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We nele the presence of contradictory estimates of intramolecular vibrational relaxation rates in the
literature where large molecules in high energy states, corresponding to huge densities of vibrational levels,
have been ascribed relaxation rates orders of magnitude smaller than those assigned to smaller molecules with
much smaller densities of vibrational levels. This unphysical disparity is explaited as arising from vague (or
undefined) definitions of intramolecular vibrational relaxation and/or from a consideration of quantities
which are not directly measured or measurable. A resolution of a portion of the problem is already weil
known for electronic relaxation, but the application of those results to a description of the time evolution of
the molecular flucrescence, produced during the intramolecular vibrational relaxation of the clectronically
excited molecules, requires a generalization of the electronic relaxation theory to separate and describe the
“unrelaxed” and ‘“relaxed” emission spectra. We provide this general theory of the time variation of the
emissian spectrum for molecules conforming to both the intermediate and statistical limits of intramolecular
vibrational relaxation with emphasis placed upon the distinguishability between these two cases. The
intermediate case analysis utilizes egalitarian and random coupling type models with essentially identical
conclusions from both. The time evolution and relative yields associated with the emission spectra are
described for both continuous and short pulse excitation, and reasons are provided for the absence of
observation of time varying emission spectra in the experiments of Smalley and co-workers. Quantum beats
are possible in principle in the sparse intermediate case. Their observability depends, however, on the

ramolecular vibrational energy redistribution and the

integrated intensity.

b INTRODUCTION

¥ith the phenomenon of intramolecular vibrational re-

paxation (IVR) are characterized by the following two
features:

k' (a) In most cases IVR is not directly observed. Con-
Flusions concerning IVR are reached on the basis of in-
fllrect observations (e.g., the agreement of low pres-
flre photodissociation results with the RRKM theory is
Mken as evidence for rapid IVR).

& b) Different studies yield estimated IVR lifetimes
JPPreading over an enormous range, For example,
VR lifetimes for naphthalene T, (excess vibrational
ergy £, =11000 em ) [see also Ref, 1{b)], for
fPentacene S, (£, =19000 cm™)2®) (see, however, Ref,
) and for giyoxal Sy (E,=22000 cm™ '™ were esti-
foated to be long (210°® sec). On the other hand, the
FVR lifetime for SFg (Sy, E,=1000-3000 cm™) was esti-
Mated to be of order 1-30 psec? (see, however, Ref,
E-,”{fhe IVR lifetime for dimethyl POPOP (S, E, = 3000
:°0™) was estimated to be shorter than 2 psec®® . that
E.-f‘“' Coumarin 6 (S,, E,=6000 cm™!) was estimated as
,(4*1 Psec®™; the widths of overtone line shapes in
tbenzene” ang naphthalene® (S,, E, =8000-20000 cm™!)

*%0rrespond to IVR lifetimes of ~ 0. ] psec; and studies

""--_._______
L
i auP'DOrtnad in part by the U. 5. —Israel Binational Science

Fo'-‘ndatiﬂn, Jerusalem, Israel, and NSF Grant CHE 77-
'h?ﬁlssz.

~On leave from Tel Aviv University, Tel Aviv, Israel,

J. Chem. Phys. 73(10), 15 Nov. 1980

i

Recent theoretical and experimenta) results associated
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detection method, When the emission spectrum can be resolved, beats are expected only in the frequency

on pressure dependence of rates of thermal reactions
involving large molecules indicate vibrational energy
redistribution times of the order of ~1 psec.? 1t is
interesting also to mention that classical trajectory
studies cn a six oscillator model of benzene using a
model potential surface!® have led to the conclusion that
IVR is slow on the picoseconds time scale.

While a wide range of processes and rates are to be
expected in a phenomenon associated with coupled an-
harmonic oscillators, there is an apparent conflict be-
tween results that indicate relatively slow IVR rates in
molecules excited relatively high in their vibrational
manifolds and other results which suggest that IVR is
fast even for medium size molecules excited only a few
(2-3) thousand wave numbers above the electronic orij-
gin. It may be expected that a direct observation of IVR
will provide a better picture of the process and resolve
the existing difficulties, This is an important point
addressed in our paper, The direct observation of intra-
molecular vibrational relaxation requires, in effect, a
dynamical experiment in which a well specified initial
vibrational state or superposition thereof is prepared.
This initial state decays, and a measurement is made
at a subsequent time to demonstrate that the system is
then in a state which differs from the originally pre-
pared one. This type of dynamical experiment has been
considered for electronic relaxation!! where, for in-
stance, measurements of triplet-triplet absorption pro-
vide a direct confirmation of intersystem crossing from
singlets to triplets.

The most widely known studies of "intramolecular
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vibrational relaxation” are associated with thermal uni-
molecular reactions, The RRKM theory is widely ac-
cepted as being predicated on the assumption that intra-
molecular vibrational relaxation is rapid on the time
scales of molecular decomposition. The successes of the
predictions of RRKM theory have been taken as proof of
this vibrational energy randomization. However, the
thermal reactions or even the chemical activation experi-
ments are not of the above noted dynamical nature,

What is the initially prepared state in these experi-
ments ? [t most certainly is a statistical superposition
of many states by virtue of the random nature of the col-
lisional preparation of the activated species. Perhaps it
is this statistical character of the initial state which is
responsible for the success of the statistical theories.

In fact, the RRKM theory can be formulated in a me-
chanistic equivalent fashion by assuming that intra-
molecular vibrational relaxation is slow on the time
scales of molecular decomposition.'? The molecule
stays in the initially prepared highly anharmeonic vibra.-
tional eigenstates. The distribution of molecular life-
times is assumed to be random as in RRKM theory. Note
that these {wo diametrically opposed formulations of the
same RRKM theory also take significantly different view-
points of the meaning of intramolecular vibrational re-
laxation. The energy randomizing approach views the
vibrational states in terms of a zeroth order harmonic
description, whereas the nonstatistical theory considers
the vibrational eigenstates which diagonalize the full
molecular Hamiltonian. The complementarity principle
of quantum mechanics tells us that we can formulate a
theory in either basis, and the quantum mechanical pre-
dictions must be totally independent of the basis set
chosen. However, there is a significant difference be-
tween these lwo approaches in their description of the
initially prepared excited vibrational states, It is highly
improbabie that any means of excitation could prepare a
molecule with substantial amounts of energy in a pure
harmonic mode. Experiments have shown that in the
special case of CH vibrations™®*!* and also CO vibra-
tions* it is possible to prepare a molecule with con-
giderable amounts of energy in this tocal mode. The
subsequent time evolution of this state has to date not

yet been followed, and the nature of its intramolecular
vibrational relaxation has been inferred from optical
linewidths rather than from more definitive time de-
pendent measurements, Similarly, in the case of multi-
photon dissociation, the initial state of the system before
laser excitation is given by a broad thermal distribution,
and the multimode character of the laser excitation also
contributes to the inherent statistical nature of the sys-
tem. We may conclude from this discussion that (a) a
correct interpretation of any observed IVR process should
take into account the nature of the state prepared, and

{b) the interpretation depends on the language (i.e., basis
set) used and primary attention should be given to the
actual observation rather than to semantic differences
between various representations, *®

