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Pathways, Pathway Tubes, Pathway Docking, and
Propagators in Electron Transfer Proteins
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The simplest views of long-range electron transfer utilize flat one-dimensional batrier tunneling
models, neglecting structural details of the protein medium. The pathway model of protein
electron transfer reintroduces structure by distinguishing between covalent bonds, hydrogen
bonds, and van der Waals contacts. These three kinds of interactions in a tunneling pathway
each have distinctive decay factors associated with them. The distribution and arrangement
of these bonded and nonbonded contacts in a folded protein varies tremendously between
structures, adding a richness to the tunneling problem that is absent in simpler views. We
review the pathway model and the predictions that it makes for protein electron transfer rates
in small proteins, docked proteins, and the photosynthetic reactions center. We also review
the formulation of the protein electron transfer problem as an effective two-level system. New
multi-pathway approaches and improved electronic Hamiltonians are described briefly as well,

KEY WORDS: Tunneling pathways; protein electron transfer; donor—acceptor interactions.

1. INTRODUCTION

Within a few picoseconds after absorbing light,
photosynthetic organisms launch an electron down an
efficient multi-step electron transfer chain (Feher et al.,
1989; Gunner, 1991). The ubiguitous single-electron
transfer (ET) reaction lies at the center of cell metabo-
lism as well. A sequence of one-electron oxidation—
reduction reactions followed by proton transport
generates a transmembrane electrochemical potential
that energizes the synthesis of ATP. Recent develop-
ments in theoretical and experimental biophysical
chemistry are beginning to indicate how proteins direct
tunneling electrons to the right place at the right time
(Lippard and Berg, 1994; Bertini et al., 1994).
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ET reactions occur throughout cell metabolism.
Oxidases, peroxidases, oxygenases, hydrogenases, and
nitrogenases perform key chemical transformations by
the efficient coordinated transport of electrons. The
enzyme nitrogenase, for example, makes ammonia
from dinitrogen at atmospheric pressure and room tem-
perature, a feat unequaled in the laboratory {Kim and
Rees, 1994).

In the 1960°s it was discovered that electron hops
between redox groups in proteins are nonclassical
(deVault, 1984). Electrons “tunnel” between spatially
localized redox groups rather than being transported
like delocalized electrons in metals (Hopfield, 1974),
Since electron delivery to the wrong site can be lethal,
quantum tunneling provides a likely means of control-
ling electron flow that is exquisitely sensitive to molec-
ular architecture, Electron tunneling probabilities, zero
for purely classical particles, drop roughly exponen-
tially with distance. Recent studies indicate a richness
in the mechanisms proteins might use to control elec-
tron tunneling rates. We will review some of the recent
developments and challenges in this area.

0145-479X/95/0600-0285507 50/0 © 1995 Plenum Publishing Corperation
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2. PROTEINS: FORMLESS OR
STRUCTURED TUNNELING
BARRIERS?

Most biological electron transfer rates (kg;) are
described successfully with a nonadiabatic formulation
because the donor—acceptor distance is large (and the
interaction is weak) (Hopfield, 1974), so

ker (ﬁ'm) « {electronic coupling)? (nuclear factor)
()

The nuclear factor is associated with the familiar acti-
vation barrier of Arrhenius theory (Sutin and Marcus,
1985; Marcus, 1993; Levich, 1965). The limits of
validity for this rate expression have been discussed
extensively (Onuchic et al., 1986). This barrier arises
because nuclei around the redox groups adjust their
positions to accommodate the charge of the redox cen-
ter. The electronic factor reflects how strongly the
protein allows electron amplitude to leak across the
protein from donor to acceptor. A detailed understand-
ing of how proteins might control ET rates through this
tiny quantum propagation proved elusive until recently.

