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Organic molecules with a small electronic gap between the S, and T, states (20004000 cm ~ ')
exhibit deviations from the exponential law of fluorescence attenuation associated with violation

of the balance equation in the absence of collisions. This survey provides an exhaustive
classification of all physical situations which arise in various correlations between parameters.
Dephasing processes and the attenuation of molecular states, biexponential attenuation, and
chaotic and periodic quantum beats in the limits of strong and weak coupling are discussed. The
predictions of the strong coupling theory are compared with experimental data for pyrazine.
Rotational effects are interpreted as a narrowing of a band of strongly coupled states with an
increasein the rotational quantum number. Periodic quantum beats at the weak coupling limit
arise due to a reversible energy exchange among vibrational sublevels,

1.INTRODUCTION

The unusual luminescence properties of some azines
and carbonyl compounds in rarified vapors and supersonic
flows in nano- and picosecond excitation attracted attention
after the discovery of the biexponential fluorescence attenu-
ation of pyrazine.! This attenuation was later detected in
pyramidine and its methyl derivatives,®® s-triazine,” quin-
oxaline,® diacetyl,”!° glyoxyl,!' methylglyoxyl,®>!"1? ace-
tyldehyde,'* acetone,'® and other organic'*!” and inorgan-
ic'® polyatomic molecules, as well as cations'® and triatomic
molecules.?®?' Yet another deviation from simple exponen-
tial attenuation is exhibited in the form of chaotic or regular
quantum beats in the fluorescence intensity of these mole-
cules in a magnetic field and when there is no magnetic
field.'®'617:21-3% These beats are also seen in more complex
anthracene-like compounds,®**¢ in which biexponential flu-
orescence attenuation from higher vibrational states has also
been detected recently.>*®

Interest in these phenomena increased especially when
their dependence on molecular rotation was detected.>”*°
This dependence has been studied in rather great de-
tail, 71022344036 A 50 studied were the polarization proper-
ties,”®%¢ the effect of the magnetic field,!”2!>39:33,47,52-54,56
the length of the pulse of exciting light,®*3%*” its wavelength,
and gas pressure. The results have been summarized in sur-
Veys'24,26,57—61

Recently a communication has appeared on the obser-
vation of quantum beats in femtosecond excitation. These
beats are caused by vibrational-rotational motion of excited
molecules in stable®? and transition short-lived®® states. A
theoretical interpretation of these® and the aforementioned
phenomena is based on general physical ideas.

The law of luminescence attenuation is associated with
the dynamics of the excited state, and the latter is defined by
the structure of the energy spectrum and the excitation con-
ditions. In atoms, the isolated electronic states that interact
with the continuum of states of the electromagnetic field
decay according to an exponential law. The exception is de-
generate levels, because they may be split by an external
field, and, by using coherent excitation, one can observe re-
versible transitions between a small number of close sublev-
els from beats in radiation intensity.5®> In polyatomic mole-
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cules the luminescence kinetics are richer because the
nuclear degrees of freedom make the spectrum more com-
plex, and open channels for intramolecular redistribution of
energy. In isolated molecules this is mainly electronic radia-
tionless transitions, intramolecular vibrational relaxation in
one electronic state, and reversible energy exchange between
electronic and/or vibrational degrees of freedom.

This survey classifies possible types of behavior depend-
ing on the correlations between parameters, and, where pos-
sible, makes a comparison with experimental data. The diffi-
culty lies in the need to order a large number of different
situations and not lose sight of the essentially simple picture
of physical phenomena due to the abundance of details. It is
easy to represent this picture on the basis of the following
general concepts.

In the area of the spectrum which is significant for lumi-
nescence, an isolated polyatomic molecule has a set of quasi-
steady states which attenuate due to spontaneous radiation,
radiationless transition, and vibrational relaxation. Depend-
ing on the spectral width and pulse length used to excite the
molecules, one can excite individual states or coherent and
incoherent superpositions of these states. Thus, in the gen-
eral case the evolution of the excited state includes the pro-
cesses of population relaxation and the coherence of molecu-
lar states.

If one excites an individual quasi-steady state, the entire
process is reduced to the population relaxation of this state,
and is described by a balance equation. According to this
equation, the increase in the population of the luminescence
state per unit time is equal to the difference between the
number of incoming (due to excitation) and outgoing (due
to radiation and relaxation) molecules. In this case, in rapid
excitation, radiation is attenuated according to an exponen-
tial law at a rate equal to the rate of population relaxation. If
the rate of excitation is comparable to the latter, the attenu-
ation curve is a convolution of this exponent with an excita-
tion function and, consequently, depends on the shape of the
excitation pulse. If a group of states is excited, but there is an
effective mechanism for rapid loss of phase memory, then
these states are combined into one quasi-steady state with a
large width (actually, because a new channel of intramole-
cular relaxation is opened) and the kinetics is again de-
scribed by the balance equation.
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A different situation arises if there is coherent excita-
tion of a group of molecular states, and phase memory is
retained in the course of the characteristic time of evolution.
Then, in addition to the relatively slow population relaxa-
tion, more rapid processes take place which are associated
with two types of coherence effects. And if a sufficiently
large number of quasi-steady states participates, then relaxa-
tion of the initial coherence occurs in a pure form, or, as it is
said, there is dephasing of the initially prepared “optically
light”” state, which is expressed in the appearance of a rapid
component on the radiation attenuation curve. If a small
number of states participates (for example, a total of two),
then coherence is expressed in the appearance of regular
beats. As the number of states increases the beats become
chaotic and gradually disappear due to averaging, giving
way to the rapid exponential decay mentioned above.

From what has been said it is clear that the fundamental
cause of nonexponential radiation attenuation is the viola-
tion of the balance equation due to the appearance of coher-
ence effects. Thus, after one defines a quantum model of
levels and the basic parameters in section 1.1, an examina-
tion of the balance equation in section 1.2 is the natural point
of departure for subsequent analysis. The goal of this analy-
sis is, first, the establishment of the limits of applicability of
this equation based on solution of the basic equations of the
model (seesections 2, 3,4.5, and 5.1) and, second, classifica-
tion of the types of nonexponential behavior in cases where
the equation is not applicable.

1.1. Quantum model

The theory of radiationless transition®®®’ examines a

scheme of levels (Fig. 1) which includes one “‘optically
light” (®,) and many ‘“‘optically dark” (®,) states in ab-
sorption and radiation with the participation of the ground
state (®,). This corresponds to the conditions of typical
experiments. The portion of molecules P, (¢) in state ®_ at
time ¢ is calculated for a given initial value P, (0) (and
P,(0) =0). The intensity of luminescence is

L) =721, P(1), (1.1)

where 7,4, is the radiation lifetime of state ..

The dynamics of the system are defined by the following
parameters: the matrix element of interaction v, the aver-
age distance between levels p;~ ', the half-width of levels ¥,
and 7,, the resonance defect A=E, — E,_, (E,_, is the
level E, closest to E, ) and the pulse length 7, of the excit-
ing monochromatic radiation. The correlations between
them affect the characteristics of the initially prepared state
and its subsequent evolution.

Jumping ahead for easier orientation in the presenta-
tion and clearer representation of the results of analysis, we
present in Fig. 2 a scheme which encompasses the most in-
teresting cases. Within the limits of this scheme the examina-
tion is conducted from the top down. At the very top is the
object of investigation, polyatomic molecules.

Following Robinson and Jortner, the statistical limit,
the intermediate case, and the case of small molecules are
differentiated. According to Ref. 67 these situations may be
described in the framework of the Bixon-Jortner model if
instead of the true steady states one examines (as is suggest-
ed by Robinson) the so-called effective states with the same
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FIG. 1. Model of energy levels d,,, and d,, are the matrix elements of the
dipole moment.

v, equal to its maximum value. Then the statistical limit is
realized in the limit of a large y,p,, and the intermediate case
and the case of small molecules are realized in the opposite
limit (an accurate condition is obtained in section 2, see Fig.
2). For molecules in an inert gas medium (according to Rob-
inson) ¥, depends linearly on pressure p; thus, at the limit of
zero pressure ¥y =0 in the case of small molecules, and
¥7#0in the intermediate case (broadening of the levels in an
isolated molecule is a consequence of the Freed—Jortner
principle of practical irreversibility®” ). Since, formally,
the case of small molecules is a special case of the intermedi-
ate case, the case of small molecules need not be examined
individually (thus, the intermediate case and the case of
small molecules are placed on a common base in Fig. 2).

1.2. Balance equation

In the statistical limit, and in specific conditions in the
intermediate case as well (see Fig. 2 and section 5.1), the
following balance equation holds true

P(1) = — (ks + k. + TRrbsy + Tynts )P (1) + F(2),
(1.2)

where k, is the rate of radiationless transition ®,»®,,
T rrvs is the rate of radiationless transition ®,~s®, 7 vz},
is the rate of vibrational relaxation (dissociation and other
processes are taken into account by adding the correspond-
ing rates), F(¢) is an excitation function which is nonzero in
aninterval of 7, near# = 0. Integrating it and substituting
it into Eq. (1.1) we obtain the law of radiation attenuation

Is(t)=‘rr:dl(s) J exp[(t—t,)‘ro;sl(s) ]F(t‘)dtl' (1'3)
where
Tostsr = (Traa(sr + K5 + T + Tvresn )" (1.4)

is the observed lifetime for instantaneous excitation of the
state @, at time ¢ = O, that is, for the condition

(1.5)

Tpulse <TD\”(,) .

Actually, in this case the exponent changes slowly compared
to the excitation function and it may be taken outside the
integral sign at ¢’ = 0. In the remaining integral at > O the
upper can be allowed to go to infinity, so the integral is equal
to the total number of absorbed photons per molecule, that
is, P, (0) (this is equivalent to making F(r) = P, (0)6(1)).
As aresult, we obtain, as for a free atom, exponential attenu-
ation
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with periodic modulation ¥, Sys/N.
ys=v,ora=0
L = Kom oo e ]
— 1/ Tapacs
I, (t) =1,(0)e ™ "/Tom (1.6)

with a lifetime (Eq. (1.4)), but now the quantum yield ¢ is
less than unity. We recall that ¢ is the ratio of the total num-
ber of emitted photons to the total number of absorbed pho-
tons:
00 +.oo -1
o= I,(t)de { F(t)dt) .

—oo

(1.7)

Substituting Eq. (1.3) and changing the order of integration
(or directly integrating Eq. (1.2) over time), we obtain the
well-known formula

Tobs (€3]

@=——" (1.8)
Trad(s)
It holds true for any ratio between 7, and 7gpe(s) -

From what has been stated it is clear that deviation
from exponential attenuation (Eq. (1.6)) when Eq. (1.2) is
applicable can occur only when inequality (1.5) is violated,
when the attenuation kinetics begins to be affected by the
shape of the excitation pulse. For example, at 7,,1e ® Tooscs) »
on taking the slow function F(#) outside the integral sign in
Eq. (1.3), we obtain

I, () = oF (1),

that is, the radiation reproduces the shape of the excitation
pulse. This situation is characteristic, for example, for re-
verse electronic transitions®® when the vibrational energy is
slowly accumulated in the ground electronic state in infrared
multiphoton excitation, and is then transferred into an excit-
ed electronic state with rapid de-excitation.

