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Two aspects of barrierless processes are discussed. Adiabatic processes are discussed briefly in the context 
of diffusion to a sink. Second, a multi-level Redfield theory is developed as a model for rate processes 
where vibrational relaxation and dephasing occur on the time scale of the electronic process. The results 

of numerical calculations are presented and deviations from the Golden Rule predictions discussed. 

Introduction 
Kramers in his seminal 1940 paper [l] considered the 

problem of escape over a potential (or free energy) barrier. 
It is a natural extension of his ideas to include processes 
that have little or no intrinsic barrier. Because of the intrinsic 
time scale of nuclear motion, barrierless processes in chem- 
istry and biology are very rapid and their study has ad- 
vanced in parallel with developments in ultrafast laser spec- 
troscopy. Examples of barrierless processes in chemistry in- 
clude some isomerization reactions, a range of electron 
transfer reactions as well as many diffusion controlled re- 
actions in solution. Barrierless reactions also seem to be 
common in biological processes. For example, the isomeri- 
zation reaction triggering the visual process and the rebind- 
ing of CO to heme in myoglobin are believed to lack bar- 
riers. Perhaps the most striking barrierless reaction in nature 
is the primary charge separation step in photosynthesis. 
Here the ultrafast initial electron transfer step (- 3 ps) ac- 
tually speeds up 2-4 times as the temperature is lowered 
from 300 K to 10 K [2]. Electronic energy transfer between 
the prosthetic groups of the bacterial reaction center is even 
faster than the electron transfer; recent estimates from hole 
burning [3] and ultrafast [4] spectroscopy place the energy 
transfer rate in the 30 - 50 fs range. In this case the conven- 
tional separation between electronic and vibrational phase 
relaxation and energy relaxation time scales is unlikely to 
exist. 

In descriptions of barrier crossing processes two types of 
approaches have been conventionally employed. For non- 
adiabatic processes the Golden Rule is used to calculate the 
rate, whereas for adiabatic processes in the presence of dis- 
sipation Kramers theory provides an appropriate descrip- 
tion. In the following section we briefly sketch theoretical 
models appropriate to barrierless processes in these two lim- 
its. In fact the second approach we describe - multi-level 
Redfield theory - is applicable to both regimes and to sys- 
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tems with or without barriers. However, in the present paper 
we restrict ourselves to systems where the barrier is rather 
small. 

Theory 
1. Adiabatic Processes 

In the adiabatic case, when the barrier is very small or 
lacking, Bagchi, Fleming and Oxtoby [5,6] proposed a the- 
ory in which the reactive motion is modeled by the damped 
motion of a Brownian particle on a potential surface. The 
decay of population from the initial state occurs through a 
coordinate dependent sink. One of the most striking char- 
acteristics of such processes is the potential lack of time scale 
separation between reactive motion and the inverse “rate” 
of reaction. Clearly in this situation non-steady state dy- 
namics might be rather common and the form of the pop- 
ulation decay depends on the competition between diffusive 
motion toward the sink and removal of population from the 
sink region. Many aspects of the diffusion to a sink model 
have recently been discussed in detail [ 6 ]  and here we re- 
strict ourselves to some comments on the form of the pop- 
ulation decay in various regimes. 

In more quantitative terms the dynamics of the popula- 
tion decay can be described in terms of two rate constants, 
the time averaged rate, k,,  and the long time rate kL. These 
are given by 

1, 

k,’ = J P ( t ) d t  

and 

0 

a 
I - - tm at 

kL = - lim -lnP(t)  