Hopkins, Powers, and Smalley!® have taken an interest-
ing approach towards the problem of the measurement of
intramolecular vibrational relaxation processes, They
consider alkylated benzenes in a supersonic nozzle where
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the cooling of the internal degrees of freedom suppresgeg E
the statistical aspects of the initially prepared state that
arise from rotational and sequence broadening in highep
temperature situations., The experiments find that the
absorption spectra due to the 85, 12, and 18a modes in
the first excited singlet S, are largely invariant to changeg b
in the type and length of the alkyl chain. However, the
fluorescence spectrum arising from the excitation intg
these three modes varies considerably with the number
of vibrational degrees of freedom in the alkyl side groyp,
The emission from the Q° level is a typical resonance
fluorescence for all of the alkylated benzenes, but the
emission from states with excitation in one of these threg
modes is considerably changed by alkylation. The flug.
rescence spectrum can display two types of features,
One type involves sharp features of a nature analogous
to those observed in the 0° fluorescence, while the other |
is a broad red shifted flucrescence spectra that can be
assigned to the intramolecularly vibrationally relaxed
gpecies, The rate of this intramolecular vibrationa]
relaxation is seemingly enhanced with an increase in
the vibrational degree of freedom in the alkyl side group
Such experiments can potentially lead to a direct ob-
servation of IVR through the time evolution of the fluore
cence spectrum. Using the molecular fluorescence ag 3
probe limits however the range of observable times to
that of the fluorescence time scale, In the experiments
of the Smalley group'® no direct observation of the IVR '
process has been achieved. Estimate of the IVR rates;
from the relative (relaxed to unrelaxed) yields suggest -
that for the shorter alkyl chains this IVR should have 3
been observed. Below we consider possible reasons f
this lack of observation.

e

The time evolution of the molecular fluorescence i8
more directly observed in a recent experiment by
Coveleskie, Dolson, and Parmenter.'” In this ex-
periment, fiuorescence quenching by O, and NO is use
as an internal clock in monitoring IVR in the §; manifo
of p-difluorobenzene. Without added quencher the flud
cence spectrum obtained following excitation 2190 cm’
above the S, origin reveals a sequence of peaks seat
on a broad continuum, With consecutively larger
quencher pressures the underlying continuum is redu
and analysis of this reduction in conjunction with the
quenching efficiency provides an estimate of 107! se
for the rise time of this continuum, 'This rise time f‘?,
presumably results from populating states not direcHg
excited via intramolecular vibrational energy redist_
tion.

Mukamel and Smalley'® have analyzed the Smalley &
experiments both with a simple kinetic model and W,N_
sophisticated stochastic reduction theory which foc
on the measured reduced variables of the system.
approaches are predicated under the assumption
vibrational relaxation falls in the statistical limit,
it is an irreversible intramolecular process. Con
sideration of density of states available in the mole
and the spectral regions studied suggest that the rems
should more suitably be interpreted in a frameworsg
ogous to the intermediate case in the theory of elé
relaxation processes.' In this intermediate caseé 38
density of final vibrational levels is insufficient £ 3
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prely irreversible behavior on the time scale of the ex-
eriment (which is of order of the fluorescence life-
Hime). 2% The molecule is initially prepared in a super-
Bosition of vibrational eigenstates by virtue of the short
By ration exciting pulse. Under typical experimental con-
bitions where the pulse length is short compared to the
fifetime of the excited singlet state, it may be assumed
hnat the molecule is initially prepared in a superposition
Rhat corresponds to the zeroth order level assigned in
gho absorption spectrum. The time evolution of this
nitial nonstationary state can be described in terms of
fin initial rapid “intramolecular dephasing process”
bhich appears as if the initial zeroth order state is
fecaying into the collection of vibrational eigenstates,
, these shori time scales it is impossible to distinguish
hetween irreversible decay and this dephasing process,
The long time decay characteristics of the system are
0se associated with the vibrational eigenstates of the
'ystem. In the literature on electronic relaxation, the
intermediate and the statistical cases are clearly dis-
flinguished, **# but in most of the work on intramolecular
' yibrational relaxation this distinction has been blurred,

d the two cases are combined into the same category
bof intramolecular vibrational relaxation. True, both
fthe intermediate and the statistical cases arise from the
.— e physical couplings, but there is a qualitative dif-
ference between these limits as well as a wealth of
nteresting information to be studied by viewing these
fis separate cases., For instance, using intermediate
tbase theory it is possible to determine the average num-
ber of strongly coupled levels and the average coupling
geirength between the zeroth order level and this set of
igtrongly coupled levels, As we shall see, this distinc-
:' on between the intermediate and statistical cases also
j#¥plains the lack of observation of time resolved IVR in
.flhe Smalley group experiments with short alkyl chains,

f. One important difference between the intermediate
a8e theory, as formulated for electronic relaxation, #
d between the theory needed in the present case is
sociated with the fact that in the electronic case the
-dense manifold of levels which is strongly coupled to
“the initially excited one is honemitting or is emitting on
f& time scale much longer than the experimenta] one
Fl8ee, however, Ref. 20()]. In contrast, the present
f8ltuation is characterized by a manifold of “final” levels
%hose emission is monitored during the experiment.
*_Therefore, an appropriate reformulation of the theory
f18ed for electronic relaxation is needed, and this is

-0 of the fundamental theoretical problems addressed
g0 this paper. This generalization should include an

E Analysis of the differences predicted by the intermediate,
P And statistical limit theories for the time evolution of the
f"ﬂuorescence spectrum. It is by a consideration of such
f_“":Periments that we can ask whether measurements can
__be Made to distinguish between intermediate case and

f Btatistical 1imit behavior and thus to determine the

- SIreshoid for irreversible vibrational relaxation,

E

k!
R

- In Sec. II we introduce the molecular model and the
-:notation in terms of which the IVR problem is discussed,
In Sec, IIl we briefly discuss long time (line shape) ex-
';pel‘iments. Short time (time resolved) experiments are

 Y8cusseq in Sec. 1V for both the intermediate and the

J. Chem. Phys., Voi. 73, No.

Intramolecular vibrational energy redistribution

4767

statistical cases. In Sec. V we address a particular as-
pect of short time experiments:- the possibility of ob-
serving temporal beats in the evolution of the fluores-
cence. Our results are summarized in Sec. VI,

. THE MOLECULAR MODEL

It is convenient to discuss the molecular model in
terms of the ideal jet experiment in which the molecule
is initially in the ground vibrationa] rotational level of
the ground electronic state. This level is denoted |g, 0,
0). For the sake of definiteness we consider excitation
into the set of molecular vibronic levels associated with
the first excited molecular singlet. Electronic radiation-
less relaxation is disregarded for now, but its role is
discussed later. The usual spectroscopist’s approach
is to assign the spectrum in terms of a basis set of zero
order levels based on the populations of a set of zero
order modes (normal modes, symmetrized local bond
modes, etc.). The latter may be divided into two groups
which we denote bya (active) and b (bath). The g modes
are those whose corresponding potential surfaces in the
ground (g} and excited (e) electronic states differ ap-
preciably from each other. The other § modes do not
change or change very little during the electronic transi-
tion. The a modes thus correspond to the different pro-
gressions in the molecular absorption spectrum. The

zero order molecular vibronic levels are denoted g,
Meas Tgy) and le, n,,, n,,), where Nia 1o (i =2, €) denote
the populations of the  and » modes in the g and e elec-
tronic states, It should be noted that "y and n,, are
shorthand notations for {% } and {i4,}, where o and B
denote the different modes of the groups a and b, re-
spectively. Sometimes, when no confusion may arise
we drop the subscripts g and e on the mode populations
(e, le, n,, m)=le, n,, n,)). Also, in some cases
we replace the pair n,, n, by the single letter » (i.e.,
le, n,, n,0=le, n)).