As already stated, this survey discusses the nonexpo-
nential kinetics of fluorescence attenuation due to the viola-
tion of the balance equation (1.2) in the intermediate case:
The theory which is presented refers not only to radiation-
less transitions, but also to the processes of intramolecular
vibrational relaxation and vibrational reversible energy ex-
change in cases where one can create experimental condi-
tions in which one light state is excited that interacts with
several dark states.**”

A feature of intramolecular vibrational relaxation and
vibrational reversible energy exchange is that the states ®,,
which are dark in absorption due to small Franck-Condon

(1.9)
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factors or due to symmetry violations, are light in radiation.
Thus, radiation from these states is spectrally distinguish-
able from radiation from &, since the corresponding transi-
tions into various vibrational sublevels of the ground elec-
tronic state are permitted. Thus, one can obtain additional
information on the dynamics of the excited state by measur-
ing the intensity

I, (1) =1adw Pi(2). (1.10)

2.INITIALEQUATIONS AND THEIR SOLUTION. CRITERIA OF
THE STATISTICAL LIMIT AND OF THE INTERMEDIATE CASE
In the absence of broadening of levels, the wave func-
tions of molecular states are written in the form
®,=a,®, + 2,a,P,, and the normalized probability of
detecting a molecule in the light state in the case of instanta-
neous excitation (Eq. (1.5)) (with # = 1) is equal t0®*¢’

P,(t) = lzaine-iﬁ:nth 2.1)
3 ”31 -t 2 4.
fan = [1 + Z E, =L, ] ’ Z,“’" =5 (2.2)

the energies of the molecular levels E, are the roots of the
equation

2
\7__ Vst
E.—F = —_—_
n s E,—E,

In the approximation of the effective Hamiltonian, which is
based on the Green’s function method®®” and corresponds
to the assumption about the statistical character of the decay
of zero states, the widths of the levels are introduced by sub-
stitution of the real energies with complex energies:

(2.3)

E, - E‘V = Ev —_ le (‘V =gl n), (2-4)

and 42, is replaced in Eq. (2.1) by the residue g,, of the
Green’s function in band E,; the residue is given by Eq.
(2.2) after substitution of Eq. (2.4) (the notation a2, is re-
tained for Eq. (2.2) for real energies). In the Bixon—-Jortner
model we assume that E,=E, —A+ /e (=0, +1,
+2,...), vy = const, p, = 1/¢, ¥, = const.Substituting this
into Egs. (2.1)—(2.3) and separating the real and imaginary
parts in Eq. (2.3) we obtain"®
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Pty = Ing,,exp(— iEqt — '\’nt)‘|2 s (2.5)
gen = {[1 + nPuipl sin™? [n (2, + iy, (2.6)

E E — 1 i sin (2n.rﬂ)
nT Hs T T s Top (2ny ) —cos (2nz ) ’ 2.7

1 sh (2ny )
Yo Ys = Tks ch(2ny, ) — cos (2nz ) ’ (2.8)

where the following notations are adopted

k, = 2wkp,, 2.9)
T, =0 (En —Es + Ay yn=p1(Vi — 7)) (2.10)

It follows from Eq. (2.8) that y, is between ¥, and ¥,, since
», always has the same sign as ¥, — 7.

Depending on the quantity y, one can isolate three
cases.

1. |27y, | €1. In an approximation which is linear rela-
tive to y, there are no corrections to E, associated with the
attenuation of levels, g, = a2, and

Yo = Vi + @en (Ys— Vi) (2.11)
where
» UE[
a;, = - (2.12)

(B, — EJ 4 (ko) + o}

Substituting Eq. (2.11) into Eq. (2.10) we write the condi-
tion of smallness of y,, in the form |y, — ¥,| € (27p,) ~'a,, >
This condition will be satisfied for all n if we replace a, ?

with its minimal value (7v,p,)? + 1. Then, either

vs<vz<%ks + (27p)7 (2.13a)

or
1 -
Yo < v <K ks + (2np) 7

where it is assumed that |y, — ¥,| ~ ¥, + ¥,,and on the right
sides the small terms are eliminated.
I1. 27y, > 1 for some n,. Many levels coalesce into one

quasi-steady level E, = E,, withg,, =1, and

(2.13b)

1
Yo, = Vs + 5 ks (2.14)

The condition on y, is satisfied when

1 _
Vi Vs + 5 ks + Cap) (2.15)

We note that in addition to n = n, there are other quasi-
steady levels n £ n,, which differ only slightly from the zero
levels E,, and their contribution to radiation disappears as
¥, — a0, since the contribution of the ground level does not
depend on y,.

II1. 27y, < — 1. Again there is coalescing of the levels
E, =E  withg, =1and

1

Vne = Vs — 5 K. (2.16)
The coalescence condition
1 _
Ve V1 + 5 ks + (2npy)™ (2.17)

shows that the second term in Eq. (2.16) is small and it
should be dropped (see following section).
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3.MONOEXPONENTIAL ATTENUATION WITH GREAT
BROADENING OF LEVELS

Let E, be a vibrational sublevel of asinglet state S, , E, is
asublevel of the triplet T, lying at an energy AE below S, . Of
the processes causing the broadening of levels we will con-
sider only radiation attenuation, vibrational relaxation, and
radiationless transition into .S, (other possible processes are
dealt with by a simple addition of the corresponding
widths). Then

T s
Vs = Yrad(:) + YRT(:) + YVR(S) = 2 4
T ,’1
Yi=Yrry T YR 5‘2_ ,

1 —1 1 —1
Ty T Tadiss TTRT T 7 VR

—1_ -1 —1
T, =Tgrtwy T TR

(3.1)

where the vibrational relaxation widths depend linearly on
pressure, and the radiationless transition widths are present
only in the intermediate state or the statistical limit. Radi-
ation broadening is absent in final states, thus, in the small
molecule state, with p -0, we have ¥, (= ¥,ua(s) ) > ¥ (= 0).
On the other hand, one usually chooses the ground state or a
weakly-excited vibrational state in S, as ®, so that y, is
small. At large ¥, it would be difficult to prepare the initial
state ®, since at small 7,,, Eq. (1.5) cannot be satisfied.
This means that at final pressures (and in the intermediate
case, at any pressures) it should be true that ¥, > ¥, since in
the final state the supply of vibrational energy is larger (by
AE) and the rate of vibrational relaxation increases as vibra-
tional excitation increases. Thus, the ratio of ¥, to ¥,, can
have any value and if the contribution of radiationless transi-
tion to S, is not too large, it may be regulated by a change in
pressure.

We begin our examination of the kinetics of fluores-
cence with case III of the previous section, which, according
to Eq. (2.17), corresponds to low pressures and a rapid radi-
ation attenuation. Obviously, the intensity of fluorescence
(Eq. (1.1)) attenuates according to an exponential law since
the sum in Eq. (2.5) contains one term corresponding to the
quasi-steady molecular state n = n, with the half-width of
Eq. (2.16). We note, however, that in the absence of relaxa-
tion, that is, in the limit ¥, = %,.4.,, and ¥, =0, Eq. (2.16)
formally gives a quantum yield greater than unity. This ap-
parent contradiction is removed if one considers the contri-
bution of weakly-excited levels E,, which interferes with the
contribution of the ground quasi-steady state. It then follows
that consideration of the small second term in Eq. (2.16) is
excessive accuracy; in fact, as it should be in this case, the
quantum yield is equal to unity. Thus, for rapid radiation
decay the interaction between the singlet and triplet is in no
way exhibited and the rate of radiation attenuation is equal
to the rate of attenuation of the zero level E_, so Vg =Vs-

IncaseIl, intensity attenuates according to an exponen-
tiallaw (Eq. (1.6)) with an observed lifetime (Eq. (1.4)), a
rate of radiationless transition S; T, (Eq. (2.9)), which
does not depend on ¥, and y,, and a quantum yield (1.8). In
contrast to case III, Eq. (2.15) does not limit the relative
value of terms in Eq. (2.14), thus, ¢ may have any value less
than unity. From what has been stated it is clear that case II
corresponds to the statistical limit (see Fig. 2; the less inter-
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esting case I11 is not shown in the figure).

The applicability of balance equation (1.2) stems from
the fact that, according to Eq. (2.14), the total rate of at-
tenuation of the fluorescent state is the sum of rates of transi-
tions with and without radiation.

The statistical limit condition is usually written in the
form™ ,p,> 1, where p, is the density of all*® or only of the
effective®” states. In the examined model this condition is
more rigorous than inequality (2.15), which is especially
important in the case of strong coupling (see below).

The most interesting, from the point of view of the subject
of this survey, is case 1, when not one, but several quasi-
steady states participate in the dynamics. In case I it is neces-
sary to differentiate the limits of strong and weak cou-
pling.”"® From a formal point of view, the difference
between them is that in the first limit case a large number
N> 1 offinal levels E, yield a contribution to the dynamics of
the initially excited state, while in the second case, basically
only one level E,_ , makes a contribution (when there is a
large broadening of levels the situation can change, see sec-
tion 5.1). Physically these cases differ in the appearance of
the effects of coherence, relaxation, and the resonance de-
fect.

4. FLUORESCENCE KINETICS WITH SLIGHT BROADENING
INTHE LIMIT OF STRONG COUPLING: v,, > p;”’

The number of triplet levels E, which strongly interact
with the singlet level E, is proportional to the ratio of the
width of the Lorentz distribution (Eq. (2.12)), which is ap-
proximately equal to K, to the distance between levels p,~ .
This number (the so-called dilution factor) can be conve-

niently defined by the formula'’

N = nk,p, = 2n*%pf, (4.1)

which differs from the definitions'®""%®*7! by a numerical fac-
tor.”?

fluorescence kinetics in the examined situation are deter-
mined by the following factors:

1) Participation of a large number of levels: ¥> 1. An
additional aspect is that fluorescence is attenuated different-
ly when 1 € N< N, (“not too large N’) and N> N, (“very
large N ), where N, is determined by the experimental abi-
lity to observe weak radiation transitions from molecular
states @, with an oscillator strength ~1/N, from the
strength of the oscillator for radiation from a light zero state
b,.

2) The difference in widths of molecular states ¥, ac-
cording to Eq. (2.11). This leads, generally speaking, to a
rather complex kinetics, but this occurs only in a narrow
region of parameters. Actually, it is clear from Eq. (2.12)
that a2, £ 1/N; consequently, the variable second term in
Eq. (2.11) will be a small addition to the constant first term
when

Vs < N?ly

then one can replace ¥, with the average value
¥, =% +@,(y, — ), where @, = 1/(N + 1) in accor-
dance with normalization equation (2.2). Thus, in this ap-
proximation all levels have the same width

(4.2)

N 1 . . 1
Ry ey i NFL Yo = V1 H Vs

(4.3)
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The features of the system dynamics and the observed

Equation (4.2) is violated only in the limit ¥, -0, that is, in
the case of small molecules when p —0; nonetheless, this lim-
it is also interesting, and will be examined in section 4.4.

3) The ability to prepare various initial states, namely
@, or ®,. This ability is due to the fact that at large v, the
condition for preparation of a zero nonsteady state ®, can be
violated.®’ In particular, since the strong coupling condition
and inequality (2.13) may be satisfied at rather small p,, the
coherent width of pulse Aw,,, = 1/7,,, may be smaller
than the distance between zero levels p;~ ', and thus between
molecular levels p,; !, since®” p, =p,. Then the excitation
prepares the molecular quasi-steady state ®,,, which leads to
a change in the law of fluorescence attenuation (see section
4.5).

Let us examine in order all the possibilities which arise
in the limit of the strong coupling case I.