where P(t) is the population at time t .  The dynamics of 
adiabatic barrierless processes are controlled primarily by 
the dimensionless parameter KO = koc/pW2.  Here ko is the 
decay rate at the sink, [ is the friction coefficient, p the 
reduced mass and o the radial frequency of the potential 
surface. The parameter 6, effectively determines how long it 
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takes to attain a steady state condition, after which the pop- 
ulation decay is exponential. A quantitative analysis can be 
made via an eigenvalue analysis of the Smoluchowski equa- 
tion [ 6 ] ,  where the eigenvalues correspond to the popula- 
tion decay rates. For small values of Lo only the smallest 
eigenvalue contributes to the observed decay due to the 
large gap between the lowest and next to lowest eigenvalues. 
As Lo is increased, the gap becomes smaller and more than 
one eigenvalue can fall within the dynamic range of the 
measurement. An interesting feature of this analysis is that 
in the region of large Lo, the density of the eigenvalue spec- 
trum may be large enough that the observed dynamics will 
once again appear exponential due to the inability of the 
instrument to resolve the various decay components. Thus 
the appearance of exponential population decay does not 
necessarily invalidate the possibility of non-steady state dy- 
namics. Recent experiments on the isomerization of cis-stil- 
bene are consistent with this analysis [7] although the pres- 
ence or absence of a small potential barrier is not fully es- 
tablished at present [7 - 91. Fluorescence decays in the 
lowest viscosity solvents appear exponential, but in the most 
viscous solvent (largest Eo), decanol, as Fig. 1 shows the 
decay is clearly non-exponential consistent with this solvent 
lying in the intermeditate lo range. 
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Fig. 1 
Fluorescence decay of cis-stilbene in decanol detected at 430 5 
nm. The intensity scale is logarithmic and the decay is clearly non- 
exponential 

An extensive review of barrierless dynamics in the context 
of a diffusional approach has recently appeared and inter- 
ested readers are referred to that article for further details 
C61. 

2. Nonadiabatic Processes 
The diffusion to a sink model can roughly account for 

some effects of nonadiabiticity via finite decay rate models 
[ 6 ] ,  but the approach is purely classical. In this section we 
sketch our initial efforts to develop a fully quantum me- 
chanical model for such processes. Much effort has been 
expended over the past decade in attempting to take into 
account the role of nuclear motion, including collective sol- 

vent or lattice modes, in determining the details of the dy- 
namics. Much of this work, especially in the field of electron 
transfer has taken a semi-classical path, in which the motion 
along a specific nuclear coordinate - the “reaction coor- 
dinate” - is treated classically incorporating the effects of 
friction provided by the very large number of orthogonal 
degrees of freedom. In such a description quantum mechan- 
ics enters only at the point of intersection between the dia- 
batic reactant and product surfaces. At this .configuration 
the Schroedinger equation is solved to compute the prob- 
ability of making a transition from one surface to another. 
This standard surface hopping model has proved valuable 
in understanding the role of friction in non-adiabatic proc- 
esses and in understanding the transition from non-adia- 
batic to adiabatic behavior in electron transfer [lo]. In ul- 
trafast processes, even in the condensed phase at high tem- 
peratures, the possibility exists that quantum interference 
effects play a role in the dynamics. The description of such 
effects does not fall in the realm of the standard surface 
hopping or Landau-Zener approach. Quantum effects will 
be important when there are strong resonances or when 
phase is preserved on the time scale of the electronic tran- 
sition matrix element. 

Onuchic and Wolynes [l 1) have recently presented a 
semi-quantitative discussion rooted in trajectory based ar- 
guments to describe quantum effects on dynamics. In this 
paper we introduce a density matrix formalism based on 
Redfield relaxation theory [12], appropriate to electron or 
electronic energy transfer in molecular systems and which 
enables quantitative exploration of many of the issues raised 
by Onuchic and Wolynes. Redfield’s theory has been widely 
used in the field of magnetic resonance and to a lesser extent 
in optical spectroscopy [13]. By explicitly treating a subset 
of nuclear degrees of freedom quantum mechanically, and 
through a judicious choice of representations, we develop a 
multi-level theory that is valid for arbitrarily strong elec- 
tronic coupling and properly takes account of the influence 
of finite vibrational and electronic dephasing rates and vi- 
brational energy relaxation rates. Thus, the theory has the 
property that it interpolates between the coherent and in- 
coherent limits of transport for sufficiently weak damping 
and between the adiabatic and nonadiabatic rate descrip- 
tions for over-damped systems. A significant feature of our 
approach is that parameters relating to vibrational relaxa- 
tion and dephasing time scales are entered in the site rep- 
resentation where some experimentalist’s intuition can be 
brought to bear in setting the magnitudes of the parameters. 
i n  addition, the light-matter interaction is included explicitly 
in the Hamiltonian so that in experiments involving optical 
preparation the initial state may be properly specified. 

3. Formalism 
A detailed description of the formalism will be given else- 

where [14]. Here we give some brief details of the approach 
and set up a simple model of electron transfer. 

