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With picosecond spectroscopy and molecular beams it is shown that nonchaotic multilevel
vibrational energy flow is present in large polyatomic molecules. This Letter reports on this
novel observation and its probing of the fundamental process of energy redistribution in

molecules.
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The fundamental process of collisionless in-
tramolecular vibrational energy redistribution
(IVR) in polyatomic molecules has been extensive-
ly studied for at least two major reasons. Firstly,
IVR plays a central role in a wide variety of molecu-
lar processes such as multiphoton dissociation,
laser-selective chemistry, radiationless transitions,
and unimolecular reactions.! Secondly, classical
and semiclassical treatments? of vibrational dynam-
ics in a coupled two-mode system (Henon-Heiles
Hamiltonian) have revealed interesting changes in
vibrational motion (quasiperiodic or chaotic) which
depend on total energy and coupling parameters.
The results have stimulated research aimed at de-
fining and discovering analogous quantum behavior
in molecules. For these reasons two fundamental
questions concerning IVR in real molecules are im-
portant: Given the impulsive excitation of an iso-
lated molecule to some nonstationary excited state,
how rapidly does this initial state evolve to encom-
pass other vibrational motions, and to what extent
do other vibrational motions become involved in
the vibrational motion as a whole?

An intuitive feel for the concept of IVR can be
gained by consideration of the classical case of cou-
pled oscillators represented in Fig. 1. With pendu-
lum a initially set in motion and pendulum b at rest,
the effect of the coupling V,, is to transfer energy
from a to b. In the quantum analog to this situation
(Fig. 1, middle) a harmonic oscillator zero-order
state |a ) is assumed to be prepared by a light pulse
at t =0. Due to the coupling V,, to the zero-order
state |b) (via anharmonicity, for instance) this ini-
tially prepared state evolves in time to contain some
contribution from |b). It is this wave-function
evolution which describes the flow of energy from
the vibrational motion represented by |a) to that
represented by |6). In the situation where the ini-
tially prepared |a ) is coupled to more than one oth-
er level (Fig. 1, bottom) multilevel IVR occurs.

Time-integrated experimental measurements®
concerning IVR are somewhat indirect in that the
observables measured depend on IVR but are re-
moved from the primary process itself. Recently,
however, the combination of ultracold, seeded su-
personic molecular beams with picosecond laser
spectroscopy has been shown to be useful to the
study in real time of a number of aspects of
isolated-molecule dynamics.* In this Letter we re-
port on the direct observation, using these tech-
niques, of nonchaotic multilevel IVR in the large
molecule, anthracene.
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FIG. 1. Schematic representations of coupled oscilla-
tors in classical and quantum systems. In the quantum
cases the probing of IVR by fluorescence spectroscopy is
indicated. Note that other coupling schemes for quan-
tum N are also possible.
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We shall be concerned with IVR in anthracene at
~ 1400-cm ! excess vibrational energy in the first
excited singlet electronic state S;. At these ener-
gies the density of §; vibrational states is
~25/cm™!. Excitation to §; from an §, level
selectively prepares the (ultracold) molecule in one
well-defined vibrational state (harmonic state)
while the remainder of the states are not excited be-
cause of symmetry and/or Franck-Condon re-
strictions. The scheme of our experiment (Fig. 1)
is to prepare such a well-defined optically allowed
vibrational state, |a), and then to probe the tem-
poral evolution of the state by temporally and 'spec-
trally resolving the fluorescence from the sample.
In what follows, we shall show that the flow of vi-
brational energy from an initially prepared state to
other vibrational states is manifested in fluores-
cence decays as modulations (quantum beats), the
phases of which are spectrally dependent, and the
number of Fourier components of which are depen-
dent on the number of levels involved in the energy
flow.

Consider the case of N coupled vibrational levels
(Fig. 1, bottom). It is convenient to initially deal
with the molecular eigenstates, |7), I =1,N, which
result from the coupling of these levels:

=2 aply), )

y=a,b.c,...

where the a’s are elements of a real orthogonal ma-
trix.