4.1. Rapld monoexponential attenuation in the case of
dephasing of an optically light zero state

Let the state ®; be initially prepared (in the case of
strong coupling in the Bixon-Jortner model the correspond-
ing conditions®” are reduced to Eq. (1.5)) and let Eq. (4.2)
hold true. We write the probability (Eq. (2.5)) in the form

P, (1) = Py, (4.4)
PUt) = 3 apnaine’ ), (4.5)
At time ¢ = 0, the phases §, = — E,t are correlated, since

they all equal zero (this is a consequence of coherent excita-
tion), and P2(0) = 1. At ¢> O there is a loss in initial coher-
ence or dephasing, in the sense that there appear phase dif-
ferences 8, — §,. #0, which increase with ¢ and become
random to a greater degree. According to Refs. 66 and 67, at
t<T = 2mp,, PJ(t) =exp( —k,t), so the characteristic
time of dephasing is 74.,(;) = 1/k,. Substituting this into
Eq. (4.4) and using Eqgs. (4.3) and (3.1) we find that in the
first, fast stage of fluorescence the dephasing leads to an ex-

ponential attenuation of intensity at a rate’

rd =kt 20 = koW Tt (4.6)

At > Tyeon(s) the attenuation curve deviates more and
more from the exponent, since oscillations in individual
terms of the sum in Eq. (4.5) begin to appear. As ¢ increases
the amplitude of nscillations increases, but at # = T in the
Bixon-Jortner model they cease, and there is full restoration
of coherence (“optical echo”), that is, P2 (¢) returns to its
initial value, 1. In a more realistic model of nonequidistant
randomly distributed levels (with the same average density
p.:) the coherence is not even partially restored,”””>’*%2 that
is, there is a full irreversible loss of coherence, and P(#)
fluctuates near the average value

;—2 = 2 a:nt
which is obtained from Eq. (4.5) by averaging over arbitrary
phases. Once we have determined the density of molecular

states p, (E) = 28(E — E,) and substituting Eq. (2.12),
we obtain

. oo 2
Bl S [ 1% ]
: 1
ol E—Ep ()
Nll2
V2

: 1
x 1 (E)dE = - s (&7)

4.7)
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where, when we calculate the integral, we replace the density
p1 (E) with the average value p,, since it fluctuates in inter-
vals ~¢. The width of the Lorentz function ~ Ne> €. Due to
the gradual increase in the amplitude of chaotic oscillations
with an increase in ¢ the arrival of P°(¢) at the constant in
Eq. (4.7) in the region 1/k,<t<T=2N/k, occurs
smoothly, without a dip to P%(T) = exp( — 2N) < P? at
t = T, which can be seen from the results of numerical calcu-
lations.”* "

We stress that this holds true for an arbitrary arrange-
ment of levels. In Ref. 17b a dip in the fluorescence intensity
of butanol is observed, which is associated with the existence
of correlations in the arrangement of levels (the so-called
correlation dip'7® ).

The final result of the dephasing process is a uniform
“smearing” of the initial population of state ®_into N &,
states; the oscillator strength for transition into &, is also
distributed along all & ,; thus, after dephasing the intensity
of radiation from each molecular state will be ~1/N?2, and
the total intensity, which now is a simple sum of partial in-
tensities, will be of the order of 1/N.

Forverylarge N theintensity after dephasing is virtually
equal to zero, and it can be assumed that radiation ceases
completely. If we select the maximum observation time®®*’
Temax D Taeph(s) » then the attenuation process is described by
one exponent with lifetime 7, from Eq. (4.6).

Equation (4.6), with a consideration of the definitions
in Eq. (3.1), contrasts sharply with the usual kinetic for-
mula, Eq. (1.4), which follows from the balance equation
(1.2), and this should be specially considered. First, instead
of the radiation lifetime of the fluorescent state &, the
lengthened radiation lifetime of the molecular states”! @,
enters: 7,q,, = V745 - Second, the contribution of relaxa-
tion to the initial electronic state has decreased by a factor of
N, but a relaxation contribution appears in the final state.
Third, the addition to k; is small, since, according to Eqs.
(4.3) and (2.13), the fastest process is dephasing. Thus,
Trast = Tdeph(sy and the quantum yield is small:

Trast

Prast = <1 (4-8)

Trad(s)

In the typical formula, Eq. (1.4), there are no restrictions on
the relative contribution of radiation and relaxation pro-
cesses, thus, @ may take on any value less than unity.

The considerations presented above show that, despite
the purely exponential character of fluorescence attenuation
when N quasi-steady states @, participate, the balance equa-
tion (1.2) and formula (1.4) are not applicable (this situa-
tion is marked in Fig. 2 by a crossed out dashed line). They
are applicable only in the statistical limit, when molecular
states coalesce into one quasi-steady state level (case II in
section 2). In Refs. 3, 9b, 20, 28b, 49, 51, and 61, Eq. (1.4) is
used instead of Eq. (4.6), but this should not lead to large
errors, since in both formulas the addition to &, should be
small if Eq. (2.13) is satisfied. In Ref. 14b it is proposed that
the estimate of 7,4, from Eq. (1.4) for acetone yields an
incorrect result, precisely because of the inapplicability of
the balance equation (not as a result of the nonstatistical
nature of decay, but rather because of the simultaneous exci-
tation of several levels).
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4.2, Biexponential attenuation: fast and slow stages

In the case of values of N which are not very large and a
low rate of relaxation processes (vibrational relaxation and
radiationless transition into S,) radiation does not cease
with the completion of dephasing at =7} a second slow
stage begins, in which, in contrast to the first stage, relaxa-
tion processes play a decisive role. Replacing P2(¢) in Eq.
(4.4) with the average value (4.7), we obtain exponential
attenuation at a rate

— - 1 -
Tom = 2Tp =W+ 5w (4.9)
which coincides with the average observed rate of decay of
molecular states 7 4}, - Since the second term is small due

to Eq. (4.2), we have

I— 1 _1
Taow = Tobs(my =Tvr(y + TrT() -

(4.10)

To observe the second stage, the maximum time of the
experiment must be large, 7., > 7, and the intensity of flu-
orescence by the beginning of the second stage must be
greater than the minimal intensity /., resolvable by the
equipment, that is, according to Egs. (1.1}, (4.4), and (4.7)
the following should hold true: (7 ! /N)
exp (27, T)> I, Defining Ny = (Lo Traais) ) > We Write
the latter in the form of two inequalities: 1 €N €N, and

TS (dnpr) 7t In . = api®, (4.11)

Since 7, =¥, this is a limitation on y,, namely 7, Sap, "

This is more rigorous than Eq. (2.13) since in the strong
coupling limit we have p;” ! €k,. Simultaneously, one can
reach the following conclusion: when there is fast relaxation
in a final electronic state, and Eq. (4.11) is violated, there is no
slow component and a fast component alone is observed.

When two stages are observed, the intensity of radiation
from the initially prepared state &, can be purely formally
written in the form of the sum of two exponents, the fast and
the slow (coherent and incoherent components' ):

— 1t/ 1 — 1/,
Tast + —e 5Iow) .
N
Actually, at each moment we have only one component. Ac-

tually, taking Eqgs. (4.6) and (4.9) we obtain

k k
Tsiow — & +1z2; >1.
l

Ttast Z?n
Thus, in the interval 0<¢ S 7,,, we have one fast component
(the constant ~1/N can be ignored), and in the interval
Teast €1 < Trmax » W€ have one slow component. Simultaneous
observation of the two components in a relatively large time
interval would require 7, =~7,., but then since N> 1, the
incoherent component could be ignored.

L) =T (e (4.12)

(4.13)

4.3. Quantum yield and the number of strongly coupled states

Substituting Eq. (4.12) into Eq. (1.7), where the de-
nominator is equal to 1 due to the normalization, for the
total quantum yield we obtain ¢ = @y, + @, » Where @,
is given by Eq. (4.8), and

Tslow Tobs(n) )

Nt =

Pslow — (4,14)

rad(s)  Trad(m)
The right equality agrees with the fact that by the time the
dephasing is completed an incoherent superposition of @,
states is prepared. Each of these states has a population
~1/N. Since neither 7, nor 74, depend on n, this
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ensemble of N states is equivalent to one state with a popula-
tion of 1. Then, as in Eq. (1.8), ¢, is aratio of the observed
and radiation lifetimes of this state. Substituting Eq. (4.9)
and taking Eq. (4.2) into consideration, we obtain
Vrad(s) ~ Vrad(s) <l

Nvi+7, Ny,

Thus, when there is biexponential attenuation, the quantum
yields of radiation of the fast and slow components are small,
and their ratio @g,,, /@ = 2Ny,/k, = 2my,p, may be arbi-
trary. Taking Eq. (2.15) into consideration, one can formu-
late the experimental criterion for transition from the inter-
mediate state to the statistical limit in the form

%-)1+nkspl =14+N,

slow
which differs substantially from the criterion presented in
Ref. 50: g0 /@a1ow # 1, Which is based on a weaker condition
than in Eq. (2.5), y,0, % 1.

The number of strongly coupled states may be deter-
mined from experimental data either as a ratio of the ampli-
tudes of fast (Cq,, ) and slow (C,,, ) components in Eq.
(4.12) or through the lifetimes and quantum yields of Egs.
(4.8) and (4.14):

Cran Talow Prast

N=Zt o Tvow&ns

Cllow Ttast Pulow (4' 16)
Equations (4.12) and (4.16) hold true only under ideal con-
ditions of excitation and detection, when r,,,,. and the re-
sponse time of the detecting system are small compared to
Tast (See section 6.4).

Pulow =

(4.15)

4.4. Nonexponential attenuation in the slow stage with
chaotic quantum beats

Let us examine now the case of extremely slow relaxa-
tion when Eq. (4.2) is not satisfied and it is necessary to
consider various widths ¥,,. In the dephasing stage, obvious-
ly, nothing changes, since, as before, ¥, €k,/4 due to Eq.
(2.13), and for the slow stage, we obtain the following in-
stead of Eq. (4.4) from Eq. (2.5)

Py(t) = D ale ™l (4.17)

We transform this sum into an integral as in Eq. (4.7), and
replace p, (E) with the constant p,, which is allowed when
t<N?/|y, — v,|, when the index of the exponent changes
slowly as energy changes by £. As a result we obtain the
formula’

1

2(v,—p)
e

_2‘Vl'f(2a,ylt)’ a = —-—Tv—l——-,

P (t)=
2 1 z 1/2
t=5{ (%) e=dn 1O=1,
0

which is valid over a wide range of change in ¢ and a. In
particular, when a € 1 we obtain, as above, an exponent with
a characteristic time (Eq. (4.10)), and when @ | intensity
attenuates by a factor of t ~ ¥ faster. Integrating Eq. (4.17)

we obtain the quantum yield of the slow component

(4.18)

4
%sn

n- Yn

Psiow = ‘Vrnd(.:) *

which now may take any values. In particular, in the absence
of relaxation we have’' ¥, = a2, ¥ aacsy aNd Pyion = 1.

If N is not large enough, the slow stage of attenuation
may be modulated by irregular quantum beats caused by in-
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complete averaging of the cross terms in Eq. (4.5). The spec-
trum of such oscillations consists of lines whose positions are
defined by energy differences £, — E,.. Their intensities are
defined by the products a@?a?., or in the general
case22—26,30—32 gmgm( .