The effective Hamiltonian considered as a model for elec- 
tron transfer between electronic states 11) and 12) is 
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Q refers to the single system coordinate (i. e. “reaction coor- 
dinate”) and q to the set of bath coordinates. In what follows, 
the reaction coordinate is treated quantum mechanically in 
order to properly incorporate the effect of finite vibrational 
relaxation and dephasing times. The remaining degrees of 
freedom (solvent or lattice modes) are assumed to relax 
quickly compared to motion along Q and are thus treated 
as a thermal reservoir. The operators Hi (i = 1,2) are effective 
Hamiltonians for sites 1 and 2 and are averaged over the 
bath variables. V, (q ,  Q) is the operator coupling state ( i )  to 
the bath and represents fluctuations in the system energies 
from their canonical averages. V, (q,Q) is chosen so that 
both population relaxation and pure dephasing interactions 
are present. the exchange interaction giving rise to electron 
transfer is denoted by J. Finally, IfSF is the system field 
interaction which determines the nature of the initially pho- 
toexcited state. 

In second quantized notation, the system Hamiltonian is 

where A = El + g : / o ,  - ( E 2  + g:/w2) is the energy dif- 
ference between the origins of the two excited electronic 
states and gi is the displacement (in energy units) of excited 
state i. b+ and b are the creation and annihilation operators 
for the system coordinate. 

The system-bath interaction, V(q, Q), is parametrized by 
matrix elements of the fluctuating bath variables between 
the system states. The rate constant for vibrational relaxa- 
tion between states n and n -  1 is given by kn+, , - ,  = n f 2  
where 7’ is the off-diagonal fluctuation constant. Similarly 
the pure dephasing rate for levels m and n is given by 
k:.” = (rn - n) y 2  where y is the diagonal fluctuation con- 
stant. 

The picture described by our model Hamiltonian is thus 
two displaced wells, each with a manifold of vibrational 
levels, undergoing relaxation and dephasing coupled by a 
purely electronic interaction that leads to a splitting of the 
surfaces in the crossing region. The multilevel nature of the 
model does not allow for an analytical solution for the dy- 
namics, thus we rely on numerical procedures. However, the 
dynamics that emerge provide a realistic description of the 
competition between dissipative processes such as popula- 
tion relaxation and pure dephasing and coherent exchange. 
A detailed discussion of the strategy for solving for the dy- 
namics of our model will be given elsewhere [14]. In brief, 
we choose to work in a basis that diagonalizes that part of 
the Hamiltonian that depends only on the system coordinate 
and the electronic exchange interaction. We call this rep- 
resentation the eigenstate representation and the original 
representation the site representation. By choosing an ap- 

propriate form for the fluctuation operators, V, (4, Q), we 
can calculate the appropriate energy and phase relaxation 
rates in the site representation. To properly describe the 
dissipative processes in the eigenstate representation, we 
perform the same canonical transformation on the fluctua- 
tion operators that we used to diagonalize the system Ham- 
iltonian [lS]. We thus transform the problem of two man- 
ifolds undergoing electron transfer and relaxation to a single 
manifold undergoing only relaxation processes. 

The dynamics of the system are found by solving the 
Redfield equations for the reduced density operator in the 
eigenstate representation [12,16]. This involves treating the 
system-bath interaction to secound-order. The appropriate 
equations are of the form 

The elements of the Redfield tensor (Rijkf) describe the var- 
ious relaxation processes involving the system eigenstates. 
It is important to note that the states labelled by iJ are 
admixtures of vibronic states belonging to states 11) and 
12). 

Once the dynamics are computed by finding the eigen- 
values and eigenvectors of the Redfield tensor, we transform 
back to our original basis of site states and trace over the 
reactant manifold to obtain the population of state 11). In 
addition to correctly incorporating quantum effects, which 
arise from the persistence of phase coherence, the procedure 
described above is nonperturbative in the electronic cou- 
pling, J, and thus interpolates between the weak and strong 
coupling limits. 

Numerical Results 
Fig. 2 shows adiabatic potential surfaces for a typical 

system we have studied. Note that the diabatic surfaces cross 
close to the minimum of the reactant well and thus the 
electron transfer process is activationless (i. e. at the Marcus 
maximum). 