Simple models of long-range electron transfer
treat the protein between donor and acceptor as a one-
dimensional square tunneling barrier (1DSB). As such,
the rate is predicted to drop exponentially with distance
(Hopfield, 1974; Jortner, 1976; Moser et al., 1992:
Beratan et al., 1992a,b):

ker(R pa)  expl —BIR pall(nuclear factor)  (2)

Far from the well, the probability of finding the particle
drops exponentially, with a constant determined simply
by the well depth, and this tunneling probability enters
the ET rate directly. Accounting for the role of protein-
mediated tunneling at this level of theory amounts to
assigning a barrier height for tunneling. This barrier
is associated with the energy difference associated with
moving the electron from the donor to the surrounding
protein. Hopfield's 1974 prediction (8 = 1.44 A"
sttmulated numerous experiments on small molecule
and macromolecule bridges of fixed length and known
structure. Rigid bridges, keeping the donor-acceptor
distance fixed, were built to test these ideas (see Bolton
et al., 1991, for example).

In the 1980’s, a range of B values was observed
for rigid electron transfer bridges. Theoretical analysis
of these linkers predicts orbital energy and symmetry
effects on the reaction rates. A fascinating balance
of orbital interactions in model compounds seems to
control the value of B, which varies with bridge struc-

ture (Bolton et al, 1991; Closs and Miller, 1988;
Wasielewski, 1992),

At the same time as intense work was being done
on small molecules, a technology was developed to
measure electron transfer rates in proteins between
redox groups at fixed distance and orientation (Winkler
and Gray, 1992; Therien et al., 1991a,b). In proteins,
just as in small molecules, donor and acceptor must be
fixed in order for conclusions about bridge-mediated
tunneling to be drawn unambiguously. A watershed in
this field was the development of a new technology
by Gray and co-workers to attach Ru complexes to
proteins via surface histidines. This methodology, cou-
pled with sophisticated electron-transfer kinetic exper-
iments, provided the tools to probe the anisotropic
nature of proteins as tunneling barriers (Therien ¢f al.,
1990; Wuttke et al., 1992; Karpishin, et al., 1994).

Electron-transfer rates as a function of distance
in model compounds and in proteins, when fitted to
1DSB models, produce a wide range of B values, rang-
ing from 0.6 to 1.7 A~! (Mikkelson and Ratner, 1988:
Therien et al., 1991a,b). In small molecules, B values
are consistently smaller than in proteins. This discrep-
ancy provided the first experimental hint that the cou-
pling mechanism in proteins might be qualitatively
different from that in the smaller systems. The faster
decay of rate with distance in proteins suggests that
the coupling mechanism is less efficient. Looking at
three-dimensional protein structures, a reasonable
inference is that the mediation routes are less direct
than in small molecule bridged systems.

In the late 1980’s Onuchic and Beratan asked
whether or not “measuring B” in proteins was a mean-
ingful endeavor (Beratan et al., 1987; Onuchic and
Beratan, 1990). They argued that at physiological
redox potentiais a single “universal” value of B does
not exist. The balance of through-bond and through-
space contacts between donor and acceptor was pro-
posed to set the coupling strength. They showed that
mixing of the donor and acceptor states with the bond-
ing orbitals of the bridge dominates the coupling pro-
cess. This mechanism is referred to as “hole transfer.”
Their analysis suggested that ET rates in proteins
should depend on the coupling pathway strength, rather
than the linear distance between redox centers (Beratan
et al., 1991, 1992a,b).

3. TUNNELING PATHWAYS

What is the first step beyond a structureless tun-
neling barrier model of a protein? Electronic coupling
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interactions mediated through bonds are longer range,
in general, than interactions through space. Thus, it is
convenient to break the electron tunneling into
through-bond and through-space steps. The pathway
strategy estimates the coupling as the product of decay
factors along the most direct coupling route between
donor and acceptor.

(Electronic coupling) = IT; e? I, ¢/ I, & (3)

This expression represents a product of decay factors
associated with each type of contact along a pathway
(Beratan et al., 1987, Onuchic and Beratan, 1990).
Here the probability of tunneling between two points is
determined by the strongest coupling pathway between
those points. The through-bond decay parameters (B
and H) are fixed at values estimated from model-com-
pound experiments or from simple calculations. A criti-
cal aspect of the pathway model is the vital role of
hydrogen bonds as tunneling mediators. Since the
through-bond mechanism is dominated by hole trans-
fer, hydrogen-bond mediation is particularly effective.
The through-space decay factor is explicitly (and
strongly!) distance dependent. Through-space decay is
very costly; viable coupling pathways in proteins rarely
contain more than one or two through-space steps.
The strength of the strongest coupling pathways to a
protein’s surface from a redox center varies enor-
mously (see Section 3.3). Pathways are easily identi-
fied using x-ray structural coordinates and a simple
graph search algorithm (Betts er al., 1992).