In monitoring the molecular fluorescence we in fact
follow the populations of the a modes. The appropriate
molecular model (Fig. 1) is composed of manifolds of
b states seated on the different states of the 2 mode,
All these states are eigenstates of the zero order mo-
lecular Hamiltonian H¥. The total Hamiltonian is

H=Hy+pu+w, (I1. 1)

(1. 2)

where Hy is the Hamiltonian of the free radiation field,

# 15 the molecule~-radiation field interaction which cou-
ples the ¢ and g states, and W is the intramolecular
vibrational interaction which couples the different g and

b modes. IVR is viewed as transitions between the mani-
folds shown in Fig, 1, induced by the coupling W.

Hﬂ ZH: +HDR 3

For the alkyl substituted benzene molecules studied by
Smalley ef al.'® we can specify the model somewhat fur.
ther: In these systems it is observed that some modes
(in particular those assigned as the 6b, 12, and 18a
ring modes) are not appreciably affected by changing the
alkyl side chains. In their studies on IVR, Smaliley et
al. have chosen to follow excitation and fluorescence

which correspend to transitions associated with these
modes. These modes therefore constitute the a group
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FIG. 1. The molecular model used in the discussion of intra-

molecular vibrational relaxation (IVR) in an excited electronic
state {]e}). Kach manifold corresponds to a particular state
of the optically active {a@) modes and is composed of levels
associated with different states of all other (bath &) modes.

W, denotes an intramolecular coupling between the a modes
and the b modes (which leads to processes which change the

a modes populations). W, denotes the coupling between the b
modes.

in our model. The fact that they are not sensitive to
changes in the alkyl side chains imples thatthepresence
of these side chains does not enormously affect the mag-
nitude of the coupling W, (Fig. 1) between the a and the
b modes. The main effect of adding the side chains is
therefore to change the density of bath states and pos-
sibly to change “intrabath” coupling W,. The dy-
namics, in contrast, can be substantially altered

by smaller changes in W, than those affecting the
spectrum,

Fluorescence spectra

A narrow pulse excitation of the molecule, originally
in the state |g, 0, 07, transports the molecule to the
state le, {n2}, {05,17. The fluorescence corresponding
to a transition from this state to the ground level |g,
{ne}, {06,}) is characterized by the frequency

(1I. 3)

W=Ep "Bt Y (weanly = wpanl)
o
where E,, /# is the transition frequency of the origin.
The corresponding “relaxed” transition from the state
le, ™}, {%,)7, which is quasidegenerate with the orig-
inally excited state (i.e., 3o oo =Y & Wou Ny
4+, 5 Wag nﬁ',,) is characterized by the frequency

- U r ’ ’
w' = bef /ﬁ + Z (weﬂ n:a Wy n:a ) + Z (“-’eB ngb — Weg nﬁb)
a

(1. 4)
where nly —nf =n, -n and iy =, . This frequency is

shifted relative to the original frequency by the amount

~75) = 2 e ~ ) sy
(iL. 5)

W mws D (Weg — wea) (1S
o
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Normally, w,, >w,, (v=o, f)and also n%, > n5,. There.
fore, the two terms on the right hand side of Eq. (II.§)
are positive, Depending on the relative absolute mag-
nitudes of these two terms, the relaxed emission is
shifted to the red or to the blue relative to the “un-
relaxed” one. Because of the large number of states
ie, {n&}, {5} contributing to the relaxed emission, it
appears broader than the unrelaxed emission. This
broadening reflects the collection of different emission
lines associated with different populations of bath modeg
according to Eq. (II.5). We note that in the experimentg
of Smalley et al.'® the relaxed emission appears on the
blue side of the unrelaxed line, reflecting the fact that
the frequency changes in the b modes are smaller than
those in the g modes, Another interesting feature is the
fact that the relaxed emission becomes less diffuse in
going to substituted benzenes with larger alkyl chaing, 14
This phenomenon reflects the fact that for longer side
chains most of the p modes are associated with chain
motions that are not affected by the electronic transi-
tion, For such modes wy =w, and they do not con-
tribute to the shift (II.5), " but they still can affect the
intramolecular vibrational dynamics.

4
]
A
4
3

i
-3
20
3

“Exact’’ molecular states

As in many treatments of intramolecular relaxation
we find it sometimes advantageous to analyze the syste
not in terms of the zero order states {eigenstates of H,
= HY + HY) but rather using the exact molecular basis set
(eigenstates of H¥ + W+HE). These states can be writtes}
as linear combinations of the zero order states

4’«_4: Z Cﬂa,)’lblel na) nb>5|e’j>' (Il- !
fg+fp
In particular, a narrow pulse which promotes a transis
tion from lg, 0, 0 to a particular zero order level
le, n,, 07 involves in the exact molecular state pict
those exact | e, 77 which contain contribution from
le, ng, OV

le, j):A“,,MOIe, g, O+ H’Zn% Bnn&mde, n., m) .
a* :

m._ﬁ

Assuming that the intramolecular coupling W is much:
smaller than the energy spacing between the primar
zero order states le, n,, 0) (for different nﬂé{n;’}) 1__
to the following picture: Each exact |e, j/ state corr
sponds to a single zero order primary le, n,, (1) Sta.
and a group of quasidegenerate |e, n}, n)) states
n.<n,.'* The number of zero order states contributil
to the right hand side of Eq. (IL.77) is of order (i Wip#
where p is the density of levels in the {le, n}, )}
manifold.

Fluorescence lifetimes

In the Condon approximation the total radiative
times of the different rovibronic levels le, n,, ™ _.,'
the same for all levels. Therefore, the same 18 alsy
true for the levels le, j) which diagonalize the moled
Hamiltonian. The total width of a zero order molecH
level le, n) [n= (n,, mp)] is
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'|c,, 2. A simplified molecular model. (a) !s) are zero order

By uccessible from the initial ground state level fm.y. The
Hatramolecular zero order bath levels are {{I}}. (b} The cor-
rasponding exact molecular state picture,

R
YaTY twr .

(I1. 8)

ssociated with radiationless electronic transitions.??

I8implified model

Ein all relevant details in Fig. 1, it is sometimes con-

#model as follows: If the molecule is initially cold (i.e.,
Ein the state |g, 0, 0)) an incident beam or pulse which is
prarrow enough in energy may effectively couple the
Einitial state to a single le, n,, 0) level. This is true
pprovided that the spacing between |e, n,, 0) states is
_m'ger than the bandwidth of the incident radiation.
EUnder these conditions the excited zero order states
_Which participate in the absorption-emission process
fare the state le, n,, 0 and the group of states le, n,
,_"’i) which are quasidegenerate with it (to within an en-
bergy range of order |WI). The latter are radiatively
FCoupled to ground levels other than g, »'*, 0} (to which
i le, n,, 0) is coupled), and this gives rise to the relaxed

g Muorescence. Disregard all other molecular states and
F denote

le, n,, ®=|sr {le, m, mpp={l1D}.