Delta function excitation of a molecule from the
vibrational level |g) of S, will prepare these N
eigenstates coherently, given that at least one of the
zero-order states |y) has a nonzero transition mo-
ment with |g). The wavelength-integrated fluores-
cence versus time to the manifold of S, vibrational
levels {|f)} is given by>¢

N
10=C3, 3 pnUugHpl)

f LJ=1
Xu(f",l)e_’(iw"+r), )

where C is a constant, the w(/,g)’s are dipole ma-
trix elements between (/| and |g), T is the
excited-state decay rate (taken for simplicity to be
the same for all N excited states), and
wy=(E;—E;)/k, E; and E; being the energies of
the eigenstates |/) and |J), respectively. Now, as
noted above, usually only one harmonic vibrational
level, say |a), within a given small energy region
has nonzero absorption from |g). Thus,
w(lg)=a,u(ag) for all 1. Similarly, for fluores-
cence into state |f,), u(Lf,) =a;u(y.f,) for all
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1. We shall call the corresponding fluorescence
band a y-type band. Given this it is clear from Eq.
(2) that the fluorescence spectrum from an N-level
system may contain as many as N types of bands, all
with different temporal behaviors determined by
the zero-order level which contributes to the emis-
sion dipole of the band. Furthermore, since the ex-
cited state formed by 8-function excitation is

P (1) ~ ia,,,ll)exp[—t(iE,-i—F/Z)],
I=1
it is clear with use of Egs. (1) and (2) [restricting f
to f, ] that the intensity of a y-type band, which is
proportional to

i a,‘,a,aalyahexp[—t(iwIJ+F)],
1J=1

is also directly proportional to the contribution of
ly) to the excited state: |(yly(£))|2. Thus the
measurement of the decays of different band types pro-
vides a direct picture of the vibrational content of the
excited state. In addition, being that the
[{(yly(0))|? are measures of vibrational chaos,’ the
fluorescence decays are related to this, too, as we
shall discuss later.

The simplest case is for N =2. Here, two types
of bands can arise, a type and b type.® The tem-
poral characteristics of each of the bands can be
derived from Eq. (2) by using the eigenstate results
for two-level coupling: |1)=eala)+8|b) and
[2) = —Bla) +alb). Both types of bands have
have fluorescence decays modulated by a cosw;,t
interference term. However, the cosine term has a
negative coefficient for the b-type band, whereas for
the a-type band is it positive. These phase-shifted
beats are manifestations of the oscillatory flow of
energy between the |a) and |b) vibrational
motions. (Note the analogy with the oscillatory dis-
tribution of energy that occurs in the coupled pen-
dulums of Fig. 1.)

The spectral dependence of quantum beat phases
also applies to N =3. Herein, we only consider
results for N =3. In this case, a-, b-, and c-type
bands can arise in the fluorescence spectrum. As is
evident from Eq. (2) all three types will have de-
cays modulated at the frequencies w;,, w,3, and
w1y +wy3. The three cosine terms, however, will
have different phases depending on the 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 terms are positive, (2) for b-
and c-type bands two of the terms are negative and
the third positive, and (3) the cosine term that is
positive for the b-type band is different from that
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for the c-type band. The experiments reported here
show that behavior matching these predictions oc-
curs.