The pathway model has one essential feature built
into it that is missing in |DSB models. This is the
radically different distance range for tunneling through
a bonded medium and through empty space. The range
of tunneling through space is set by the binding energy
of the tunneling electron. An electron bound in a 1D
well by 10 eV decays far from the well as exp(—1.7
R) with R measured in A. In contrast, the exponential
decay constant associated with tunneling through cova-
lent bonds and hydrogen bonds is at least one-haif of
this value. This intrinsic difference between through-
bond and through-space tunneling defines the land-
scape for electron tunneling in proteins.

The sharp distinction between through-bond and
through-space tunneling in proteins has at least two
important and dramatic consequences. First of all, this
line of analysis predicts that hydrogen bonds should be
excellent tunneling mediators because they introduce
relatively small through-space gaps between lone-pair
electrons and X — H bonds (Beratan ez al., 1987, 1991,
1992a,b; Onuchic and Beratan, 1990). This expectation
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was confirmed by experiments in Ru-modified proteins
(Therien et al., 1990, 1991a,b). In the absence of facile
hydrogen bond-mediated tunneling pathways, elec-
tron-transfer rates should be orders of magnitude
slower than what is actuaily observed. The second key
prediction of the pathway model is that electrons tunnel
very weakly across van der Waals gaps. This prediction
was recently confirmed as well (Wuttke er af., 1992).

Small redox proteins, like cytochrome ¢, contain
a single redox center. The anisotropic structure of this
protein is mirrored in the anisotropy of coupling path-
ways into the protein’s redox center. A simple way of
visualizing this anisotropy is to examine scatter plots
of amino acid to redox-center coupling vs. amino acid
to redox-center distance. 1DSB models put all of these
points on a single exponential curve, whereas pathway
models scatter these points orders of magnitude off of

any single exponential curve {Beratan et al, 1991,
1992a,b).

3.1. Functional Docking and ET

In many biological electron transfer reactions, an
important ET step is infermolecular. However, theoret-
ical work on electronic coupling in ET reactions has
been confined largely to intramolecular ET. The intra-
molecular problem is simpler because the geometry is
often relatively well known and the pathway analysis
is straightforward.

The pathway model was recently extended to
describe intermolecular electron transfer (Aquino et
al., 1995). This problem is particularly challenging
because few electron transfer complexes have been
subjected to detailed structural analysis. In existing x-
ray structures, it is unclear whether or not the biologi-
cally relevant docking orientation is found in the solved
structures. Furthermore, even if the interprotein dock-
ing orientation is known, the electron transfer rate is
expected to be strongly dependent on the through-
space decay associated with noncovalent contacts
between molecules.

The interprotein pathway analysis strategy taken
was to analyze couplings based on the intramolecular
coupling in each interacting species. This allows the
intermolecular through-space electron transfer, which
is sensitive to the docking geometry, to be treated as
a parameter to be analyzed. Thus, calculation of the
coupling between the surface amino acids and the
redox center permits a simple estimate of interprotein
electronic coupling decay for a given docked strycture.
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The electronic coupling coupling is factored
accordingly:

(Electronic coupling) = ILe (L€ (€ine.  (4)

where [1€,(i) is the electronic coupling decay between
the electron donor site and the surface of the protein
containing the electron donor; ILe(j) is the electronic
coupling decay between the electron acceptor site and
the surface of the protein containing the acceptor; and
€iner 1S the electronic coupling decay between protein
surfaces (i.e., a through-space or hydrogen-bond cou-
pling between surface atoms on the two proteins). Note
that in Eq. (4) €(i) and €(j) can be any of the three
types of decay (i.e., covalent, hydrogen-bonding, or
through-space). Factoring the electronic coupling
decay in this way separates quantities that are well
defined, [Liep(i) and ILe,(f), from a quantity that is
less well defined, €;,,.~ The interprotein decay is poorly
defined because the distance between proteins is not
well established and geometrical changes from refer-
ence X-ray structures are not easily predicted,