4.5. Slow monoexponentlal attenuation in the excitatlon of a
molecular state

Let us now examine the situation when a state ®, is
initially prepared. As has already been stated, this requires
that Aw,,, €p,;” ' and that N not be too large, otherwise the
oscillator strength will be small for absorption ¥, -, .Yet
another limitation stems from the condition of instanta-
neous excitation 7, €7 gy, analogous to Eq. (1.5).
Uniting this with the foregoing, and using Eq. (4.10), we:
obtainp,” '» 7 5l »7,. Then it is obvious that it is possible
to excite ®, only when p,” '> ¥,, when ®, attenuates in two
stages. In this case the first stage is absent, since there is no
coherent excitation of many molecular states; for the slow
stage the formulas obtained above hold true.

If 7 sune S, then excitation is not instantaneous and
the decay is nonexponential. Since the decay of molecular
states, according to the assumption, corresponds to the sta-
tistical limit (see section 2), violation of exponentiality is
linked with the effect of the shape of the exciting pulse, and is
described by Eqgs. (1.3) and (1.9).

4.6. Summary of results

We summarize the results obtained in sections 3 and 4
of the analysis of the fluorescence kinetics in relation to the
correlation between four parameters, 7, 7;, p;~ !, and k,
with a restriction on the limit of strong coupling k,>p,” '
and with instantaneous excitation.

1) If the largest parameter is ¥,, then the triplet state is
“cut off,” that is, everything occurs as in the case v,; =0:
radiation attenuates exponentially at a rate 2y, and a quan-
tum yield @ = ¥,,4(5, /7;- This may be explained as in Ref.
67, section 3.1: the observed lifetime 7, = 1/(2y,) is so
short that the interaction of v, does not have time to affect
noticeably the dynamics of the excited state.

2) If the largest parameter is y,, then the statistical limit
occurs, for which the balance equations (1.2), as well as Egs.
(1.4), (1.6), and (1.8) which stem from it.

3) If the largest parameter is k,, then two cases are
possible.

A. At p/” '€y, €k fluorescence attenuates exponen-
tially, and the main reason for decay is dephasing. The rate
of attenuation (Eq. (4.6)) is approximately equal to the rate
of dephasing of k,, and the contribution of radiation and
radiationless channels is small, and is not described by the
sum of the rates of all the processes, that is, Eq. (1.2) is not
applicable. The quantum yield (Eq. (4.8)) is small. The
slow stage is not observable due to its weak intensity.

B. At y, €p; ' €k, it becomes possible to excite ®, or
®, depending on 7, . When ®, is excited, attenuation has
two stages, and the fast stage is exactly as in case. A. In the
slow stage, fluorescence attenuation is due to the decay of P,
molecular states. It can be observed if N is not too large;
otherwise the radiation will have too small an intensity. The
slow stage may be modulated by chaotic quantum beats. The
characteristics of the smooth component of the slow stage
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differ in the two cases: a) for ¥, /N € ¥, and for instantaneous
excitation, attenuation is exponential, the time of attenu-
ation (Eq. (4.10)) is approximately equal to the time of
decay of the zero triplet levels due to vibrational relaxation,
radiationless transition into So and, possibly, other pro-
cesses, and the quantum yield (Eq. (4.15)) is small; b) for
¥, Sy./N<p;~ ' attenuation is nonexponential, and the
quantum yield may have any value. Finally, in the excitation
of @, one observes only one slow stage with the characteris-
tics described here.

To conclude the examination of the limit of strong cou-
pling, let us formulate the following basic conclusions.

The kinetics of fluorescence attenuation are character-
ized by two processes: rapid decay of the fluorescent state,
whose rate is determined only by the intramolecular param-
eters v, and p,, and slow attenuation of molecular states.
This attenuation is sensitive to relaxation processes, in par-
ticular, vibrational relaxation. Depending on the conditions
of excitation and the system parameters, the fast process has
a different physical nature: dephasing of the set of molecular
quasisteady states or attenuation of one united state. In an
experiment time ? < 7, One can observe either one (attenu-
ation in one stage) or both (attenuation in two stages). At-
tenuation in the first (fast) stage is always purely exponen-
tial, and the quantum yield is small; this also occurs in the
second stage when there is sufficiently rapid relaxation in a
final electronic state; however, when relaxation is slowed,
exponentiality is violated more and more, and the quantum
yield rises. Vibrational relaxation may also be linked with
intramolecular intermode redistribution of energy®®’® and
intermolecular interactions. In the latter case the form and
rate of fluorescence attenuation in the gas phase will depend
on pressure if the contribution of radiationless transition to
S, is not very large. The resonance defect A is not a signifi-
cant parameter, since in strong coupling the levels push
apart and resonance (if it existed) disappears.

5. THE WEAK-COUPLINGLIMIT: v, <p;”’

We list the basic features of the weak-coupling limit.

1) The role of relaxation in the final electronic state
increases. As we saw in the previous section, in the strong-
coupling limit relaxation appears only in the second stage,
and only if the number of strongly coupled levels N is not too
large. It is clear that with a weakening of the coupling and a
decrease in &V, the role of relaxation should increase. Actual-
ly, in weak coupling, Eq. (2.13) is reduced to 7,, ¥, <p;” ',
that is, the widths of the levels are less than the distances
between them. But then the attenuation kinetics depend on
the correlation between 7, v,,, and A, and the rate of radia-
tionless transition S, ~»T, (when it can be introduced) de-
pends not only on intramolecular parameters, but also on 7,.

For comparison we recall that a very fast relaxation
(Eg. (2.15)) (case II from section 2, which corresponds to
the statistical limit) has no effect on the kinetics and no ef-
fect on the rate of fluorescence attenuation at any coupling
strength (the notion of coupling strength generally lacks
scope because, due to coalescence of molecular levels into
one quasi-steady state level, only the radiationless width &,
of this united level has physical sense, and not the param-

eters Uy and 2, by themselves). However, we examine case 1
from section 2.

2) The effect of a dephasing-type coherence effect is
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absent, since only two levels, E; and E, _, mainly interact.

3) The effect of a different type of coherence may ap-
pear. This effect is associated with the presence of two near
levels. It leads to periodic beats in intensity due to quantum
transitions between these levels.

4) Attenuation may be biexponential, despite the ab-
sence of dephasing.

When the conditions of instantaneous excitation (Eq.
(1.5)) are satisfied and 7, €27/v, (see Ref. 67 section
3.1), @, is the initially prepared state and the fluorescence
intensity is described by Egs. (1.1) and (2.5). To find the
molecular levels E, one can use Eq. (2.3) (in which the
substitution of Eq. (2.4) was performed), without turning
to the Bixon-Jortner model. As is clear from what has been
stated, the largest parameter is p,” ', since the correlations
between the remaining parameters are arbitrary.

Let us denote by E, and E_ the molecular levels
which change into E, and E, _ , respectively, when v, —0.
These levels may be strongly perturbed at small A and 7,.
The remaining levels E, are always weakly perturbed and do
not contribute to Eq. (2.5).

5.1. Monoexponential attenuation: radlationless transitionin
the Intermediate case

Let us assume that all levels are weakly perturbed.
Then, only one term remains in the sum in Eq. (2.5). This
term corresponds to E+ ,since g, . ~1, and for the remain-
ing terms g, ~0. Thus, P (1) =exp(—T7) with
I'=—2ImE, . Finding E, from perturbation theory,
wefind I = 2y, + k,,, where the rate of radiationless transi-
tion $,»T, is given by the formula®’

2
by = 2 Z s (Y, — 7o)
Y o (B — B+ (v, —7)*

with a dependence on ¥, which is characteristic of the inter-
mediate case (as we will see below, here we must discard 7, ).
Obviously in this case Eq. (1.2) holds true, as well as the
equations which stem from it, Eqs. (1.4)~(1.8), where k&,
must be substituted for 4. The conditions for the realization
of monoexponential decay, which is described by the balance
equation, include, first, the condition of applicability of per-
turbation theory v, <|E, — E,|, which for / #0 is satisfied
automatically (weak coupling) and for /=0 further re-
quires

(5.1

vy €|A| or v, <y, (5.2)

This, however, is insufficient, and it is further required that
V>V

In order to understand the sense of the latter, we assume
in Eq. (3.1) for simplicity that yvg(, = ¥r1(»y =0, and ex-
amine the situation when §,Sy,. We define
A=04/(8% +¥}) «]; from Eq. (5.1) we obtain the esti-
mate k; ~Ay, €¥,. It then follows that k,, yields only a
small correction to the total width I', and the quantum yield
@ is close to 1. Moreover, when ¥, <., it is found that
k.. <0and @ > 1. This contradiction is permitted by the fact
that (compare with case I11 in sections 2and 3) if I" contains
a small term k_,, then one must simultaneously consider
analogous terms in the sum in Eq. (2.5) and in the coeffi-
cients g, (for example, g, ~4 ). As a result decay becomes
weakly nonexponential and k,, is no longer the rate of radia-
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tionless transition S, =T, ; Eq. (1.2) is not applicable either.
It is easy to verify by direct calculation that the total quan-
tum yield (Eq. (1.7)), considering all contributions ~A
goes to 1 as 7, —»0. In the opposite limit case ¥, > 7, we have
k,, ~Ay,, and if the contributions of transitions with and
without radiation are comparable in value (that is, &, ~ ¥,
¥, ~vs/A and @ is substantially less than unity), then in Eq.
(2.5) one can ignore all terms ~ A, which leads to the bal-
ance equation, which was discussed at the beginning of this
section. Thus, the second condition of applicability of the
balance equation reads

Vi > Vor Ky, (5.3)

that is, relaxation in the final state should be faster than
radiation attenuation and the radiationless transition
S,~T,. When this condition is violated decay becomes
purely radiative (that is, I’ = 2y, and ¢ = 1), since the de-
viations are small and are not of physical interest.

Iffor all / the second inequality of Eq. (5.2) is satisfied,
perturbation theory is applicable independently of the
strength of the coupling, since the true expansion parameter
is v, /¥;, and not v,;p;; in the transition to strong coupling,
Eq. (5.3) corresponds to Eq. (2.15), and ¥,, due to Eq.
(5.2), becomes larger than p,~ !, Thus, the second inequality
of Eq. (5.2), together with Eq. (5.3), insures the applicabili-
ty of the balance equation for any coupling strength; the
difference lies only in the fact that at the strong coupling
limit the dependence of &, on ¥, disappears, since Eq. (5.1)
changes to®” 2702 p.g » that is, the intermediate case changes
into the statistical limit.

As can be seen from Eq. (5.1), when there is weak per-
turbation of two levels, E, and E,_,, the contribution to
relaxation of the light state @, yields, generally speaking,
many dark states ®,. In strong perturbation one cannot ex-
amine the level / #£0 at all, and one is limited to the two-level
Trifonov—Shekhtman model®’ in which the perturbed levels
have the form

By= 4 B+ By [+ E—Ep+2]", 54

where the sign in front of the square root is selected in accor-
dance with the rule indicated at the beginning of this section;
! means !/ = 0. Strong perturbation arises when there is a
small resonance defect |A| €p; ' and small widths (see the
preceding section).

