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A finite decay model of barrierless electronic relaxation in solutton is studied both analytically and numerically. The fractional
viscosity (q) dependence of the rate (kcc q-m with 1~ (Y>0) is shown to be strongly correlated with non-steady-state dynamics
on the reaction potential surface. We also find that the exponent (r may depend strongly on the wavelength of the exciting light.

1. Introduction

The viscosity dependence of the non-radiative
relaxation rate in barrierless electronic relaxation in
solution has been a subject of interest for many years
[ l-201. In many cases, the decay rate can be fitted
fairly well to an expression of the following form
[ 1,4-7,10,14,15]:
k=Cq-a,

(1)

where the exponent (Y is usually less than unity,
1> (Y> 0 and C is a viscosity-independent constant.
Although a quantitative understanding of the origin
of (1) is still lacking, one can identify several plausible explanations for a dependence of the kind given
by eq. (1). Firstly, competition between radirftive and
non-radiative relaxation may lead to a weak viscosity dependence at large viscosities. This is because
radiative decay is mostly position-independent
whereas certain critical geometries must be attained
for non-radiative relaxation to occur. Thus, at small
viscosity the electronic relaxation rate may depend
inversely on viscosity (a = 1) but at large viscosities
a cross-over to (1) with Q!less than unity may take
place. Secondly, the solvent frictional forces on the
reactive motion may not be related to the macroscopic viscosity by the linear Stokes-Einstein relation. This breakdown of the Stokes-Einstein relation
has been a subject of several recent discussions
[ 2 1,221. Thirdly, the reaction potential surface itself
0 009-2614/87/$
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may change significantly as the viscosity of the solvent is changed [ 121. This is plausible because it is
seldom possible to change the viscosity of a polar
solvent without changing the dielectric constant of
the medium. And fourthly, the fractional viscosity
dependence may arise as an intrinsic property of the
barrierless reaction. It is the fourth point that is the
subject of this Letter. Note that by careful experimentation, it may be possible to eliminate the first
three possibilities and study the rate that is intrinsic
to a particular reaction.
In order to study the dynamics of barrierless reactions, we introduce a new form of the sink function
in this Letter. We shall assume that the position
dependence of the sink is given by a delta function
positioned at the origin of a harmonic surface. The
time evolution of the excited-state population density, P(x, t), is given by the following modified
Smoluchowski equation [ 14,15 1,
aP
at =A$$

+B;xP-k,S(x)P,

(2)

where A=kBTIL;, B=puw21~, c being the relevant
friction parameter, o the frequency of the (assumed)
harmonic surface, ~1the effective mass, T the temperature and kB is the Boltzmann constant. S(x) is
the sink function [ 14,151 and k,, is the rate of nonradiative decay from the sink. In writing (2) we have
neglected the contribution from radiative decay as
we are interested only in the dynamics of non-radia-
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tive relaxation. The sink function S(x) is assumed
to be a delta function located at the origin of the harmonic surface
S(x)=&x)

.

(3)

The motivation for introducing the delta function
sink is twofold. Firstly, it simplifies the numerical
calculations substantially and at the same time retains
the essential features of the more general (and realistic) Gaussian sink function [ 14,151. The deltafunction sink is obtained from the Gaussian sink
function by taking the limit that the width of the sink
is infinitesimally small. Secondly, for many realistic
situations, (3) is a reasonable approximation [ 131.
In a previous study [ 151, eq. (2) was solved
numerically for a Gaussian sink. However, in that
study specific values of k0 and other parameters were
used and as a result some general features of the
relaxation were not recognised. In the present study,
we shall transform eq. (2) to a form in which the
role of several competing processes will become
transparent. This will allow us to make several general conclusions ‘about barrierless chemical reactions. We find that the non-steady-state dynamics on
the excited-state potential surface gives rise to a viscosity dependence of the form (1)) especially for the
time-integrated rate constant, k,. Another interesting
finding of this study is that the exponent (Y may
depend rather strongly on the excitation wavelength
in the intermediate viscosity range. Multi-exponen-

tial decay of the excited-state population is shown to
be a direct consequence of this non-steady-state
dynamics.
At this point it is necessary to discuss briefly the
nomenclature adopted here. We shall call the models
described by eq. (2) with finite ko as thefinite decay
models. These models are significantly different from
the instantaneous death models where the excited
state decays with unit probability as certain critical
geometries (funnels or holes) are reached. Examples
of the latter class of models are the pinhole sink
model [ 14,151, the model of Oster and Nishijima
[ 21 and the staircase model introduced recently by
the present author [ 181. These models predict an
inverse viscosity dependence of the rate at all viscosities. Also note that these models can be obtained
from (2) by taking the limit /C,-+CCLThe main
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advantage of the instantaneous death models is that
they can be solved analytically.
In section 2 we present the theoretical results. In
section 3 the numerical results and discussion are
given.