The first set of calculations we describe uses a very short 
excitation pulse to prepare an initial state that can be written 
as a coherent superposition of vibronic states. The transition 
dipole operator is chosen such that only vibrational states 
in state 11) are initially excited. The pulse is short enough 
that the entire bandwidth is coherently prepared, leading to 
a wavepacket that is localized at the value of Q correspond- 
ing to the minimum of the ground state geometry (Q = 0). 
The populations and phase coherence are determined by the 
appropriate Franck-Condon factors, via 

This is the appropriate form for the Liouville equation in 
the impulsive excitation limit (i. e. when the temporal width 
of the excitation pulse is short compared to any free motion 
of the system). 

The population remaining in state 11) as a function of 
time was calculated as the electronic coupling, J, was pro- 
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Fig. 2 
Initial and final state potential surfaces for a typical activatjonless 
process. The minima of the two states are at Q = k0.72. Here Q 
is a dimensionless coordinate defined by Q = (Mw/h)’”q where M 
is the mass o the frequency and q the actual coordinate 

1.6 1.2  I 

where FC is the Franck-Condon factor, and 6 E  the energy 
mismatch between initial and final vibronic levels, r is the 
level width and contains contributions from both TI and T? 
processes. Thus the Golden Rule rate scales as J2/T for small 
6E (near resonance case), however for finite 6 E  the rate 
initially increases with increasing level width, then turns 
over. Fig. 3 shows how the Redfield rate, defined as the l /  
e decay time, scales with J2.  In this particular system, the 
rate follows the Golden Rule up to about J = 15 cm-’. For 
higher J values the rate becomes progressively faster than 
the Golden Rule prediction. The vibrational frequency in 
this case is w = 180 cm-’. For calibration purposes, we 
note that the electronic coupling describing the primary 
charge separation in photosynthesis is estimated to be in 
the range 20-30 cm-’ [2]. 

The Golden Rule breaks down when the effective elec- 
tronic coupling strength gives rise to transfer on a time scale 
that is competitive with the population relaxation and de- 
phasing processes that lead to equilibration in the reactant 
well. A particularly useful way of understanding the break- 
down of the Golden Rule approximation may be obtained 
by looking at the ensemble averaged value of the coordinate 
operator as a function of time calculated from 

The initial excitation pulse is such that a number of vibra- 
tional levels are coherently prepared. This leads to an av- 
erage value for Q that is initially displaced from the mini- 
mum of state 11). The subsequent ensemble averaged tra- 
jectory shows in a detailed way the competition between the 
electronic coupling which tends to take (Q) to values cor- 
responding to state (2) and dephasing which leads to values 
of (Q) corresponding to the equilibrium configuration of 
the reactant state. Fig. 4 shows such a plot for J = 0. The 
oscillatory motion is due to the vibrational coherence which 

0 100 200 300 400 
J 

Fig. 3 
lje decay time vs. the square of the electronic coupling calculated 
from Redfield equations. The Golden Rule prediction is shown for 
comparison. Parameters are: wI = w2 = 190 cm-’, A = 200 cm-’, 
gl = -95 cm-’, g2 = 95 cm-’, T = 298 K. The diagonal and off- 
diagonal fluctuation constants are y2  = 9.0 cm-’y’2 = 4.0 cm-’. 
Q = k0.72 for states 11) and 12), respectively. The dashed line 
shows the extrapolation of the Golden Rule J 2  dependence 

gressively increased. In a multilevel system, such as de- 
scribed here, the effective coupling strength will vary with 
each initial level due to varying Franck-Condon factors be- 
tween states in different manifolds. If dephasing is much 
faster than the time scale of the electronic coupling then the 
Golden Rule expression should be valid, with the rate con- 
stant given by 

2a hr 
( 6 E ) 2  + (fir)’ k = - J2(FC) 
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Fig. 4 
Ensemble-averaged value for the reaction coordinate, ( Q  ( t ) ) ,  as a 
function of time for the parameters of Fig. 3.  J = 4.0 cm-’ 
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damps out due to the system-bath interaction. In this case 
the dephasing time is approximately 600 fs. 

Fig. 5 shows a similar plot for J = 4 cm-'. The motion 
of population into the final state is revealed by the pro- 
gressive increase in the value of (Q). All coherence has 
vanished before any significant increase in ( Q  ) from the 
value -Po has occurred. In this case the Golden Rule and 
Redfield rates are identical. By contrast, Fig. 6 shows results 
for J = 12 cm-', just at the point where the Golden Rule 
expression breaks down. Here, the vibrational coherence 
persists as population is depleted from the initial electronic 
state. The stutter seen in the oscillation at about 1.6 ps 
results from the interference between the electronic coher- 
ence, oscillating at a frequency of 2 J, and the vibrational 
coherence, oscillating at the vibrational frequency. 