5.2, Periodic quantum beats appear in the case which is
the opposite of Eq. (5.2), when

Vs» Vi < Vs (55)

Expanding Eq. (5.4) in powers of (¥, — ¥,)/v, and limiting
ourselves to first-order terms, we obtain

1 1 dug 12
Ey=E,— A+ RA R=<1+—5,—> . (5.6)
and for ¥ . Eq. (2.11) is obtained withn = + and

a‘;:t = 2}{_ . (5.7)

Let us calculate the probability P, (f) using Eq. (2.5) in
which g, =ai, . Using the notation 7, =1/(2y.),
= (¥, +7) 'and Q = R |A|, we obtain

P, (1) = ade T - ae V- 4 204 et/Tcos Qt.  (5.8)

24 Sov. Phys. Usp. 34 (1), January 1991

The first twe terms describe monotonic attenuation, and the
third describes quantum beats which modulate the mono-
tonic decay. The frequency and depth of modulation depend
on the strength of the coupling and the resonance defect, and
the relationship between them can be quite arbitrary.

Quantum beats are theoretically examined in the publi-
cation of Zewail et al.>* when y, = ¥,, which leads to a de-
generacy of relaxation times 7, = 7 (degeneracy also takes
place when A =0). Taking Eq. (5.7) into account, Eq.
(5.8) may be converted into the form?’

P, (t) = et [t — 2a5.al. (1 — cos QB)l. (5.9)

This formula corresponds to cases (1) and (2) in Zewail’s
classification, when @ is optically light in absorption and
radiation, and ®, is dark. In case (1) ®, and @, are vibra-
tional sublevels of different electronic states (S, and T, or
S, and S, ), and in case (2) they belong to one state S,. The
state @, is dark due to the electronic or vibrational rules of
selection. In case (2) this is insured by special selection of
those spectral regions of absorption or radiation where the
oscillator strength for transitions ®,<>®, is negligibly small
compared to the transitions ®,—®,.

For the precise resonance A = 0, the depth of modula-
tion is equal to 100%:

P, () = e cos? (vyt). (5.10)

As |A| increases, the frequency of modulation increases and
depth falls, and at the limit |A[> v, it becomes negligibly
small; simultaneously one of the exponents in Eq. (5.8) dis-
appears, and monoexponential decay is again obtained, as in
section 5.1.

5.3. Quantum yleld may be defined if one substitutes Eq. (5.8)
into Egs.(1.1)and(1.7)

In integration over time one must ignore the contribu-
tion of the oscillating term, which is of the same order of
smallness as the terms dropped in the derivation of Egs.
(5.6) and (2.11). Then, ¢ = ¢, + @ _, where

yrad(.r) 2
as, .

= e 5.11
o ey, G0
Taking into consideration the fact that ¢, *>1 and
¥s > Yraacs) due to the definitions in Egs. (5.7) and (3.1), we
obtain ¢ < 1; the equality occurs only in the absence of relax-
ation when ¥, = ¥,,4.,, and ¥, =0.

Although in the general case the quantum yield is less
than unity, here it is impossible to introduce the concept of
the radiationless transition S, T, in any other way. There
is no other sensible way to determine its rate, as the balance
equation does not hold true.

5.4. Biexponential attenuation

Let the ratio % = v /A% <1 be small, but let the intensi-
ty be of the order of x? with respect to the total observed
intensity (in section 5.1 we ignored these contributions).

If v, and y, differ greatly, then Eq. (5.8) predicts biex-
ponential attenuation with modulation of the fast compo-
nent by quantum beats. Let us examine this situation in more
detail from the point of view of a comparison with biexpo-
nential decay at the limit of strong coupling (see section
4.2).
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Let us assume that insufficient temporal resolution of
the equipment 8¢ does not make it possible to observe beats.
We will specifically assume that 7, >8t> Q ~'. Then after
averaging Eq. (5.8) over intervals of width &, the beats dis-
appear and the fluorescence intensity acquires the form

—t/T

-1 4 4 —t/T.
L(t)y=Toys(a;, e rdda;_e VT

(5.12)

We obtain the following from Egs. (5.6), (5.7), and (2.11)
with an accuracy up to terms ~ x:

at, =1— x, al =x,

Vo=V %0 =%+ Ve .13
Which of the two components of (5.12) will be fast and
which will be slow depends on the correlation between ¥,
and 7,. Let us examine the two extreme cases.

I. Relaxation is absent, that is, ¥, = ¥,,4.,, and ¥, = 0.
Substituting Eq. (5.13) into Eq. (5.12) we obtain a biexpo-
nential law (Eq. (4.12)), where one can formally define
the parameters

e 516
(but not N = 1/ as in Refs. 20 and 57) and
T =74 = Traagsys Tatow =T = Traan N 7%, (5.15)
and the quantum yields (Eq. (5.11) are equal to
Prose =@+ =1 =%, Puow =¢_ =x. (5.16)

Taking into consideration the definition equations (5.14)—
(5.16), the observed values satisfy Eq. (4.16).

The case of weak coupling I may be differentiated from
the case of strong coupling I (sections 2 and 4.2) in two
ways.

1) According to Eq. (5.15) the ratio of the attenuation
times of the slow and fast components in the case of weak
coupling, case I, is equal to N '/?, and when there is strong
coupling with ¥, = 0, we obtain from Eqs. (4.13) and (4.3)
Toow/ Trast = NK,Traacsy + 1> N. Thus, if N is defined from
experiment according to Eq. (4.16) and if N> 1, then the
relaxation time ratios will greatly differ in the two cases.

.2) According to Egs. (4.8), (4.15), and (5.16), the
quantum yields of the two components also differ greatly:
Prast =1y @yow = I/N'?<1 for weak coupling, case I,
P €1, Poow <1 for strong coupling. In other words, for
weak coupling, case I, the main luminescence is due to the
fast component, and in strong coupling, it is due to the slow
component.

I1. There is fast vibrational relaxation, so that y,> v,.
From Eq. (5.13) we obtain

T, =

ST = TGy

Ttast =_;‘:i+x<1'
i

T

slow

To bring Eq. (5.12) into the form of Eq. (4.12), we must
again define N as C,,, /C,,, . In this case we obtain

at

N=-= =01,

1
LS

(5.17)
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The quantum yields (Eq. (5.11)) are equal to

_ xzyrud(.r) _ xZTfnsl 1
P =P = - <1,
Vi Trad(s)
_ Vread(s) Tslow
Psiow =P+ = = S 1.
¥s + xY: Trad(s)

It is easy to verify that Eq. (4.16) is again satisfied. As in the
case of strong coupling, the quantum yield of the fast compo-
nent is small, and the slow component may have any value.
The main difference is found in the inequality (5.17), since
in strong coupling the following should be true: N> 1. Obvi-
ously, in the case of weak coupling, case 11, decay is mainly
monoexponential, since the fast component, which exists
only for small periods of time, has the same small amplitude
and small quantum yield (see section 5.1).

5.5. Periodic quantum beats of radiation from the final state

Equation (5.8) continues to hold true if the state @,
also has a nonzero oscillator strength for a radiation transi-
tion to @, (in particular, this may be vibrational sublevel*
S, ; it is necessary only that the radiation from ®, - ®, can
be spectrally differentiated from the radiation of ® —®,.
Then, along with Eq. (1.1) it makes sense to examine Eq.
(1.10), assuming as before that state ®_ is initially prepared
(thatis, P,(0) = 0). Acting as in the deduction of Eq. (2.1)
in Ref. 67 and using Eqgs. (2.4), (5.6), and (5.7), we come to
the formula

Py (t) = ala; (e + e —2eMTcos Q). (5.18)

Detection of radiation from an optically dark (in ab-
sorption) state ®,, which is indirectly populated in the ab-
sorption of a photon, and as a result of a link with the optical-
ly light state @ , may yield quantum beats with a 100%
amplitude modulation, if the rates of relaxation of states ®,
and @, areidentical (y, = y,) orifthereis precise resonance
(A = 0); in both cases

P, (t) = 2a;,ai-e /1 (1 — cos Q). (5.19)

For identical relaxation rates this expression corresponds to
case (3) in Zewail’s classification.

Comparing Eqs. (5.18) and (5.8) we see that both
types of radiation oscillations have the same frequency and
amplitude, but are phase-shifted by . The total population
of states ®, and ©,

Py(t) + P (t) = age VT + al et/

attenuates monotonically. However, the total intensity
I.(¢) + I,(¢) may retain beats due to the difference in radi-
ation times, T,.4(;, and T,4(;, - When there are identical radi-
ation times, beats may occur if, instead of the right inequali-
ty (5.5), a weaker condition is satisfied,’® 2v, > |y, — ¥,|.

5.6. Summary of results

Allfive parameters, v,, ¥,, 0, ', vy and A, are important
at the limit of weak coupling. The following limitations are
placed on them: a) the limitation of weak coupling v, €<p; ';
b) the limitation of the intermediate case, inequality (2.13),
which acquires the form y,, ¥, €p,”'; ¢} the limitation of
instantaneous excitation. Moreover, [A|<(1/2)p;” 'accord-

ing to the definition of A. Thus, the largest parameteris p,” .
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D) If y, €y, and v, €y, or v, €|A| (any A), then the
balance equation holds true and the decay of the light state is
monoexponential. Radiation from the dark states is of weak
intensity.

2)Ify,, v, <v,; and 0<|A| €p,” ', then decay of the light
and dark states is biexponential (monoexponential when
¥, = ¥, or A = 0) with modulation of the fast component by
periodic beats. The radiation from the two states is of equal
intensity, and the oscillations are phase-shifted by .

This situation corresponds to the physical process of
redistribution of vibrational energy E;, in S, . At the limit of
weak coupling, when the interaction of only two vibration
states is significant, this redistribution leads to periodic beats
in fluorescence intensity. To observe beats experimentally
one must separate bands in the radiation spectrum which are
responsible for the transitions ®; -®, and ¢, -d,. The
change in the intensity of these bands over time is described,
respectively, by Eqgs. (5.8) and (5.18). As noted above, the
two types of beats are phase-shifted by 7 and differ in the
depth of modulation; for example, in the case of different
relaxation rates, the radiation from the optically dark state
has a 1009 modulation (see Eq. (5.19)), while the modula-
tion of radiation from the light state is less than 100% and
depends on the strength of coupling (see Eq. (5.9)).

As E;, increases, the distances between vibrational lev-
els are decreased and the condition for weak coupling is vio-
lated; the interaction encompasses an ever greater number of
levels, and the picture of beats becomes more complicated,
since their spectrum includes the frequencies of transitions
between any pairs of levels. At large values of E,; thereisa
transition to the intermediate case and the statistical limit, at
which point the intramolecular redistribution of vibrational
energy becomes irreversible, and the fluorescence intensity
attenuates according to a biexponential or monoexponential
law in full analogy with an electronic radiationless transition
(see section 7).

6.DISCUSSION OF EXPERIMENTAL DATA FOR PYRAZINE

To realize the mechanisms of nonexponential fluores-
cence attenuation described in section 4 the electronic gap
AE must not be too large, otherwise attenuation will be mo-
noexponential due to the great density of states p, in T, near
the potential minimum S, which leads to the balance equa-
tion (1.2) (see section 2). For many of the molecules listed
in the Introduction, values of AE = 20004000 cm ~' are
typical. In particular, for pyrazine, AE = 4055 cm ~'. The
experiments which have been discussed involve the 038, -S,
transition (frequency vy, = 30876 cm ~ ') of pyrazine mole-
cules cooled in a free supersonic stream to a rotational tem-
perature T, ~30 K and below.

Figure 3 shows the typical picture of biexponential fiu-
orescence attenuation of pyrazine. The slow component is
modulated by chaotic quantum beats whose shape changes
when a magnetic field H is switched on. Fourier analysis of
beats in Ref. 30 shows that when H changes in the interval 0—
150 G there is a shift in lines and a redistribution of intensity
between them with a tendency toward saturation. The effect
of the magnetic field may be explained only by the influence
of spin-orbital interaction between S, and T .