A surface-to-redox center coupling map is
obtained for each protein by calculating the electronic
coupling decay, IITe(i)I?, between each surface atom
and the redox center. These maps identify regions of
the protein that can efficiently couple electron transfer
from the redox site. Matching of strongly coupled
regions on the two proteins will result in the maximal
intermolecular electron transfer coupling (assuming
€iner 15 NOt too small) and can be used as a criterion
for evaluating putative docked structures. This crite-
rion can supplement other criteria (e.g., electrostatic
energy) for evaluating the overall functional impor-
tance of a docked structure.

Central to this strategy is the definition of protein
surface. The main assumption is that an electron must
proceed through a surface residue to leave the protein.
We define a surface residue as one that is in contact
with the molecular surface; the surface traced out as
a spherical probe is rolled over the van der Waals
surface of the protein. However, unlike the standard
method, which uses a 1.4 A radius spherical probe,
we use a 3.0 A radius probe. This generates a smoother
surface and prevents atoms that border invaginations
in the protein from being considered surface residues.
This strategy is used because residues that line clefts
in a protein are unlikely to be in contact with an atom
on another protein in a docked structure.

From this analysis we can conclude that by gener-
ating surface coupling maps, we can learn a consider-
able amount about the coupling between proteins, but

one still has to deal with the problem of the coupling
between their surface residues. The functional docking
strategy tells us which surface regions of the proteins
one should put together in order to optimize the rate
without addressing the question of docking stability.
However, the length of the jump between the surface
residues will be strongly dependent on the docking
configuration, directly influencing the final coupling.
Another important point to keep in mind is that all the
calculations presented here have been performed for
static structures. However, through-space jumps may
be sensitive to dynamical motions. Increased attention
to the dynamics of these contacts is certainly needed.
The recent availability of x-ray crystal structures of
docked electron transfer proteins is stimulating fyrther
work in this direction (Pelletier and Kraut, 1992; L.
Chen et al., 1994; Z. Chen er al., 1994). Other studies
are providing additional information about the dynam-
ics of docking and ET as well (McLendon, 1991; Stemp
and Hoffman, 1993).

3.2. Exponential and Nonexponential Distance
Dependence in Biological ET

An essential feature of pathway analysis is the
considerable scatter expected in log(rate) vs. distance
plots (Beratan er al., 1991, 1992a,b). This scatter was
indeed seen in Ru protein systems. However, in the
photosynthetic reaction center (PRC) of Rps. viridis
(Deisenhofer and Michel, 1989), it was recently
observed that scatter (correcting as well as possible
for free energy and reorganization energy differences)
is less pronounced (Moser et al., 1992) than was found
in the Ru-modified proteins,

We have calculated the tunneling pathway
strengths in Rps. viridis (Fig. 1, Table I). Figure 2
shows a scatter plot of the pathway couplings squared
(proportional to the ET rates after correction for free
energy and reorganization energy differences (Moser
et al., 1992). A number of observations can be made
that explain the lack of scatter in the rate data. The
pathways possess two key features. First, the paths are
“taut”; they fall nearly on a straight line of sight
between the donor and acceptor pairs. Second, the
early paths consist of limited through-space contacts
(Table I). That is, the paths for the early reactions have
similar through space-distances in the strongest paths.
These paths are homologous to one another.