The interaction between electronic and vibrational co- 
herence is even more evident in Fig. 7 where the ensemble 
averaged energy ( H ( t ) ) ,  is plotted against the ensemble av- 
eraged coordinate ( Q ( t ) ) ,  for a somewhat different set of 
parameters (see figure caption). The corresponding popu- 
lation decay is shown in Fig. 8. Aside from a brief induction 
period during the first 100 fs, the decay is quite exponential 
and experimentally there would be little to indicate that 
phase coherence was playing a significant role. However, in 
this case the decay time of 1.7 ps is approximately three 
times faster than the Golden Rule prediction. 
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Fig. 5 
Ensemble-averaged value for thc reaction coordinate, ( Q ( t ) ) ,  as a 
function of time for the parameters of Fig. 3. J = 4.0 cm-' 
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Fig. 6 
Ensemble-averaged value for the reaction coordinate, ( Q ( t ) ) .  as a 
function of time for the parameters of Fig. 3. J = 12.0 cm-' 

1 
0 0  

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 
<I2 Ct) z. 

Fig. 7 
Ensemble-averaged energy, (H ( t ) ) ,  vs. ensemble-averaged coordi- 
nate, ( Q ( t ) ) ,  Parameters are: wI = w2 = 400 cm-I, d = 400 cm-', 
gl = -150 cm-I, y2 = 150 cm-', T = 298 K, J = 10.0 cm-', 
y 2  = 4.0 cm- ' f2  = 4.0 cm-'. The minima of the two states are at 
Q = *0.53 in this calculation 

R m d f i d d  Oynamicm 

1 
0 0  

0 2 4 6 0 10 12 14 16 18 20 
T i m e  <pe) 

Fig. 8 
Population of initial state as a function of time for the parameters 
of Fig. 7 
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In general, it is diflicult to predict the range of validity of 
the Golden Rule formula or even the nature of deviations 
from the Golden Rule in multi-level systems. The increased 
complexity brought about by having many coupled levels 
with different dephasing times and effective J values can lead 
to a wide range of behaviours depending on parameter val- 
ues and even on the nature of the initial state. In the case 
just discussed, significant enhancement of the rate (above 
that predicted from the Golden Rule) was observed due to 
the presence of coherence. We surmise that because the lev- 
els in state 11) are essentially resonant with those of state 
)2), the relatively slow dephasing time allows the levels to 
remain resonant for a substantial period of time before fluc- 
tuations destroy the overlap. It is important to stress that 
the results shown above arise from the presence of many 
coupled levels and do not occur in an isolated three level 
system. Such a system is shown in Fig. 9 along with the 
l/e decay time as a function of 5’. For small values of J / f  
the rate follows the Golden Rule prediction. At larger values, 
the rate starts to fall below the Golden Rule prediction. Of 
course, at sufficiently high values of J / f  the concept of a 
rate is meaningless, and the population dynamics will have 
an oscillatory component. 

4 ,  I 

0 

0 100 200 300 400 
J2  

Fig. 9 
lje decay time vs. the square of the electronic coupling calculated 
from the Redfield equations. The Golden Rule prediction is shown 
for comparison. Parameters are o1 = 0 2  = 800 cm-l, A = 800 
cm-I, g, = -400 cm-’, g2 = 400 cm-’, y 2  = 0.0, y” = 9.0 cm-I 

The method described above presents a realistic approach 
to understanding chemical rate processes when the dynam- 
ics are complicated by the presence of vibrational relaxation 
and dephasing on the time scale of the electronic transition. 

Summary 
We have discussed barrierless processes from two per- 

spectives. A purely classical diffusive model was used to dis- 
cuss some aspects of barrierless reactions involving large 
amplitude motion. Secondly, our initial studies of quantum 
effects in vibronic systems, where the vibrational structure 
and dynamics are included explicitly, was described. We 
plan to extend this latter work in studies of criteria for adi- 
abaticity, and of energy transfer in moderately strongly cou- 
pled systems, for example, to investigate the influence of 
correlation in fluctuations at the two sites. 

This work was supported by grants from the NSF. We thank 
David Todd for his help with the manuscript. 
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