (w
reabi..
where the o’s are elements of « real orthogonal ma-
trix.

Delta function excitution of 8 molecule from the
vibrational level |g) of 5, wil prepare these N
cigenstates coherently, given that at least one of the
zero-order states |y) has & nonzero transition mo-
ment with |g}. The wavelength-integrated Muores-
cence versus lime to the manifold of 5, vibrational
levels ||/}) is given by**

H=CY, f wllgdulgutn

S lt=1

~tlimy, ¢ 1}

xulfhe (2)

where C is a constant, the u(/,g)'s are dipole ma-
trix elements between (/| and lg), T is the
excited-siale decay rate (taken for stmplicity 1o be
the same for all N excited slales}, and
wymE,—E )M, E; and E; being the encrgies of
the cigenstates [f) and 17y, respectively. Now, as
noted above, usually only one harmonic vibrational
level, say Ja), within a given small energy region
has  nonzero  absorplion  from g} Thus,
wllglma,plag) for all I Similarly, for Nuores-
cence into state if'),y(’,f'} =ouly.f,) for all
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I. We shsall call the corresponding Nuorescence
band & y-lype band. Given this if 15 clear from Eq.
(2) that the Nuorescence specirum from an N-level
SYslem may containr as many as N types of bands, all
with diflferent lemporal behaviors determined by
the sesn-order level which contributes 1o the emis-
seon dipale ol the band Furthermore, since the ex-
uited slale lorred by &-function excitation is

wie)—~ ta,,{l)cxp[—r(:E,+I‘/2J],
-1
itis clcar with use of Eqs. (1) and (2) Irestricting
te £, 1 that the intensity of a y-type band, which s
proportional to

i aagapa, expl ~ 1{iw,;+1)],
=l

is also directly proportional 1o the contribution of
l¥) 1o the excited sie: HyletDY . Thus me
measurement of the decays of different band ypes pro-
vides a direct prciure of the vibrational content of the
exciied state.  In  addition, being  that  he
Hyle (1)) |? are measures of vibrational chaos,” the
Muorescence decays are related 1o this, oo, as we
shall discuss later.

The simplest case is for & =2 Here, two types
of bands can arise, a lype and b type * The tem-
potal characieristics of emch of the bands can be
derived from Eq. (2) by using the ecigenstuic results
for two-level coupling: 1) =ala) +8lp) and
{2} = ~gla) +alb). Boih types of bands have
have fluorescence decays modulated by & cosaw,
interference 1erm. However, the cosine term has 8
negative coelficient for the b-type band, whereas for
ihe a-1ype band is it postive. These phase-shified
beats are manilestations of the oscillatory Mow of
energy between the fa)} and b)) vibrational
molions. {Noie the anatogy with the oscillatory dis-
tribution of energy thal vocurs in the coupled pen-
dulums of Fig. 1.)

The spectrat dependence of quantum beat phases
&ls0 applies to N = 3. Herein, we only consider
resulis for ¥ =3 1n this case, a-, b, and ¢-type
bands can arise in the flusrescence spectrum . As is
evident from Eq. (2) sil three lypes will have de-
cays modulaled at the frequencies Wi, wyy, and
w3 twy. The three cosine terms, however, will
have different phases depending on Lhe band type.
In particular, it can be shown, with use of the
orthonormal properties of the a’s, that {1} for a-
type bands all cosine lerms are positive, (2) for b
and c-type bands two of the terms are negative and
the third positive, and (3} 1he cosine lerm that is
positive for the b-type band is different from that
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for the c-lype band. The eaperiments reporied here
show lhal behavior maiching these predictions oc-
curs.