E Ground state levels to which |s) and {12} are coupled

F Mdiatively are denoted {1m)}. We sometime use |m,)
¥ 10 denote a lovel (like lg, 0, 07) which couples to |s) but
£ Mot to the states |1). The model is shown in Fig. 2(a).
" In the corresponding exact molecular states representa-
¢ ton [Fig. 2(b)] the group of levels {s), {117} is replaced
2 ¥ the group {I5)} which are obtained as linear combina-
g l0ns of |s) and {|1)} states which diagonalize the Ham -
tonian #¥ 4 w,

' The most significant difference between the model
diSCUSS(_‘d here and similar models used before for the
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Mavels belonging to the excited electronic state which are direct-

bR is the radiative width and 4" is the nonradiative width

Keeping in mind that the molecular model is represented

Evenient to discuss the IVR problem using a more simplified
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electronic radiationless transitions problem lies in the
fact that the underlying continua (Fig. 1), which provide
the sink for the decay of the initially prepared level,
are optically active: the emission from these states
constitutes the relaxed part of the fluorescence as dis-
cussed above. In what follows we explore the implica-
tion of this consecutive emission process on the line
shape and time evolution of molecular flucrescence
spectra,

HI. LONG TIME EXPERIMENTS

In the intermediate level structure case the decay width
y; [Eq. (I1.9}] of the individual exact molecular levels are
smaller than their averaged spacing

y1<ﬁp'1 , (1. 1)

with p being the density of states, This implies that in
a continuous excitation experiment or using a pulse long
enough to resolve the individual levels, the resulting
fluorescence is that characterizing an individual level
le, 7 [Eq. (L. 7}}. This immediately leads to the fol-
lowing conclusions:

(a) In a long time puise experiment the fluorescence
decays exponentially with lifetime 7, =#/y, .

(b) The fluorescence yield in this case is ¥*/y,.

{c) The lifetime 1, and yield y*/y, vary from level to
level, reflecting changes in ¥, due to variations in the
rates of electronic radiationless transitions,

(d) The relative intensities of different absorption or
fluorescence excitation lines (corresponding to different
le, j? levels) are given by 40 0% fc.f. Eq. (LD

{e) The ratio between the integrated unrelaxed and
relaxed emissions is given 14, oI1*(1 - |4,,, oI "

(£) The fluorescence spectrum does not evolve in
time.

These conclusions correspond to the ideal case where
the molecule is initially in the ground state ig, 0, 0,
Unfortunately, even in the current supersonic jet experi-
ments'® the rotational temperature in the jet is ~2 °K so
that for the molecules studied the average rotational
quantum number is ~10. Hence, the fluorescence exicta-
tion spectrum involves a superposition of contributions
from many different rotational levels, and this is ex-
pected to wash out the above described structure, By
further rotational cooling and the use of monochromatic
lasers (orthogonal to the molecular beam direction to
reduce Doppler broadening and the concomitant overlapp-
ing of lines), it should be possible to observe the struc-
ture in the relaxed and unrelaxed excitation spectrum
associated with the individual le, j) levels. Note that
the IVR does not lead to broadening of individually
resolved molecular transitions in the intermediate case,
whereas there is broadening the extreme statistical
limit. As the density of states increases, the energy
spacing p°! becomes smaller than the widths Fiy, so it
becomes impossible to selectively excite a single molecu-
lar eigenstate even with an ideally monochromatic radia-
tion.

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980
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In the statistical limit the manifolds le, n), nh) (1,

<n,)® become dissipative continua for intramolecular
decay of the initially excited level le, n,, 0. The decay
rate is then given by the golden rule formula

I,=2r Z {; e, n| Wle, ') ]|°
AR
<3 wnant (L et - Dt

(111. 2)
where xn and ' are shorthand notations for {r,, 0} and
(), n!), respectively. The absorption line shape to the
resonance centered around the zero order state le, n, 0
becomes in the extreme statistical limit approximately
a Lorentzian with a width T, +y, consisting of contribu-
tions corresponding to vibrational, radiationless elec-
tronic, and radiative relaxation, Simple kinetic cal-
culation then leads to the yields for the direct (unre-
laxed} emission Yy, and for the relaxed emission ¥ ,;:

) i
Y = F +'}‘NR T {111. 3}
VAT
Yo = II1. 4
el (,),R+YNR)(YR +7}IR +r) ( )
The total emission yield is
Yy + Yol = 7:% (I11. 5)

and the relative yield of the relaxed vs the direct emis-
sion is

{L11. 8)

These yields are independent of the excitation frequency
within the absorption profile of the |e, #’ resonance,
These resulls are obtained under the simplifying as-
sumption that +*® (electronic radiationless relaxation
rate) is the same for all levels. The kinetic approach
may be justified®*?® for the present model for which

the random nature of the coupling matrix elements in-
sures the absence of interference effects.

Equation {III. 6} implies that the relative yield Y, /
Y4, of the relaxed and direct fluorescence may be made
smaller by adding an efficient fluorescence quencher,
thereby increasing »™®. This is the basis for the ex-
periment of Parmenter et al.,'’ who use O, and NO as
guenchers of the p-difiuorobenzene fluorescence. The
requirement for a gquencher of high efficiency is neces-
sary to insure that 4¥® is affected without I (IVR rate)
increasing at the same time due to quasielastic collisions
with the quencher molecules. It is interesting to point
out the similarity between the present situation and the
circumstances governing resonance Raman scattering
from thermally relaxing systems.®*® In that case ef-
ficient quenchers may be used to change the relative
yields of the Raman and the fluorescence components
of the scattered light.

IV. SHORT TIME EXPERIMENTS

We now consider the case where the excitation pulse
is short enough in time and broad enough in energy so

J. Chem. Phys., Vol. 73, No. 10, 15 November 1980
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iINTERMED!ATE INTERMEDIATZ LimiT
SRS CASE
FIG. 3. Zero order level structure {upper}, exact molecular

level structure (middle), and the corresponding absorption
spectrum associated with the sparse intermediate case {left),
the dense intermediate case {middle), and the statistical limit
(right).

that a zero order nonstationary state le, n,, 0 is initi:a.llﬁ:j
prepared. In terms of the exact molecular states le, j) 4
the initial state is {cf Eq, (IL 7)] '

¥(0)=|e, n,, 00 = Y A%, ole, i) .
i)

To achieve this initial excitation the pulse time has to be
much shorter than the inverse energy span of the states:
le, j) with A, o #0, The pulse bandwidth has to be
smaller than the energy spacing between je, n, , 0) leveli
Assuming that these conditions hold, we can analyze the]
molecular relaxation and the time evolution of the mol
lar fluorescence using the simplified model defined in
Sec. 1 and represented by Fig. 2. In terms of this

model the zero order level structure, the correspond
exact states manifold, and a characteristic absorption
spectrum corresponding to the sparse intermediate

(level spacings larger than level widths), the dense in:
termediate {level spacings of the order of level widths
and the statistical (level spacings much smaller then ;
level widths) cases are shown in Fig. 3. Note that DY
“level widths” we mean the sum of the radiative and i
electronic radiationless decay widths, but not widths 3
associated with IVR.