In the time scale which was used, the fast component
appears in the form of a-sharp maximum in the initial part of
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FIG. 3. Attenuation of fluorescence intensity emitted from the ground
vibrational level of state S, in the pyrazine molecule (transition 03S, - S,
Voo = 30876 cm ™'} in a free supersonic stream in picosecond excitation
(Tpuse = 15 ps) without a magnetic field (a) and with H = 50G (b). The
spectral resolution is Av=3 cm~! and the observation time®™® is
Tmax = 300 ns. The arrows indicate the fast component whose intensity is
cut off.

the attenuation curve. This section can be resolved on the
picosecond scale. One difficulty is that the response time of
the fluorescence detection systems used is of the order of
Trast - 10US the experimental curve approximates the convo-
lution of the exponential with the response function,?'**
which introduces an additional error into the definition of
Trst - Reference 32 suggests an alternative method of deter-
mining 7, (Fig. 4), the temporal resolution of which is
limited only by the length of the exciting pulse.

These experiments proved the existence of a fast intra-
molecular process which may be linked with dephasing.
However, the fast component also exists in nanosecond exci-
tation (Fig. 5), when there can be no dephasing (see section
6.4). Other mechanisms of fast decay have been proposed
with regard to this (see section 6.5).

6.1. The effect of rotation

In pyrazine one observes a strong dependence of the
kinetics and the quantum yield of fluorescence on the initial-

P, (#) relative units
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FIG. 4. Direct observation of the fast component of the decrease in the
population of the ground vibrational level of state S, by two-photon ioni-
zation, with 7. = 2 and 10 ps. The solid line is an approximation of the
exponent with 7., = 118 &+ 16 ps. The ratio of the fast and slow compo-
nents depends on the efficiency of ionization, and comparison with flu-
orescence data requires a detailed knowledge of the kinetics.’?
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FIG. 5. Fluorescence attenuation in excitation of the rotational states
J=1(a),J=1-2 (b) (here we have in mind excitation in the mini-
mum between the appropriate lines of the spectrum) and J =2 (¢).
Too =3K; 7. =308;4v=05cm ' (Ref. 61).

ly excited rotational state J.>> The rotational constants for
the zero vibrational level in S, and S, are?®™”’ 4 = B = 0.2
cm~'and C=0.1 cm~". In rotational cooling in 2 super-
sonic streamto 7" .10 K and excitation by laser radiation

with a full spectral width of Av = 0.3-0.003 cm ' in the
interval + 7 cm ~' from the beginning of band 03 S, -S,, one
observes fluorescence from the states J = 0-15, which cor-
responds to the P and R transitions, as well as the Q
band?®****' (Fig. 6). Each transition has its own character-
istic attenuation kinetics. For example, the excitation of the
P(1) line yields a slow monoexponential attenuation with
chaotic quantum beats®*****° (Fig. 7). In excitation of the
P(2) and R(0) lines, etc., there appears a fast component as
in Figs. 3 and 5 (Refs. 22, 24, 27, 28, 32, 37, 38, 47,48) . It is
clearin Figs. 5, 6, and 8 that the ratio of the amplitudes of the
fast and slow components changes greatly depending on J,
and also (as was first observed in Refs. 24, 26, and 42) when
there is a shift in the frequency of excitation from the maxi-
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FIG. 6. Spectrum of fluorescence excitation (1) and the value of
N=C,./Cuw (2) (resolution Av=0.1cm ') (Ref. 61).
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FIG. 7. Fluorescence attenuation excited at the maximum of the rovi-
bronic component P(1) at Av_,, = 130 and 300 MHz (Refs. 22, 24, 26,
60).

mum of the rovibronic line to the minimum between neigh-
boring lines. In Ref. 40 changes in ¢ were detected along the
rotational contour. These changes were associated with the
slow component.

Direct observation of the fast component in excitation
with 7. from 60 to 2 ps yielded*>******78 =120 ps.
In these experiments the coherent width of the laser pulse
Ay =#A® .y, =#/Tpu,e (B=1/2m ¢=53 cm™' ps)
changed from 0.1to3cm ~ ! (the incoherent width was of the
same order or less), and, consequently, excited a different
number of rotational sublevels. One can also conclude from
the insensitivity of 7, to rotational cooling® that 7, does
not depend on J, and this is supported by direct observa-
tion.*® Also independent of J arc ¢, = 6-10 ~* (Refs. 49
and 78) and 7,,,,, = 400 ns (Refs. 24, 28b, 30, 37, 38, 41a, 52,
61, and 78) (see Fig. 8); however, @,,, and N exhibit a
strong dependence**™*!44% on J For J=5-22, it was
found

Paow = 0,124 (2J + D)2 (6.1)
(Fig. 9) and

N=a@2/+1) (6.2)

(see Fig. 8; for J < 5 this tendency is retained;*® in Ref. 28¢

400 L Tgyow. NSEC

Jor

20}

s
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+5 g =5 v-vpo, CM T
1 1 1 | T — 1 i 1
1510 5 00 5 1015 J
R-band P-band

F1G. 8. Change in N = C,,,/C,.. and 7. along the rotational con-
tour.?** Straight lines are Eq. (6.2).
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FIG. 9. ®-absolute quantum yield of fluorescence T, ~30 K, spectral
resolution A4 =0.11 A. Above are the values of J for the P and R
branches. The solid line is provided for ease of visual perception, the
dashed line is empirical Eq. (6.1) (Ref. 49).

the contribution was found to be ~J?). The parameter N is
determined either from the second ratio*>*' (Eq. (4.16))
and then from the data presented above @ = 16, or from the
first ratio, which yields @ = 0.3-1.3 for picosecond excita-
tion?®>*%*® and a =0.15-0.3 for nanosecond excita-
tion®**72 (see the discussion at the end of section 6.4). The
smooth dependence of Eq. (6.2) is for excitation at the maxi-
ma of the rovibronic lines, while at the minima between
neighboring lines (curve in Fig. 5b) N increases several-
fold?***¢! (even by a factor of ten); @, also falls.>

6.2. Superhigh resolution spectra

When Av is decreased to 200 kHz (6.7-10° cm ™ ') the
rovibronic components of the excitation spectrum break up
into lines with residual Doppler broadening of 50-1 MHz
((1.7-0.034)- 10 *cm ' (Refs. 23, 25,26, and 60). They
correspond to the molecular states @, formed as a result of
singlet-triplet mixing of zero states ®_ and ®,;. Especially

s, (J=0)

i

a 7 2 3 4

v, GHz

FIG. 10. Fluorescence excitation spectrum measured in the region of the
rovibronic component P(1) with a resolution of 10 MHz, T, =3 K,
Tpue = 40 ns (Refs. 23, 25, 26). The beginning of reckoning of v was
selected arbitrarily. Twelve lines are visible which correspond to precise
molecular states with energies E, , which arise as a result of the interaction
of one light singlet state (its position is indicated with an arrow) with 11
dark triplet states; the intensities of the lines are proportional to the
squares of the amplitudes a2, .
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detailed studies have been made of spectral regions adjoining
singlet states with /=0 (Fig. 10) and 1, and K = 0. The
corresponding transitions, P(1) and R(0) are separated by a
wide gap of 25 GHz, and contain narrow ““clusters” of lines,
that is, groups of 12 lines with a relative intensity of more
than 1% (and many weak lines) which fill narrow intervals
of width §; = 3.7 and 2.2 GHz. Thus, the number of triplet
states in each group is N =11, and their density is
p1 =N1/8, =90 and 150, which is in agreement with the
value'*® 100 states/cm ~' calculated from the Haarhoff for-
mula’ (finer estimates which consider the electronic and
nuclear spins yield noticeable divergences of calculated and
observed values®® of p,). An important observation is that
Ny does not depend on J, at least until*® J = 4; however, it is
incorrect to see a contradiction here with Eq. (6.2), since
N; #N (seeitem 2 in the next subsection).

The lifetimes 7., = 200-560 ns and intensities of
these lines have also been measured®® and this information
was used to establish the intensity of absorption. Using the
reverse problem method®* the parameters of the zero Ham-
iltonian were determined, that is, the position of the zero
levels E, and E,, their rates of decay (Eq. (3.1)) 2y, =5
MHz and 2y, = 0.6-5 MHz, and matrix elements S; — T,
of the interaction v,; = 70-460 MHz (0.0023-0.015 cm ~ ),
The small value of v, can be explained by the weak overlap of
vibrational wave functions due to the small mixing and de-
formation of potential surfaces S, and T, relative to one
another.*® The radiation time of attenuation was calculated
using the total absorption®®®! S, «Sy: 7.4, = 210450 ns
(2¥aac =1/277 4y = 0.35-0.76 MHz). The main relax-
ation process contributing to y, and y, is radiationless tran-
sition*® into S,; as can be seen from the figures presented,

Vrad(s) ~ VR1(s) ~VRT(D -

6.3. The mechanism of strong S, — T, couplingin the
intermediate case

It follows from experimental data that y, ~y, ~10~°
cm ' €p; '= 102 cm " ; thus, the case of slight broaden-
ing, case I is realized (see sections 2 and 3), in which it is
necessary to differentiate the limits of strong and weak cou-
pling (see Fig. 2). The data in Ref. 25 show that the two
strongest triplet states have v, = 0.015 cm~' 2 p;” *, while
for the remaining states v, €p,;” . Thus, strictly speaking,
there is no limit of strong or weak coupling, and numerical
methods should be used,'>”*¥%83 and one should also con-
sider broadening of the zero levels.** The recovery of the
attenuation kinetics from spectra of molecular states yields
diverse behavior, including irregular beats”>~' and a fast
component.?®3"*3 An example of this reconstruction of de-
cay with excitation in the Q band is shown in Fig. 11 (the
corresponding spectrum of molecular states is not accurate-
ly known, thus, a simple model was used which is based on

known spectra of the type presented in Fig. 10).

"~ Before the discovery of spectra of molecular states, ac-
cording to Ref. 1, data on pyrazine and other molecules were
discussed, as a rule, on the basis of the mechanism of strong
coupling from section 4 (see, however, section 6.5), and here
we conduct an analogous analysis. Justification for this is
that at /> 1 one observes a fast component with the charac-
teristics presented in section 6.1, and for J> 4, one can ex-
pect an increase in the density of the vibrational-rotational
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FIG. 11. A calculated fluorescence attenuation curve for excitation in the
Q band with incoherent population of singlet states with different J, each
of which interacts with its own “‘bundle' of triplet states, forming a molec-
ular spectrum of the type presented in Fig. 10. The dashed line is the
exponent with 7, = 100 ps (Refs. 26, 43).

states p, ~2J + 1 due to violation of the rules for selecting K
for the S, — T, coupling in a weakly asymmetrical gyro-
scope (in pyrazine*®** 4 — B=~0.015 cm ~') and the conse-
quent onset of a strong coupling limit. We note the following
correlations between theory and experiment.

1) From Eq. (4.8) from known ¢, and 7, we find
Traa(sy = 200 ns in agreement with the value calculated from
absorption.

2) Taking into account that &k, =1/7, does not de-
pend on J, from Eq. (4.1) we find N~p, ~2J + 1 in agree-
ment with Eq. (6.1). In turn, £, does not depend on & (and
consequently, on J), because in Eq. (2.9) v, is a purely elec-
tronic matrix element of spin-orbital interaction ¥, distrib-
uted among N vibrational-rotational states of the triplet, and
from the preservation of normalization v, = V,,/N 2.