2. Theory
We first note that eq. (2) contains three independent time constants, kc ’ , B- ’ and A - ’ (when the
reactive motion is rotational diffusion; for translational motion it would be a2/A with a some appropriate length scale). In particular the long time decay
is controlled by /&,and B. It is thus convenient to
rewrite eq. (2) in the following form:
aP
=A!g
at,

+ &xP-&s(X)P)

where
t, =Bt

and
K=A~B ,

I&=~IB.

The dimensionless quantity %, is the most important
quantity in the dynamical process. Another advan-

tage of (4) is that 1 is independent of viscosity. We
now show that from (4) one can obtain simple limiting expressions for the long-time rate constant k,.
kL is defined by
kL=-!i&lnP,(t),

(5)

where P,(t) is the total, time-dependent, population
on the excited-state surface at time t. Because A”is
independent of c and because of the form of eq. (4),
we can write k;. as
tt,=f(%)

>

(6)

wherefis a function whose limiting forms are given
below. From (6)) we get
ki_=Bflft,) .

(7)

In the limit &,+co, we recover the result of the pinhole sink model, i.e. f+ 1. In this limit an inverse vis-
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cosity dependence is predicted. In the limit of small
&,, the long time decay will be dominated by k0 and
j(&) w & so k,_N b. In this limit, kL is independent
of viscosity. One can thus expect a fractional viscosity dependence for intermediate values of &.
If the decay is multi exponential then the more
useful quantity is the integrated rate constant, k,,
defined by

In the preceding discussion we have set B= 1, so t
and k, ’ are in units of B. Since J is a symmetric
matrix, it is straightforward to diagonalize the matrix
(ml + bJ) to obtain the eigenvalues 1. The lowest
eigenvalue I, gives the long-time rate constant kti
For calculation of k,, we found it more convenient
to use eq. (15) and obtain 6,(s=O) directly by
matrix inversion. The initial condition P(x, t=O)
= x-x0
gives

krl=

o,(O) =bQxo)

jdU’.(f).

(8)

(17)

.

0

We shall show below that k, has a more interesting
viscosity dependence than kL.
Next, we proceed to solve eq. (4) numerically. We
expand P(x, t) in the eigenfunctions of the associated Fokker-Planck (FP) operator
(9)

P(X, f)= nzob”(X) a,(t) 3

where b, is the nth eigenfunction of the FP operator
[ 151 given by
b,,(x) =A;‘* exp( -x2/2V)

2%,(x/2”* v) ,

(10)

where H, is the Hermite polynomial of order n,
V=A”’ and the normalization constant, A,,, is given
by
A,=[Vn!2”(27r)“*]-’

.

(11)

By using standard procedures we obtain the following system of equations for a,(t):
&l(t,)=-m%(t,)-&

CJ,,%(t*),

3. Results and discussion

In this section we present the results of our numerical solution of the system of equations (12) and (13)
with the initial conditions given by (17). At smaller
values of &, (Lo 5 1)) good convergence is obtained
with a small number (20-30) of even eigenstates.
Forlarger& (25&550),alargernumber(60-100)
of even eigenstates is necessary to obtain satisfactory
convergence. Both the eigenvalue spectrum and the
integrated rate constant, &, were obtained numerically on a DEC-1090 computer. The results are presented below.

(12)

3.1. Non-steady-state dynamics and

with

multi-exponential decay

J,,,=A,‘;2A;‘2H,,(0)

H,(O) .

(13)

P,(t) is given by [ 151

P,(t,)=

[(2K)“*V]“*ao(t,)

(14)

and the expression for k, is
k,’ = [(27r)“2 VJ”260(s=O) ,

A,2 = (2, -&)/A,

00
I

dt exp( --St) ao( t)
0

.

The condition for a single exponential decay is that
the lowest eigenvalue, A,, should be substantially
smaller than the next highest eigenvalue, 1,. Thus a
suitable parameter to study multi-exponential decay
is

(15)

where do(s) is the Laplace transform of oo( t)
Go(s) =

It is straightforward to generalize (17) for a realistic
initial distribution [ 18,231 which primarily affects
the short time dynamics but leaves the main conclusions presented here unchanged.

(16)

.

(18)

For single exponential decay to dominate the overall
relaxation process, Ai2 must be much greater than
unity. This is also the condition for a steady (constant) rate of decay from the sink region.
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Fig. 1. The calculated value of & plotted against & ( =&B).
The inset shows the behaviour for small values of & on an
expanded scale.