The significance of the emission spectra displayed_
Fig. 3 needs further clarification, For this we focuf
two emission lines which correspond to two different--‘
final (ground state) levels |m,} and |m,). Supposé UE
in the zero order representation |m,) is exclus'wely:.
coupled (via the molecule~radiation field interactlon:
to Is) while Im,) is coupled to another zero order 197
|7) which belongs to the {|7)} manifold,?” Figure 42
this situation in the dense intermediate case toget
with a schematic description of the emission line 8%
for the transitions which end in the |m,) and [m¢/ %
We note that by definition the |s)— |m,) emission O3
stitutes a “line” in the direct {unrelaxed) fluorescé®
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PFIG. 4. Direct {unrelaxed, [s)— g} and indirect {relaxed,
Hr) — Im )} emissions in the simplified molecular model.

ote that the |+) — m,) emission is only one component con-
gributing to the total relaxed fluorescence,

jipectrum while the |#) ~ |m,) emission constitutes one
Hof many overlapping) contribution to the relaxed emis-
#8ion. |s) and |7) are however linear eombinations of

e exact energy states 157, i.e., is)=3,a,l1j) and |
£<1,a,,17). Therefore, in the intermediate case each
"Of these lines can in principle be resolved to separate
flines corresponding to the different 177 levels as

Eshown in Figs. 3 and 4.

e In Appendix A we prove the following theorem: At any
ktime following the initial preparation of the excited mole-
,cule, the integrated intensity of the emission associated
FVith the transition into the ground level |m,) is propor-
Honal to the population in level [p), i.e., Kl w2,

f ¥here w(r) is the molecular state at time ¢, and Ip) is the
" Excited zero order level which carries all the oscillator

[ 8trength for transitions from Im,) in the spectral region
f Ol interest. '™ Note that |p) can be the initially excited
B leve] ls) or any other zero order level belonging to the

f manifold {|7)}.

The validity of discussing the time evolution of molecu-
: lar emission spectra in terms of populations of zero order
: Molecular levels has been taken for granted in many past
f ¥orks.® The theorem proven in Appendix A may how-

E &ver have profound consequences as discussed in the next
- Bection.,
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In the rest of this section we assume (as is indeed
usually the case} that the condition under which the popu-
lations of the zero order levels determine the instantane-
ous emission spectra is satisfied. The intensity of the
direct (unrelaxed) emission at time ¢ is proportional to
the population P,(t) = |{s|exp(~iHt)|s)|? and the spectrally
integrated intensity of the relaxed emission at time / is
proportional to

PL#)= 2P0 =2 || expint|s)f? .
I i

The intarmediate case

The evolution within the |s>—{!2}} manifold in the
model described in Fig. 4 has been intensively studied
in connection with the theory of intramolecular elec-
tronic relaxation. In the intermediate case the popula-
tion P (t) evolves differently at short and long times,
Immediately following the excitation [¥(t =0)=|s)] and
during a time short compared to the inverse level spac-
ing tn the {I)} manifold, the {11} manifold behaves as
4 continuum and the evolution of P, () proceeds as in the
statistical limit {see below). The direct emission de-
cays with the total rate y,+I', where y, is the sum of the
radiative and electronic radiationless widths of the levels
[s) while I' is given by

) 2 1 (31 + &)
=21 ) | W, 7 (E, - E Y+ (3)y, + )

=2r| W, l%p, , v.1)

where y; is the sum of the radiative and electronic
radiationless widths of the level |0}, p, is the density of
levels in the {|2’} manifold and ¢, is the uncertainty width
(of order ;') associated with the short observation time
1, . 29

At long time (¢ greater than the inverse level spacing
p,), “dephasing” between the different levels due to their
slightly different energies has taken place. The situa-
tion is best described in terms of the exact molecular
levels |7). The initial state is

Y(E=0)={s) =) a,li), Iv.2)
7
and at time { it evolves to
\I’(t)=2asjexp(—iE,t—y, TR (v. 3}
]

Equation (IV.3) is based on the assumption that the damp-
ing matrix associated with the exact molecular states

15} is diagonal. This may be justified for the radiation-
less part of 3, invoking the random-like nature of intra-
molecular coupling between vibrational levels. It is true
also for the radiative part of y, because of the fact that
the total radiative lifetime is the same for all rovibronic
levels belonging to a given electronic state. Eguation
(IV.3) leads to

P) = [(s| @0 (2= 3 |a,, [*exp(-y,0)
1

+2 2, |ag|¥a,, |2expf~4(y, + 7,4 ) flcos(w,;.1)
145

(Iv.4)
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where #w;,. =E, - E;» . The second term in the rhs of
Eq. (IV.4) describes quantum beats in the fluorescence.
However, when more than a few {~ 10) levels contribute,
the sum of oscillating terms averages for t>p; to a
vanishingly smal} contribution. This subject is further
discussed in the next section. When these oscillations
may be disregarded we obtain {for long enough time)
P)= la,ltexp(-v,1) . (Iv.5)
§
If there are ~ N> 2 strongly coupled s and I levels
participating in this process, we may invoke the sim-
plest statistical model of egalitarian mixing so that

g, |2 =Nt Iv.6)
We then have
exp[- (y,+T')t] (short time) ,
= L
P, }1\7 exp(—y;t) (long time) . (V. 7)

The number N of effectively coupled levels may be esti-
mated [rom

N=Tp=2r|W|% . (Iv.8)

‘The only difference between the present situation and
between that encountered in the theory of electronic re-
laxation lies in the fact that in most electronic relaxa-
tion problems the real life counterpart of the manifold
{11} does not carry significant oscillator strength for
radiative emission. The observed radiative lifetime
{the radiative part in y,) is then of order ¥§/N. This
has been discussed in terms of the “anomalously” long
radiative lifetimes associated with intermediate level
structure cases, In the present problem y¥%, y%, and
y%are all equal ,

The level width y, (=% +9¥%) and y, (=+F +¥'%) are of
the same order of magnitude, If we make the simplifying
assumption that they are the same (which is rigorously
true if variations in ¥*® may be neglected), we can obtain
also the time evolution of the integrated relaxed fluores-
cence. The individual P,{t} are fluctuations within the
egalitarian model, having zero average. Their sum,
however, is readily evaluated by using the sum rule.

For this we use the sum rule

Pt)+ D Pyt)=exp(-1) , Iv.9)
i

where y=v, =%;, to obtain

exp(~ ) [1 - exp(-Tt)] (short time) ,

IZP,(I)= Vo1

exp(— ) (long time) .

av.10)

Equations (IV.7) and {IV, 10) lead to the following im-
portant conclusion: When guantum beats in the fluores-
cence are absent, the time evolution of the molecular
fluorescence spectrum (i.e., transfer of intensity from
direct to relaxed emission bands) takes place only during
the initial short dephasing period. This may be also
concluded using the exact molecular states representa-
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tion: Following the initial dephasing, each level [j)
evolves in time essentially independently of other levels
and contributes to the emission spectrum direct and
relaxed components as discussed in Sec. IIl. These
components decay with the lifetime y; and any evoiu-
tion in the structure of the emission spectrum in the
postdephasing period is due to the accidental differences
between the different lifetimes ;' of the different j
levels.