The parameter in Eq. (4.1) is linked with N, through
the expression

N= AN .
8y tast
Then, substituting experimental data (if 8, is expressed in
Hz, then fi = 1/27), we obtain N = (1-2) N,. Since N.. and
Trase 40 nOt depend on J, the observed dependence Eq. (6.2)
may be linked with a decrease in §,; however, the nature of
the narrowing of clusters of triplet states is unclear.

(6.3)

oL °—7

oL . ‘ L,
4 50 90 150

FIG. 12. Dependence of N = C,,, X C,,,, on the magnetic field for var-
ious rovibronic levels.
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FIG. 13. Fourier transforms of fluorescence intensity /,(¢) from the ini-
tially prepared state S, {(J = 0).

The difference between N and N, means that in addi-
tion to the strongest triplet states there are other states which
also participate in the distribution of oscillator strength and
the initial population of the light state.

3) From ¥, ~ ¥, and N> 1 it follows that Eqs. (4.2) and
(4.10) are satisfied; the latter explains why 7, does not
depend’? onJ. In Ref. 50 it is assumed, as follows from Ref.
71, that 7y, ~N and increases with J, but this would be so
in the case which is the converse of Eq. (4.2).

4) In deuteration p, should increase and v} which is
proportional to the Franck—Condon factor should decrease
due to a decrease in vibrational frequencies. This is con-
firmed by an experiment®' which observed a decrease in 7,
by a factor of 1.5, the reverse effect of deuteration,***” and
an increase in N by a factor of 4 in pyrazine-d, . Calculation
according to Egs. (2.9) and (4.1) yields a decrease in v, by a
factor of 2.7, which agrees with the calculation of p, in Ref.
31. Anaverage value of 167 MHz is obtained for v, in accor-
dance with the data in section 6.2.

5) An external magnetic field weakens the selection
rule for ¥, increasing by a factor of 3 (according to the
number of spin sublevels) the density of triplet states inter-
acting with a singlet state. This leads to an increase in N by a
factor of 3 in fields up to 150 G (Refs. 30, 52, 60) (Fig. 12);
Trse and 7y, donot change for the same reason as in items 2
and 3.

6) The Fourier spectra of observed irregular quantum
beats of the slow component****?%*® have peaks at frequen-
cies which coincide with the distances between lines in high
resolution spectra (Fig. 13). This is confirmed by the fact
that the beats are linked with coherent excitation of molecu-
lar states, and are evidence for the strong coupling limit,
since in weak coupling only periodic quantum beats are pos-
sible (section 5.2).

7) Deviations from exponentiality and quantum beats
of fluorescence depolarization are linked with dephasing of
coherently excited molecular states. 2>+

8) If beats and the fast component are due to coherent
excitation of many molecular states @, then these effects
should disappear when an individual state is excited (see
section 4.5). This is confirmed by experiment (see Fig. 14).

9) The dependence of quantum yield on pressure ¢ (p)
in the gas phase is not subject to the Stern-Volmer law. Thijs
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FIG. 14. Typical picture of monoexponential fluorescence attenuation
from isolated molecular states @, excited by a narrowband laser with
Av,,, =25MHzand 6, =40 nsin the region of transition P(1) (Refs.
25a, 26, and 60). The spectrum of these states is shown in Fig. 10. The
function presented here, I, (), corresponds to the strongest line in Fig. 10
with 7., = 280 ns. Comparison with Fig. 7 shows that beats disappear
when Av,, become less than the distances between E, levels.

follows from Eqgs. (4.8), (4.10), and (4.14), where it is nec-
essary that 7 v\, = k,p (Tyg(s, = Ofor the zero vibrational
levelin S, ). Actually @, does not depend on p, since de-
phasing is faster than vibrational relaxation at p< 100 Torr,
and for @, (p) =@ (p) — @ One obtains the expression
@Paow (0)/@qow (p) = 1 + Ap, where 4 = To1, k, (this re-
duces to the Stern-Volmer law for @, = 0). Experiment
confirms' this dependence and yields 4 = 10.5 Torr ~!. The
values of 7, giveninsection 6.1 are for p = 0, thus, one can
set Trr(sy = Taow (P =0) =400 ns, and then k, = 2.6-10’
s~ 'Torr !, which is a factor of 2 greater than the gas kinet-
ic value.! It is likely that this figure should be even higher,
since to quench fluorescence a molecule needs to lose a very
small amount of energy (of the order of &,) in order to leave
the zone of strongly interacting triplet states.

Atp>20Torr, @, is small and only a fast component
is observed."*’® We stress that at p> 100 Torr there is a
transition from the intermediate state to the statistical limit,
since 2y, =~ k,p/2m > 400 MHz, which exceeds the average
distance between levels (see section 6.2). Thus, the fast com-
ponent observed in picosecond excitation at the high pressure
limit is typical statistical decay, and not dephasing. In nano-
second excitation the kinetics of decay are modified accord-
ing to Eqs. (1.3) and (1.9).

10) The observed quantum yield is small,***® which
agrees with Eqs. (4.8) and (4.15).

11) Calculations using the model of an asymmetrical
top®' showed that in the intervals between strong absorption
lines at small values of J there is weak absorption in transi-
tions with large J, and this explains (in view of Eq. (6.1))
the increase in NV observed in Refs. 24, 42, 50, and 61.

6.4. The nature of the fast component

Of fundamental importance is the issue of the modifica-
tion of fast decay when 7, increases to = 7, . In many
papers, beginning with Ref. 1, it was assumed that even in
nanosecond excitation the fast component in Eq. (4.12) was
due to dephasing, and its decay was modified according to
Egs. (1.3) and (1.9) which, when the exciting pulse has an
exponential form, yield® In, (f) = {7 o exp(— 6t/
Trast )» Where & = 7o /Ty (a changein amplitude and rate
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of attenuation with an unchanged quantum yield, Eq.
(1.7)). However, these formulas are applicable only in the
statistical limit, when the balance equation (1.2) is valid; in
the case of dephasing they do not work (see section 3). In-
deed, the increase in 7, to values R 7, should lead to the
disappearance of dephasing. Actually, since Aw,,, becomes
smaller than the widths of the band of N interacting states
(of the order of k_ or &§,), the initial excitation affects only
some of them, and instead of dephasing, quantum beats ap-
pear; when Aw_, becomes smaller than the distances
between levels, there remains one slow component in a pure
form (see item 8 in section 6.3). In Ref. 47 when 7, is
increased from 21 to 70 ps, the fast component becomes
strongly nonexponential (although the results of this paper
were partially revised in Ref. 48), and in nanosecond excita-
tion' it simply reproduces the shape of the exciting pulse.
Thus, one should conclude***° that the fast component of
decay observed in nanosecond excitation is not associated with
dephasing and is not a purely molecular property; it depends
on the properties of the exciting radiation and may be due
not only to dephasing, but also to other processes. We al-
ready saw in item 9 in section 6.3 that at the high pressure
limit it is not associated with dephasing even in picosecond
excitation (but is a molecular property ); other examples will
be given in the next section.

Taking this conclusion into account, we must reexa-
mine the results of the comparison of theory and experiment
made above. There is no doubt that independently of the
nature of the fast component (and even of its very presence)
the slow component is always a purely molecular property,
since Eq. (1.5) is satisfied, and its parameters, Cw s Tows
and @, are linked with the molecular parameters of the
equations in section 4. In particular, C,,,,, ~ @ow ~ 1/N and
N are given by Eq. (4.1). Thus, all the concepts presented
above which involve the dependences of these parameters on
rotation, pressure, the magnetic field, and deuteration, re-
main in force, and &_ in item 2 of section 6.3 should be under-
stood as a formally defined parameter of Eq. (2.9) not linked
with 7, . On the other hand, the parameters of the fast com-
ponent in nanosecond excitation lose the sense which was
assigned to them in section 4, and now are simply unknown
constants which depend on the means of excitation and de-
tection.®® Then Eq. (4.16) defines from Eq. (4.1) not &, but
anew parameter N’ = {'N, where £’ depends on the condi-
tions of excitation (and is not equal to ). It is important,
however, that the parameters of the fast component do not
depend on rotation, pressure, and the magnetic field. Thus,
for example, on the basis of the measured dependence of N’
on J, one can state that empirical equation (6.1) holds true
for N. In this equation & depends on the conditions of excita-
tion. This explains the large scatter of « values in various
experiments.

In summary, we again stress that the ratio Cy,,, /C,q, 1S
not the number of strongly coupled states, and its depen-
dence on rotation and other factors is reflected by the behav-
ior of the slow component, if these factors have no effect on
the fast component.®® Thus, at first glance the question
arises of “lost states.”* This question is posed with respect
to the fact that there are many fewer states in very high reso-
lution spectra than is predicted by the ratio Ci,,/C. .
However, it is posed again with regard to the fact that
N> N; (seeitem 2 in section 6.3).
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6.5. Other mechanisms of fast decay

The suggestion was made that the fast component is
associated with nonresonant (Rayleigh or Raman) scatter-
ing of light.>* The main argument for this is the fact that N
increases in excitation in the intervals between the rovi-
bronic lines, where in a symmetrical top there should be no
luminescence at all since the appropriate conditions are not
present. Experiments in Refs. 50 and 61 confirmed the exis-
tence of this effect, but it was explained in the framework of
the theory of strong coupling (see item 11 in section 6.3).
Nonetheless, it still makes sense to consider the hypothesis
of nonresonant light scattering, which does not contradict
the undoubted, proven direct recording of the existence of an
intramolecular process of dephasing for several rovibronic
levels (see section 6.1). Each level should be dominated by
its own mechanism of fast decay.

The theory of nonresonant light scattering was devel-
oped in Refs. 26, 42, 45, and 46. The main idea reduces to the
following. If the exciting laser is tuned in resonance with a
homogeneously broadened molecular transition ®,—®,
and Eq. (1.5) is satisfied, then the radiation slowly atten-
uates according to Eq. (1.6) with a small quantum effi-
ciency. As one moves further from resonance, nonresonant
light scattering appears with a small length ~ 7. . Its am-
plitude falls as the detuning increases, but the “effective-
ness” (that is, the specially defined quantum yield) in-
creases, and the kinetics of luminescence as a whole may be
regarded as biexponential. Numerical calculations®*3¢
show that at large detuning levels and Aw_,, values, the am-
plitude of nonresonant light scattering is large enough to
isolate the fast component from the background of the slow
component.

The mechanism of vibrational crossing was also pro-
posed.**3>*° In essence, the mechanism is as follows. In ex-
citation of an isolated molecular state ¢, luminescence at-
tenuates exponentially. However, at J>1 each rovibronic
line in the parallel band AK = 0 is inhomogeneously broad-
ened due to transitions with different values of X, which

have small energy gaps ( ~ 10 ~* K ?*-cm ~ !;in Refs. 25b and
29 the P(2) band and several others were expanded into K
components). Thus, the observed kinetics is due to the impo-
sition of typical statistical decays with different characteris-
tic times 7, ~7, from Eq. (4.10) (Ref. 51). It is further
proposed that the main role in the quenching of triplet states
is played by a “parallel” (proportional to K') Coriolis inter-
action which leads to transitions between vibrational sublev-
els T, (that is, the first term in Eq. (4.10) is nonzero for
isolated molecules as well). Then®*®® 7 ! =g + bK ? and
asymmetry arises between states with K = 0and K 50, espe-
cially if @ € b. In a model of vibrational crossing the fast com-
ponent is linked with the decay of states with X #0, and the
slow component with states with K = 0 (see also Ref. 37).
The exception is states withJ = O and 1, which are excited by
lines P(1) and R (0), since here, due to the rules of selection,
only K = 0 is prepared” and the fast component should be
absent. This is what is observed.