Our experimental apparatus is described in detail
clsewhere **  Brielty, an anthrucene beam is
formed by expanding anthracene vapor at 180°C
with 35-50-psi helium through a 100-um pinhole
intc a chamber at < 1077 Torr. A picosecond uv
pulse (&r~ 15 ps, &v = 2 cm™ ') derived from fre-
quency doubling a synchronously pumped, cavity-
dumped (4 MHz) dye laser intersects the expansicn
3 mm downsiream from the pinhols. -Fluorescence
is collected with right-angle gcomeﬁy_, wavelengih
analyzed by a 0.5-m monochromeator and detected
by a fest muluchannel plate photomuluphier
(Hamamatsu R15641) Decays are measured with
lime-correlated single-photon counting. Unlike our
previous measurements,® the total time 1esponse of
the delection system 1s now ~ 80 ps full widih at
hall maximum. Decays sre fitled by & single ex-
ponentigl funclion which is then subtracted from
the dala 10 yield the modulsied portion (residual)
of a given decay. One can analyze the residusl for
beat frequencies and phases by Fourier transforma-
tion of the residual, followed by division by Lhe
Fourier transform of the system response function.
This aulomatically establishes the proper phases for
the various beat components. Thus, posilive cosine
componenls appesr 45 posiive peaks in the real pan
of the Fourier iransform und negalive cosine ones
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FIG 2. The flusrescence decays of two bands in 1he
specitum of jei-cooled anthracene excited 10 £, ~ 1420
em™'. The arrow marks the lemporal position af the ex-
cilalion pulse.

us negalive peaks.

A clear illustrauon of the concept of the speciral
dependence of quantum beat phases is presented in
Fig. 2, which consists of 1wo decays taken for vibra-
tional excitauon of anthracenc (0 1420 cm 'in §,.
The upper decay comrespondd i 7 conon of the
Muorescence band at u 1ed sl of Car oo ! from
the excitation eneigy, and the Lowe: devay to deteg-
tion of the band at 1750 cmi ' 1hLe slow modula-
tion ( ~} GHz) is clearly u positive cosine 1n the
upper decay and & negative cosine in the lower de-
cay. Two other prominent beat freyuencies al 9.7
and 1.7 GHz also modulate the decays of Fig 2
Fourier analysis reveals that ali three best com-
ponents have 0° phases in the upper decay (a ype),
whereas in the lower decay {(not a type} the |- and
9.7-GHz components have 180° phases, and 1he
10.7-GHz components a 0° phase. Moreover, &
third type of band has been observed, the decay of
which has the 1-GHe componeni with 0° phase and
the two fast componenis with 180° phases. The
Quantum beat behavior for this exciiation therefore
matches that expected for thice coupled vibrational
levels.

Another enthracene 5, vibralional level which
manifests multilevel coupling through spectrally
dependent quantum beat phases is that which s
popuisted by excitation 10 £,,,= 1380 cm ™ ! Figure
3 displays the Fourier vansforms of beat palierns
for three of the bands that appear prominently in
the fluorescence spectrum resulung from this exci-
tation. The phases of the three beat components
(3.5, 4.9, and 8.4 GHz) cleatly maich the predic-
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FIG. 3 Founer-tansfonm specin of the guanium beat
tesiduals of three bands in the Auorescence spectium of
anthrecene exciled 0 £,,— 1380 cm* !
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tiema fot three coupled vibrational levels.

Having directly observed vibrational energy Mow
in anthracene 1t ix pertinent for one 10 convider the
implications of these resuits. Firmtly, it is evident
that Tor excitstions to £, = 1400 cm ', vibrational
couphings from 1 10 10 GHz (—~ 0.3 em ™'} figure
prominently in VR processes.  Secondly, it is
meaningful that &1 these energies, energy flow in-
valves approximatcly three tevels spaced within 10
GHz  From direct counts of §, vibrational levels
uming calculated frequencies one would expect sp-
proximately ten levels in & 10-GHr region st
Evu—1t400 cm ' This implies selectivity in the
cxtent of TVR for these levels? Such selectivity
could temsonably be the resull of symmelry re-
sriclions on vibrational coupling. Thirdly, the
quaniity |{al¢(r))|? has been shown' to be s use-
ful measure of vibrationa! chaos in the qusniutn re-
gime. Regular, periodic varistions in this quantity
indicate nonchaotic behavior. In this sense, then,
the herein reported a-type decays, which are regular
and periodic, tepreseni the observation of non-
cheotic IVR. Having demonstraied 8 technique for
probing molecular siales thal are the quantum ane-
logs of quasiperiodic regular motion we shall, in a
future publicalion, show how the observation of ra-
pid decay describes the analog of irregular motion
and 1he rapid spreading oul of energy deposited in a
focal region.'®
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