The statistical limit

As is seen from Eg. (IV.7), as the number N of ef-
fectively coupled levels within the |s)-{I[)} manifold be- .
comes very large, the long time component in the evolu-
tion of P,{t) becomes negligibly small; P, decays ex- :
ponentially practically to zero with the rate v, +C. In
mast cases of electronic radiationless relaxation,
fluorescence is observed to decay on this time scale.
In the present case Eg. (IV.10) indicates that the total
population of the {|2)} states (which determine the in-
tensity of the relaxed fluorescence) decay on the long _
time scale with rate y=(3) following an initial rapid rise,
The situation is similar to that discussed by Nitzan, _
Jortner and Rentzepis®®® in connection with consecutive 7
electronic relaxation, It is important to note that as |
long as quantum beats are not observed and as long as
no attempt is made to resolve the intermediate level
structure in the emission, the statisticel limit and the
intermediate case differ only by the magnitude of the
number N which enters info Eqs. (IV.7) and (IV.10) as
well as (IV.15) and (IV.16) below.

An interesting guestion that has not been addressed
before concerns the population of different levels |1
in the {I7)} manifold during the vibrational relaxation.
Let us consider again the model shown in Fig, 4, and 7
focus our attention on the statistical limit {or the short E
time evolution in intermediate cases). Usually, the §
time evolution within the |s)-{I2}} manifold is deter-
mined by disregarding the anharmonic coupling W be-
tween the |{) levels (denoted by W, in Fig. 1). The usui}
argument given is that as long as we are interested ”“1,
in P,{t) we can perform a partial diagonalization of the 3
Hamiltonian matrix and obtain a set of {|1)} states which
are not mutually coupled. The resulis for the popula-—,
tions P,(t) and P, (t) for this case are well known*™: %

P.(t) mexp[- {(y+T)t], (1Iv.11a§
_ 1wy 12exp(= )
P{t) = B ary

- 2exp(-iTt) cos(E, )],

1 +exp(-Tt)

where E,, =E, - E, and T =27 W, p, and where y i8¢
sum of radiative and electronic radiationless widths. 3
the present case we are interested not only in P,(f) v
also in P,{f). It is §,P;(t) which determines the inte
grated relaxed fluorescence is given by Eq. (IV. 10). 2
Individual populations P, (t) may be useful for ser ting:3
different contributions to the relaxed spectrum. .
purpose we would like to keep the original characters
symmetry of the |1) states, and in particular the
tion rules associated with their symmetry, We ther}



& 117 states is not disregarded.

guch a solution may be obtained in the statistical limit
fithin the framework of the random coupling model, 3+-3
B this model we regard the coupling matrix elements
Estween any two states in the |s?--{11)} manifold as es-
pntially a random function of the state index, This pic-
yre is justified for matrix elements involving excited
'brational wave functions because of the highly oscil-
Wtory nature of these functions. The validity of these
bethods for a single matrix has been demonstrated
Bomerically. ¥ We are now interested in P,(t) and P,{t),
jven that P (¢ =0) =1, where the levels i+) and |s) are
Barticular members of a dense set of mutually coupled
gtates. The level |s) is unique only because it is the
Knly one accessible from the ground state and therefore
kmay be initially prepared. A similar model has been
Erecently considered by Beck and Mukamel.®* An outline
jof the mathematical approach to this problem is given in
FAppendix B, The results are

P.(t)=exp[- (y +T)¢] (V. 12a)
¥and
2
fr ) - 200 exnc )
x {1 - exp(-Tt)cos(E,,t) -T/E, exp[- It sin(E, )]}
(IV.12b)

f We see that as expected the time evolution of the initially
E-populated state is the same for this model as for the

f 8implified model which leads to Eq. (IV.11), The time

f dependence of P,(1) (r+#s) is different, but the qualitative
{1behavior is similar. The most significant difference be-
b tween Eqgs. (IV.11b) and (IV.12b) lies in the fact that Eqgs.
_(IV. 12b) predicts that the population spread over zero

f order levels in a (zero order) energy range twice as large
I a8 that obtained in Eq. {IV,11b). This result is under-

p 8tandable in view of the fact that in the model which leads
¥ to Eq. {IV.12b) each level has an anharmonic width [

; While in the model without coupling between {117} 1evels,

: only the initially excited level is agsigned such a width,

| Transition from the intermediate case to the statistical limit

- Consider now the alkyl substituted benzene molecules
- Studied by Smalley and co-workers.'® As the alkyl chain
E becomes longer, the molecule goes from an intermediate
FCase to the statistical limit {(see Fig. 3). Because the

¥ Coupling interaction is channeled through the motion of

f the substituted benzene carbon and its neighboring alky!
i Carbon atom, it is anticipated that the total coupling

k' Strength summed over all of the bath states is indepen-
¢ dent of the alkyl chain length to a first approximation.

In the intermediate case this coupling is partitioned be-
tween N strongly coupled levels, so

(s|wide=(s| w1y N-1/2 (IV.13a}

- Where |/;) denotes the relative vibration of the bonded
benzene and alkyl carbon atoms, and the N-1/? factor

" Appears because in the egalitarian model this coupling
bond vibration is taken to be equally distributed among
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a solution to the problem where the coupling between
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the N coupled bath levels. Since the density of coupled
levels is proportional to N as

PEmN, (IV. 13h)
the overall IVR rate
27 27
=22 3wl o=\ w, %0 (IV.14)
S ¥ 0

is independent of N to a first approximation as described
in Fig. 3. As discussed above, the structure of the
molecular fluorescence spectrum evolves in time only
during the time scale "', We therefore expect that so
long as intramolecular vibrational relaxation is identified
with changes in the fluovescence structure, no great
diffevence in the velaxalion rate is expectedto be observed
for the different alkylbenzenes. This is indeed the ob-
served behavior. As the density of levels is increased,
the relative yields of the direct and relaxed emissions

is changing, This feature is explained for N>2 by using
the egalitarian mixing intermediate case model for the
la1? and by replacing the 244+ COSw, . t term in Eq.
(IV.4) by the exponentially dephasing decay exp(-T't} to
calculate the unrelaxed (direct) yield from Eq. (IV.4) as

')’R

Y o
dir y+1—|

N-_'y + . (Iv.15)
where y=9" +"® allows for nonradiative decay apart
from IVR. The relaxed yield is then

S S

_Ydir_.y(.y_'_r‘) - A_f:}:ﬁ (IV. 16)

Both Y,y and Y, approach the correct statistical limits
as N—=, While the trends established by Eq, (IV.15)
and (IV.16) are not applicable to the shortest alkyl

chains with low vibrational excitation because N is too
small for the egalitarian mixing model to be valid,

these results are satisfactory for the higher density of
states domain where they are in accord with experiments.