In fig. 1 we have plotted the values of 4r2 against
LO( = b/B). The inset in this figure is for very small
values of &. It is seen clearly that LI,~becomes very
large at small values of 12, indicating a single exponential behaviour. At larger values of & (kOR
2), 4,2 becomes smaller and comparable to unity. It
is in this range that multi-exponential behaviour
begins to dominate the relaxation process. In fig. 2
we have plotted the time-dependent excited state
population, P,(t), against time for three values of
&. The increasing non-exponential character of the
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decay, as &, is increased, is clear from the graphs.
Since the results are given in terms of the dimensionless quantity &, there are two ways to interpret
them. Firstly, we can keep B (i.e. the friction) constant and vary b. Alternatively, we can fix k,, and
change B. In the latter case, figs. 1 and 2 depict the
effects of changing the viscosity on the relaxation
process. As friction increases, B decreases and i&
increases. So, low & corresponds to low friction and
large & to large friction. Thus fig. 2 shows the crossover to non-exponential behaviour as C increases.
This has been observed experimentally in some cases
[ 6-91 and discussed theoretically in our earlier paper
[ 151. Note that the scale changes in fig. 2 as B is
changed. For larger &,, B is also larger. At large values of Bt (Bt > 1), the relaxation becomes single
exponential for all &,. However, the signal in this
region may become too low in some cases to detect
this long-time single exponential behaviour.
3.2. Non-steady-state dynamics and fractional
viscosity dependence of rate

We present two important results here. The first is
concerned with the significantly different viscosity
dependence of the two rate constants, k,_and k,. Secondly, we find that, for k,, the exponent (Yof eq. (1)
depends on the excitation wavelength.
In fig. 3 we have plotted both the lowest eigenvalue x1( = &) and the integrated rate constant E,
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Fig. 2. The excited-state population P,(t) at time Bt plotted against
Bt for several values of the dimensionless quantity !&
The values of I%,are given in the figures. x0=0.5.
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Fig. 3. Values of & and .&iplotted against &,. & is plotted for several values of the initial position x0 on the excited state potential
surface. The values of x0 are indicated on the graph.
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against t;b. The values of & are given for several values of the initial position x0. As Lo becomes larger,
1, approaches unity which means A,, and k,_,becomes
equal to B. This is of course expected from the known
result [ 151 for the pinhole sink. Thus kL has a viscosity dependence of the form given by eq. (1) (with
exponent (Y less than unity) only for high values of
B. Thus, at fixed k,, a fractional viscosity dependence of k,_ is predicted only at small viscosities, in
agreement with the theoretical analysis presented
earlier in this section.
However, the behaviour of k, is significantly different from that of kL. Firstly, the values of & seem
to saturate at larger values of k. which means fractional viscosity dependence will be observed over a
larger range of viscosity. Secondly, the variation of
E, with E. depends strongly on the initial conditions.
For example, for x0 = 0.1, fractional viscosity dependence is predicted even beyond r;b 2 50. This is in the
range available to experimental
studies. For TPM
dyes, Bx 10’“-lO” s-’ at q= 1 CP if the reactive
motion is a synchronous rotation of the phenyl rings,
and kox 1012 s- I. However, k. may also change with
viscosity because a change in viscosity is usually
accompanied by a change of the dielectric properties
of the solvent. Thus, although we predict a fractional
viscosity dependence of k,, it is not possible, within
this theory, to attribute it solely to viscous effects.
The preceding discussion suggests that experimental analysis of the viscosity dependence
should be
carried out by obtaining both k, and kL (if single
exponential decay is attained at long times) as functions of viscosity at various excitation wavelengths
in similar (with regard to polar properties) solvents.
At the viscosity usually attained in experiments and
for the type of molecules that undergo barrierless
reaction via large amplitude motion, the long-time
decay rate k, will probably show inverse viscosity
dependence at all viscosities. But kI may show a fractional viscosity dependence at small to intermediate
viscosity values. Moreover, k, may show a dependence on the excitation wavelength but kL should be
independent
of it.
We would like to stress here that if an instantaneous death model is appropriate for a given situation, then an inverse viscosity dependence would be
observed at all viscosities for both k, and k,. Thus
careful experimental
studies are necessary to understand all these competing factors.
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3.3. Temperature dependence of rate
At low values of &, an equilibrium
(Boltzmann)
distribution
is attained on the excited state surface
before any significant decay can take place. Increase
of the temperature then widens the Boltzmann distribution
and removes population
from the sink
region, giving rise to a decrease in the rate of decay.
Thus, we would have an apparent “negative” activation energy at low values of &. But as k;, is
increased,
the Boltzmann
distribution
is never
attained, the rate determining
step is now the time
the system takes to reach the sink and the rate
increases with T. Thus, a cross-over to positive activation energy is predicted. However, note that b may
itself increase with T, thus giving rise to an activation energy larger than that expected from the viscous effects alone.
We have the following concluding remarks. The
treatment presented here is one dimensional
and
needs to be generalized.
The major differences
between instantaneous
death models (such as the
pinhole sink) and finite decay models (such as the
delta-function
sink) are expected to persist in the
higher dimensions. Finally, the dependence of relaxation on the wavelength of the exciting light deserves
to be fully explored in experiments. Much valuable
information
on barrierless reaction may be gained
from such studies.
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