Our experimental apparatus is described in detail
elsewhere.#*® Briefly, an anthracene beam is
formed by expanding anthracene vapor-at 180°C
with 35-50-psi helium through a 100-um pinhole
into a chamber at < 1073 Torr. A picosecond uv
pulse (At ~ 15 ps, Av <2 cm™!) derived from fre-
quency doubling a synchronously pumped, cavity-
dumped (4 MHz) dye laser intersects the expansion
3 mm downstream from the pinhole. Fluorescence
is collected with right-angle geometry, wavelength
analyzed by a 0.5-m monochromator and detected
by a fast multichannel plate photomultiplier
(Hamamatsu R1564U). Decays are measured with
time-correlated single-photon counting. Unlike our
previous measurements,4 the total time response of
the detection system is now —~ 80 ps full width at
half maximum. Decays are fitted by a single ex-
ponential function which is then subtracted from
the data to yield the modulated portion (residual)
of a given decay. One can analyze the residual for
beat frequencies and phases by Fourier transforma-
tion of the residual, followed by division by the
Fourier transform of the system response function.
This automatically establishes the proper phases for
the various beat components. Thus, positive cosine
components appear as positive peaks in the real part
of the Fourier transform and negative cosine ones
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FIG. 2. The fluorescence decays of two bands in the
spectrum of jet-cooled anthracene excited to E = 1420
cm™!. The arrow marks the temporal position of the ex-
citation pulse.

as negative peaks.

A clear illustration of the concept of the spectral
dependence of quantum beat phases is presented in
Fig. 2, which consists of two decays taken for vibra-
tional excitation of anthracene to 1420 cm ™! in §;.
The upper decay corresponds to detection of the
fluorescence band at a red shift of 390 cm ™! from
the excitation energy, and the lower decay to detec-
tion of the band at 1750 cm™!. The slow modula-
tion (~ 1 GHz) is clearly a positive cosine in the
upper decay and a negative cosine in the lower de-
cay. Two other prominent beat frequencies at 9.7
and 10.7 GHz also modulate the decays of Fig. 2.
Fourier analysis reveals that all three beat com-
ponents have 0° phases in the upper decay (a type),
whereas in the lower decay (not a type) the 1- and
9.7-GHz components have 180° phases, and the
10.7-GHz components a 0° phase. Moreover, a
third type of band has been observed, the decay of
which has the 1-GHz component with 0° phase and
the two fast components with 180° phases. The
quantum beat behavior for this excitation therefore
matches that expected for three coupled vibrational
levels.

Another anthracene S, vibrational level which
manifests multilevel coupling through spectrally
dependent quantum beat phases is that which is
populated by excitation to E ;= 1380 cm ™. Figure
3 displays the Fourier transforms of beat patterns
for three of the bands that appear prominently in
the fluorescence spectrum resulting from this exci-
tation. The phases of the three beat components
(3.5, 4.9, and 8.4 GHz) clearly match the predic-
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FIG. 3. Fourier-transform spectra of the quantum beat
residuals of three bands in the fluorescence spectrum of
anthracene excited to E = 1380 cm ™.
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tions for three coupled vibrational levels.

Having directly observed vibrational energy flow
in anthracene it is pertinent for one to consider the
implications of these results. Firstly, it is evident
that for excitations to E;, = 1400 cm ™!, vibrational
couplings from 1 to 10 GHz (~ 0.3 cm™!) figure
prominently in IVR processes. Secondly, it is
meaningful that at these energies, energy flow in-
volves approximately three levels spaced within 10
GHz. From direct counts of S; vibrational levels
using calculated frequencies one would expect ap-
proximately ten levels in a 10-GHz region at
E.i,=1400 cm~!. This implies selectivity in the
extent of IVR for these levels.” Such selectivity
could reasonably be the result of symmetry re-
strictions on vibrational coupling. Thirdly, the
quantity |(a|¢(2))|? has been shown’ to be a use-
ful measure of vibrational chaos in the quantum re-
gime. Regular, periodic variations in this quantity
indicate nonchaotic behavior. In this sense, then,
the herein reported a-type decays, which are regular
and periodic, represent the observation of non-
chaotic IVR. Having demonstrated a technique for
probing molecular states that are the quantum ana-
logs of quasiperiodic regular motion we shall, in a
future publication, show how the observation of ra-
pid decay describes the analog of irregular motion
and the rapid spreading out of energy deposited in a
local region.!®
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