Even if shorter pulse experiments cannot be performed
it is possible to directly test (IV.14) by the following
experiment: Para alkyl disubstitution should leave the
absorption spectrum to modes 6b and 18a unshifted
because this vibration has nodes in para positions (etc, ,
for 12 and meta substitution), The density of states is
similar (but less) in, say, the diethyl substituted ben-
zene than in butyl benzene, but the coupling W,,, is
roughly doubled because it is channeled through two
bonds. Hence, the disubstitution at constant density of
states should increase the relaxed yield with respect
to the unrelaxed one. Of course, the short decay rate is
quickened by this disubstitution of constant density of
states,

r

V. QUANTUM BEATS

In the previous section we assumed that quantum
beats in the fluorescence spectrum are not cbserved,
This is always the situation in bulk room temperature
experiments involving relatively large molecules, The
initial thermal distribution of rotational states is car-
ried over into the excited state, and any oscillations in
the fluorescence originated in these incoherently excited
rotational levels are averaged out. Even in the super-
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FIG. 5. A three level model for quantum beats.

sonic jet experiments of Smalley et al., 18 the large mo-
ments of inertia of the alkylated benzenes imply that with
the beam temperature of ~2 °K the absorption lines are
composed of several unresclved rotational components,
Quantum beats are therefore not expected and are not
observed in these experiments, With smaller molecules
and lower beam temperature the rotational structure can
be eliminated and beats can be observed as was recently
demonstrated by McDonald and co-workers., %

The cbservability of guantum beats in the molecular
flucrescence depend on one additional factor related to
the theorem stated in Sec. IV and proven in Appendix A.
To understand the implication of this theorem consider
the three level model displayed in Fig. %. The ground
level | g) is radiatively coupled to zero order level |s)
but not to |2}, Is? and | are coupled by the intra-
molecular coupling W. Partial diagonalization of the
Hamiltonian leads to the exact molecular levels {3} and
137 which are linear combinations of the wave functions
|s) and |») which diagonalize the Hamiltonian HY + W.
Both [{) and |j) contain contributions from |s) and both
are therefore coupled radiatively to | g). We assume
that the energy spacing E;, =E; - E, is large relative to
the level widths so that levels |4) and 1) can be selec-
tively excited. A broad band short time pulse excitation
of the system which is initially in state | g) leads to a
coherent linear combination of the (i) and |j) states

¥(t=0)=|s)=a,|i) +a,|j), (v.1}
which evolve in time according to
Y(t) =a, exp(-iE t —Ly2)|i) +a,,exp(-iE t -3y, i),
(v.2)

where y; and ¥, the (radiative) widths of levels i} and
15). For times longer than the inverse energy spacing
E;} the emission spectrum can be resolved; the intensity
of the line of energy E,, is v, P,{f) =v,la, |*exp(- y;t).

As long as these two emission components are resolved,
no quantum beats are expected in the corresponding in-
tensities.

J. Chem, Phys., Vol. 73, No. 10, 15 November 1980

K. F. Freed and A, Nitzan: Intramolecular vibrational energy redistribution

Consider now the total integrated intensity. We have
shown in Appendix A that this is proportional to the
population of the zero order Is) level, given by

P(0) = (s | WD |2
= |ag| texp(-vit) + | a, |  exp(~ %) .
+2|ay|?ag P expl-3(y; + v ticos(E 1) .
(V.3)

Quantum beats should be observed in the integrated in-
tensity for E;;>3({y, +v,). We conclude that the observq-
bility of quantum beafs in fluorescence spectra depends
on the mode of detection: bheals ave nol expected in the
resolved components but, when other condifions are
satisfied, should be observed in the total intensily of fhe
emission which covrespond fo a particular zevo ovder
level.

This conclusion is in accord with recent experiments 2
of Lauberau and co-workers, *® where quantum beats s
were observed due to the coherent excitation of the vibra-
tional states of different isotopes of liquid CCl,. The
bheats are observed in the total coherent anti-Stokes scat-
tering intensity, but can be suppressed by employing a
spectral resolution sufficient to separate the anti-Stokes .
scattering from the different isotopes. In the quantum °
beat experiments of McDonnald and co-workers® beats
are cbserved between levels whose spacing exceeds their_fi
widths so finer resolution of the emission can suppress 3
some of the beating behavior.

V1. CONCLUSION

Intramolecular vibrational relaxation (IVR) has been

a vaguely defined process. The rate of energy transfer
between modes depends on the representation and on the
modes chosen, and it is not clear that such a rate, ob-
tained for example from classical trajectory simulatio
is directly related to any observable quantity. A more
direct approach considers the observable properties
such as linewidths of absorption or excitation spectra
{e.g., overtone line shapes in large molecules™®) or
time evolution of molecular fluorescence. In this pape
we have considered the later phenomenon which was ob
served in recent experimental studies,'®!? Emphasis
here is placed upon a consideration of the observable
energy and/or time resolved characteristics of the emil
sion spectrum for a variety of experimentally feasible.
initial states of the system. The intramolecular vib
tional relaxation rates are associated with the time _;?
scales over which this emission spectrum changes frog
that of the initially prepared state to that assoicated
the relaxed states., The use of a realistically meas
time scale is necessary in order to eliminate wide V@
tions in estimated IVR relaxation rates which arise fF :
the choice of (a) an unpreparable initial state of the 57
tem, (b) a nonmeasurable IVR time scale, {c) a staﬂ
{i.e., based on quantum yield measurements) definitioh
of IVR rates, (d) a crude zeroth order representations
the system, or {e) combinations of these.

The theory builds heavily on known results from W¥
theory of electronic relaxation processes, and this 1 g
us to consider the intermediate and statistical lim :



. 'other.

E of the differing energies of the eigenstates,
F"intramolecular dephasing” process which is equivalent
_i'on this short time scale to the IVR observed in the
 statistical limit.
ity of states is high enough to make this process ir-
E reversible,

L iramolecular vibrational relaxation processes.™® [n
Bhe intermediate case the density of vibrational levels is

n short enough and potentially observable time scales,

e system can appear to undergo IVR. This arises when
Pihe system is initially prepared in a nonstationary state
‘which is a linear superposition of a number of vibra-
Ftlonal eigenstates. At the initial time these vibrational
 eigenstates have definite phase relationships with each
As time evolves, the initial phase coherence be-
Ltween the vibrational eigenstates is destroyed because
This is an

In the latter case the vibrational den-

In the intermediate case the IVR does not contribute

b to individually resolved level line broadening, while the
- gtatistical limit has IVR induced broadening,

In order to explicitly consider the effects of IVR on the

k" molecular emission spectrum, it is necessary to gener-
f alize the electronic relaxation theory to incorporate the
!_ radiative decay characteristics of the dense vibrational
P manifold along with the nature of the emission spectra

. agsociated with these states. We have carried this gen-
& eralization and used it to analyze the experiments of

I Smalley and co-workers!® on the structure and the

F dynamics of the emission from alkylated benzenes.

¢ The following observations were used in this analysis:

b () As mentioned above, during the initial dephasing

f an intermediate state molecule behaves as a statistical
g limit molecuwle® (b) The fact that the benzene ring—

alkyl chain coupling is transmitted through the bond

Connecting them implies that this dephasing time is in-
dependent of the alkyl chain length, (c) The fluores-

'_ cence spectrum evolves in time only during this de-
P Phasing. These observations immediately imply that

the time scale for evolution of the fluorescence structure

- will be approximately the same for all the alkyl benzenes

studied experimentally. This time is expected to be of
the order 10°'1-10-12 gec as observed in the experiment
of Parmenter and co-workers.!" It could not be observed
in the nanosecond time scale experiments of Smalley’s
group.

In contrast to the predicted lack of variation in the time
evolution our theory predicts considerable changes in
the relative yields of the relaxed and unrelaxed emis-
sion spectra as the alkyl chain of the alkyl benzene
Mmolecules become longer, i.e., as the molecule changes
from the intermediate to the statistical limit.