Calculations in Ref. 87 show that at the statistical limit
the effect of Coriolis interaction on intercombinational
crossing is small; however, experimental data were obtained
on the effect of Coriolis interaction on the redistribution of
vibrational energy in S, and the internal crossing S, =S,.
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For example, in benzene in the region of “channel 3” (£, in
S, 23000 cm ') lines with X #0 disappear from rovibronic
excitation spectra.?® The temperature redistribution of in-
tensity in the fluorescence spectrum of anthracene is also
associated with Coriolis interaction.’® The effect of Coriolis
interaction on vibrational redistribution in S, was detected
in Ref. 90b. In Refs. 26, 44 it was shown that the distribution
of intensity in the observed rovibronic excitation spectra of
pyrazine could be explained by the contribution of Coriolis
interaction between S, and S,, thus a~b. Other examples
are given in Ref. 50. The study of rotational effects in radia-
tionless transition’’ T, S, and of the phosphorescence spec-
tra of pyrazine in direct excitation®® S, — T, has not yet indi-
cated the effect of Coriolis interaction near the potential
minimum T, ; however, such an effect near the minimum of
S, is certainly possible, and it was observed in pyramidine.®?
A critical point in this theory is the condition a € b, since
there appears to be no physical basis for it (“parallel” and
“perpendicular” Coriolis interaction, generally speaking,
are of the same order), and at @ ~ b it is impossible to explain
the large value of the ratio 7, /7y =3000. In very high
resolution spectra®®® the intensities of lines with K #0 is
larger than in lines with X = 0, which contradicts the hy-
pothesis about the dominance of parallel Coriolis interac-
tion. It is possible, however, that Coriolis interaction is re-
sponsible for the observed decrease in quantum efficiency as
J increases.?*

7.BEATS AND BIEXPONENTIAL ATTENUATION IN
ANTHRACENE

Another interesting area of application of the theory is
molecules whose fluorescence attenuates nonexponentially,
although the gap AE; 1 is large and the effect of the triplet
state T, can appear only with additional broadening of the
vibrational sublevels S; when the balance equation (1.2) is
applicable. In these molecules the reason for nonexponential
decay is selective interaction between vibrational sublevels
of the singlet state®>*¢ S, (Fig. 15).

The first and most studied representative of this class is
anthracene (AEg + =~ 13000 cm '), in which Zewail et al.**
detected quantum beats and biexponential fluorescence at-
tenuation in rapid excitation of the S, sublevels which corre-

excited electronic state S,

£
ES DSI D
vibrationally
excited sublevels L@

5 /s @) Spand S,
E / \ ‘ Lo+ &y
2
[}

-  r Ea + &,
Eﬂ
ground electronic state S,

FIG. 15. Schematic of levels and transitions in anthracene. E, and E, are
sublevels of S, which correspond to vibrational energy E,;, ; E, + £, and
E, + &, are vibrational sublevels of the ground state; 7, (¢) and =1, (¢) are
the intensity of fluorescence in type @ and type b bands, respectively; v, is
anharmonic interaction.
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spond to one or two quanta of optically active vibrations in
the interval E__, <2000 cm . Special studies have shown
that these effects are not associated with the effect of the
triplet state (for example, the frequencies and amplitudes of
the quantum beats do not depend on the magnetic field), and
are due to anharmonic interaction of the given light level E,
with N dark levels E;, which belong to the same electronic
state S, .

The division of states into light and dark in absorption
in this case is due to the fact that normal vibrations have
different Franck—-Condon factors. In radiation all states be-
come light, but for the same reason the corresponding transi-
tions lie in different spectral intervals, since they are com-
pleted in accordance with the Franck—Condon principle in
different sublevels of the ground state. Thus, there are type @
bands (transitions from the initially prepared state ®,) and
type b bands (transitions from states ®,).

Figure 16 shows the fluorescence attenuation curves for
anthracene in type @ bands in excitation of various initial
states. At a small value of E_; there are no dark states P,,
which would effectively interact with ®, (that is, N =0),
and thus the initial state decays according to an exponential
law (curve 1). As E_, increases one or several such states
appear (N>1) and the intensity begins to oscillate (curve
2). At large E_, the number of interacting states is large
(N> 1) and the decay becomes biexponential (curve 3) (the
characteristics of biexponential curve 3 are 7, = 22 ps,
Taow = 6.4 18, Cp,, /Cyo., = 17; in the figure this ratio is less
because curve 3 is the convolution of the true attenuation
curveand of the response function of a detecting system with
a time constant of 80 ps).**®

%7
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—J —_ | —rt
=
0 2 4 6 tus

FIG. 16. Fluorescence attenuation of anthracene in type a bands
(e, =390 cm™').
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FIG. 17. Fluorescence attenuation from a state with E,, = 1420 cm ™",

The interpretation of these results is completely ob-
vious. At small values of E_,, the limits of weak coupling
occur. Since @, and P, belong to one electronic state, their
half-widths are approximately identical, and in the case
N =1 the intensity oscillates according to Eqs. (5.9) and
(5.10). At N> 1 the oscillations have a quasi-periodic char-
acter and may establish the defined correlations between fre-
quencies and between phases of the corresponding Fourier
components, which have been verified experimentally.’®
The values of v, estimated from observed periods of oscilla-
tions, lie at 0.01-0.1 cm ~'. At N> 1, there is a transition to
the strong coupling limit due to a decrease in the distances
between levels £, and a fast component appears due to de-
phasing.

Asindicated in section 5.5, in the case N = 1 the beats in
intensity in type ¢ and type b bands should be in antiphase.
This is demonstrated by curves 1 and 2 in Fig. 17. More
detailed analysis of curves /-3 (in particular, a considera-
tion of high-frequency oscillations, which are visible in the
figure) shows that actually the interaction of four or five
levels appears here.**®

Based on the results of experiments one can compose
the following picture of the processes of redistribution of
vibrational energy in the first excited singlet state of anthra-
cene. Levels with £, <1200 cm ~' are isolated and in their
lifetime they do not experience any changes. At
E,, = 1300-1500 cm ! each level interacts with a small
number (N = 2-10) of other levels, which leads to reversi-
ble energy exchange between them with characteristic fre-
quencies ~ 1-10 GHz.

When E,,, ~ 1800 cm ~' the number of interacting lev-
els is large and the process becomes irreversible, preserving,
however, features of quantum behavior in the fast stage (de-
phasing in times ~ 20 ps). Finally, when E,;, > 1800 cm =",
the slow component disappears, and the fast component is
converted into a typical statistical decay with the same char-
acteristic time, 20 ps, that is, a transition to a completely
irreversible kinetic process of intramolecular vibrational re-
laxation occurs. This is caused by the coalescence of levels
(case II in section 2) analogous to what occurs when the
width of levels increases as pressure increases in the gas
phase (see item 9 in section 6.3).
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FIG. 18. Density of vibrational states of anthracene, found by direct cal-
culation of the number of states.**®

Changes in the character of intramolecular dynamics as
E,,, increases may be linked with an increase in the density
of vibrational states. It is clear from Fig. 18 that at p, < 10
states/cm ~ ! there is no relaxation; reversible energy ex-
change begins in the interval p, = 25-40, and vibrational
relaxation at p, = 120 states/cm .

The results of these experiments demonstrated the high
selectivity of anharmonic interactions. For example, at
E., = 1380 cm "' there are three strongly coupled vibra-
tional states in the 8.4 GHz interval, while the total number
of states in this interval at p, = 25 states/cm ™' is a mini-
mum of a factor of 2 higher.

In conclusion we recall the very interesting observa-
tions of the effect of rotation on the described effects and the
polarization studies in anthracene and other molecules®**¢
(we note that rotation has no effect on intercombinational
crossing S, — T, and this has been proven experimentally
in the case of naphthalene® ).

8.CONCLUSION

The experimental discovery of the intermediate case of
large molecules, including the limits of strong and weak cou-
pling, which was predicted by theory, is a significant event in
molecular spectroscopy, since it introduces radical changes
into our concepts of the nature of molecular fluorescence
and radiationless transitions. Indeed, traditional under-
standing of these processes in isolated particles was based on
the assumption that in the process of excitation we prepare a
luminescent state which then decays either only radiatively
(atoms and small molecules) or both with and without radi-
ation (large molecules) at rates equal to the sum of the rates
of these processes (statistical limit). The basis for the statis-
tical limit in large molecules was that, due to the rapid in-
crease in the density of states with vibrational energy, the
levels quickly lose their individuality, coalescing into a so-
called quasi-continuum®* in which it is impossible for coher-
ence and rotation effects to appear.

Indeed, it turns out that intramolecular interactions
(for example, spin-orbital interaction between states S, and
T, in pyrazine and anharmonic interaction of vibrational
sublevels of S, in anthracene) have a high selectivity: due to
the defined prohibitions each light state effectively interacts
only with a small part of the isoenergetic dark states. Conse-
quently, a relatively rare spectrum of active states is formed,
which makes it possible to observe phenomena associated
with the intermediate case.

In the intermediate case at the limit of strong singlet-
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triplet coupling, the mixed state is initially prepared (if one
removes fast dephasing) and thus there is no radiationless
transition S, T, in pyrazine in the typical sense, although
the quantum yield of fluorescence is small, and the quantum
yield of the formation of triplets is close to unity' (it is of
course possible to consider dephasing as a radiationless tran-
sition S, m» T, but even then this is not a radiationless transi-
tion in the typical sense, since dephasing depends on the
excitation conditions, and its rate does not add to the rate of
radiation attenuation). With the addition of a buffer gas,
relaxation begins in the ground vibrational state T, and the
slow component of fluorescence, which is associated with
the decay of mixed states, disappears; simultaneously there
is a transition from the intermediate case to the statistical
limit, since the collision widths become greater than the dis-
tances between levels, and the initially prepared state be-
comes a pure state S,. Thus, in dense vapors only the fast
component remains, and its decay is defined by the typical
radiationless transition S,~T,. An analogous transition
from the intermediate case to the statistical limit for intra-
molecular vibrational relaxation in S, is observed in anthra-
cene as the vibrational energy increases.

A clear manifestation of the individuality of states is
rotational effects. It was known theoretically and experi-
mentally that at the statistical limit the effect of rotation on
the velocity of intercombinational crossing is negligible; in
the intermediate case, as was shown by experiment, the ki-
netics of fluorescence depend on the rotational state. For
example, in a given vibrational state of pyrazine, one ob-
serves in different rotational sublevels mono- and biexpon-
ential attenuation with changing quantum yields and dura-
tions as well as quantum beats. There will be no great
surprise if it is found that in this system all possible mecha-
nisms of fluorescence attenuation are realized. However, the
very origin of the dependence of quantum yield and the num-
ber of strongly coupled states on vibrational quantum
numbers remains unexplained in its entirety. An important
problem is the establishment in each case of the mechanism
of fast decay and the investigation of the contribution of
Coriolis interaction to the attenuation of the slow compo-
nent of fluorescence.
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