If the experiments are coherently exciting the zeroth
order vibrational state {s), this prediction is in accord
With the experimental observations. Alternatively, the
€xcitation pulse duration may be too long, so only a
few of the vibrational eigenstates |j) are excited by the
laser. Then shorter excitation pulses are required to
Coherently excite the full [s), The use of dialkyl sub-
Stituted benzenes may be a useful method for varying
the effective intramolecular coupling strength to test
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ot high enough to drive truely irreversible IVR; however,
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these considerations further.

In the sparse intermediate case quantum beats in the
emission intensity may also occur, We have seen that
the observability of beats depends on the mode of detec-
tion. In particular, when the emission spectrum can be
resolved to components associated with individual ex-
cited levels, beats are observable only in the frequency
integrated intensity,

The theoretical analysis discusses in detail the time
variation of the relaxed and unrelaxed emission spectra
and yields for both short pulse and long time experiments
utilizing an egalitarian mixing model for the intermediate
case which approaches the proper statistical limit be-
havior. For theoretical analysis of intermediate dura-
tion pulses and for more detailed resolution of the spec-
trum it is probably desirable to consider direct computer
simulations of typical models, 3
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APPENDIX A

Here we prove the following theorem: Consider the
model displayed in Fig. 4. After an initial excitation
preparing the system in (zero order) leve) Es), the
integrated emission intensity associated with transition
into ground level Im,,), which is coupled exclusively to
zero order excited level ir), is proportional at all times
t to the population P, (#) = |{»]exp(-iHt)|s)|? of the level
l#). :

Denote by {m, k! the molecular level |m,) dressed by
the photon state |k (Im, k) =im,} k). |m, &) is an eigen-
state of the zero order Hamiltonian Hy=HY¥ +HE. In
what follows the subscript » on m, is disregarded. We
want to calculate the time dependent frequency integrated
intensity 7, (t) defined by

d

L= % ); P, (A1)
where

Pt = |$mk|exp(~iHt) | s)]% . (A2)

P,.{t} may also be written in the form

| 2
P [om |l )]
4
™ 1 ?.)
X}:l(‘]ri ( J'_., dE exp(-iEt) m G,S(E +in) ,

(A3)
where G(E +in) =(E+in-H)'. Using the convolution
theorem we can write the term inside the absolute value
signs as

J‘ dE exp(—iEt).A,,{E) ,

where
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- 1 1
“Am(E} - ,[., av U~E+in U=-E-E,, ~in
1 1
A4
X(U-—Hﬂ'n ),E(U—E-H—-in),s (a4)

We now perform the summation over the photon states k
by converting it to an integration. The limits of this
integration can be taken to a good approximation to be
te, This gives

2

k

1
(U—Epp+in{(U=FE - E_, ~in)

o 2TiDmy
E+2in

(A5)

s

where p,, is the density of photon states dressing the
molecular level m. Denote

: Pme = yfl-r

?R,;-, is the contribution to the radiative width of the level
r due to its decay into level m. We obtain

P,.,(t)sz:P,,,,,(r —T';ff dE

271‘ Mo,y (AB)

exp(-iEt) 1 Et)
CE+2n

, - 1 1
*lim U., auv (U—-Hﬂ‘n),s(U—E-H—-in )J '
(A7)
From Eq. (A7) it foilows that
IO d P} =42, P @), (A8)

where the last equality arises because

P,(t) = |{r{exp(-iHt}|s)|?
_ 1 . - 1
—Rl;]l’} [m— J' dEexp(zEt) J-m av (m)m
1
) (U—E-H—“? )rsj] (Ag)

The second equality in Eq. (A8) is verified by the same
procedure which leads to Eqs. (A3) and (A4).

APPENDIX B

Here we briefly outline the solution to the random
coupling model of IVR defined as follows: a dense (level
spacing small compared to level width or to the inverse
experimental timescale) set of levels {|/}} constitute a
sclution to a given zero order approximation (eigen-
states of Hy). A residual perturbation W couples these
levels to each other. The matrix elements W,,. are ran-
dom functions of the state indices I and !’. Given that at
=0 only one particular level s) is populated, we want Lo
know the population of this level as well as some other
level |7) at time {, We use the diagramatic approach ad-
vanced by Carmeli and Nitzan*? for random intercontinu-
um coupling models. The coupling W,,. is assumed to be
a real Gaussian random function of the indices I, I’ with

(W,,.7 =0, (B1)

(W Way? =CW3)) (Bya 8y 464 6,3) (B2)

The averages are defined as in Ref. 32. We have to
evaluate

P,{t) = f dE exp(-iEt) (G, o (E) , (B3)
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where G,, ,, (b =s or r) is a matrix element of the tetradlc i

Green’s function :
[ (o )| L

-0 bs —n) TR

(2" =0; #'>n),

(B4)

where I =H;+ W and where all the state indices refer
to eigenfunctions of Hy:

1
U-H+in

1
2mi

1
U-E~H-i(sf

Gop,ss =

Holb) = (E, +ip)ib) . (B5)
We first calculate
By, ={(U-H+in); [U=E-H-1(n - m]D (BS)

by expanding in powers of W and doing the averaging by
pairing the interaction terms. As all states belong to
the same manifold, there is only one kind of propagator
and one kind of vertex. The propagators associated with 2
levels |s) and |7} are specially marked by the correspon
ing letters. The following examples should clarify the
diagramatic notation:

®-v,.,
5 (U-E,+5iy)! {upper branch) ,
i lower branch
(U-E-E, -1 )1(owr ranch) ,
S & @ S=(W-E Liyrt > _wl)
2 —o—==(U- 3 -
sty ~ U-E, +}3iy
{upper branch) ,
S-9—oL
s | L, =lW-E iU -E-E, -3iy)
-———

X{U-E, +}iy) (U -E - E, - i)
(w2, ) w2,
XL TR

+3iyU-E-E, -
The present situation is slightly different from that con
sidered by Carmeli and Nitzan, * where coupling exis
only between states which belong to different manifold
and therefore only one product of 6 functions contribu
in Eq. (B2). However, the survival rules for differen
diagrams remain essentially the same. Defining the
dressed propagator

-

’

317)

(U—i‘b +L40y1
(U~ E-E, - +ify!

(upper branch) ,

{lower branch) ,

where
- (W2 )
I'=y4T =y -2Im{ lim R
4 4 (n-o IZ E-E +3iy

=y+2n Wy, p;

and
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: (W)
E - —ne BIf
._E»"Eb*PPZ—: E_E, (B9)
k.. 1eading contribution to B,, is found to be
P - S - - - -
‘ Bss - <_%> = [(U - Es +31?7 Zr)(U ~-E- Es - % zr)]-l 3 (BIO)
nich, using Egs. (B3) and (B4), lead to
p,(t)=exp(-T1) . (B11)
bhe leading contribution to B,, is identified as
S r S r 5 r S r
B, = ’ ’ ¢ ——’LJF’—’—, ' (B12)
rs _5 | r + g ] 1 r + < 1 ' r + = s r
.
*— *——o—9
:. . . ! P s ¢ (B13)
(" —
Epirect calculation yields
‘.7 z T
| o- WO Eal) (B14)
E+iy
:ihence
: , =
B":(W)(E +iI') 1 (B15)

E+iy
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