The later paths in the PRC (between quinones
and from quinones back to the special pair) all have
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Fig. 1. Tunneling pathways (within 65% of the strongest) in the

photosynthetic reaction center of Rps. viridis are shown for the
forward ET reactions (see Table I).
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Fig. 2. Scatter plot of pathways couplings squared for charge
separation and recombination pathways in the PRC. Solid dots are
probably the most relevant calculation, corresponding to no penalty
for tunneling across a chlorin ring (ring “shorting™). The best fit
exponential to the solid dots is proportional to e '47 R, remarkably
close to the experimental value (recall that the decay factors in the
pathways method were taken to be as realistic as possible, based
on model compound data and simple theoretical estimates). Rate
nomenclature is given in Table I and in Moser et af., 1992
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cousiderably onger nonbonded contacts than do the
early reactions. The first ET reaction in the PRC com-
petes with radiative decay to the ground state. The
early charge shift steps compete with charge recombi-
nation. As such, smaller through-space distances in
early pathways may be essential to overcome undesir-
able reactions. Through-space gaps in paths associated
with later reactions are considerably larger. Such gaps
presumably help to prolong the lifetime of the charge-
separated states.

Is the decreased scatter of coupling in the PRC
really a result of homologous pathways or related, in
part, to the ET chromophores (chlorins and quinones)?
A possible mechanism for decreasing scatter would
arise from the integration of many pathways (each
with a different strengths) by a large donor or acceptor.
We have tested the idea of pathway integration in
cytochrome c by averaging pathways to each surface
atom within a region the size of a second heme on
the protein’s surface. We have averaged the absolute
values of couplings within 4.6 A of each surface atom
(Fig. 3b) and compared them to the unprocessed cou-
pling data (Fig. 3a). As such, we can determine whether
docking a second large redox center would “average
out” pathway effects. The degree of scatter in coupling
vs. distance plots is not appreciably changed in this
simple analysis. More complex analysis (e.g., adding
random phase factors to the coupling data prior to
summing and squaring) does not scem to decrease
scatter either.

3.3. Single Paths, Multiple Paths, and Quantum
Interference Between Pathways

The simple pathway product expression [Eq (3}]
for electronic coupling suppresses quantum mechani-
cal interference between pathways. A more general
way of formulating the ET problem is to calculate the
coupling as a function of a bridge “propagator” or
Green's function that describes the electron mediation
properties of the protein. In this case, the donor—
acceptor coupling is

(Electronic coupling) = (D to bridge coupling)
X (bridge propagator) (A to bridge coupling) (5)

Here no perturbation theory or pathway assumptions
need to be made. Recently, there has been considerable
interest in calculating and analyzing the protein propa-
gator for a variety of Hamiltonians and at various levels
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Table L. Tunneling Pathway Couplings in the Photosynthetic Reaction Center

D — A¢ Coupling Through-bond steps? Hydrogen bonds TS distances (A) Straight line distance (A}
1 =2 5.286 E-03 3 0 3.28 5.5
2513 1.235 E-02 4 0 2.48 48
Jo4 3.999 E-05 7 1 344 9.6
45 1.839 E-05 12 0 7.20 13.5
31 1.728 E-04 o 0 319 9.5
4=1 6.911 E-09 17 1 8.63 224
51 1.832 E-08 16 ¢ 8.66 234
61 2.148 E-05 11 l 279 123

®1 = Special pair, 2 = chlorophyll (L), 3 = pheophytin (L), 4 = quinone A, 5 = quincne B, 6 = cytochrome.

® Number of covalent bonds in pathway.
¢ Shortest edge-to-edge distance.
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Fig. 3. (a) Standard scatter plot of coupling squared vs distance
for cytochrome c. (b) Scatter plot of couplings squared for average
coupling found within a 4.6 A radius of cach atom on the protein
surface. Note that the degree of scatter is not decreased compared
to (a).

of approximation (Regan et al., 1993, 1995; Skourtis
et al., 1994; Gruschus and Kuki, 1993; Siddarth and
Marcus, 1993). These methods capture, in principle,
all multiple pathway and interference effects

There exists an infinite number of tunneling path-
ways that can be enumerated (including paths that
retrace steps) in any protein. The electronic coupling
can be written as a sum over contributions from these
paths, and the summation should converge if the donor
and acceptor states are sufficiently well localized:

(Electronic coupling) = 2 Coupling(path) (6)
paths

Coupling pathways may interfere with one
another constructively or destructively because this
is a quantum problem. If multiple path effects are
important, one anticipates that the secondary and ter-
tiary folded motif, in addition to the strength of the
largest coupling pathway, could be of importance in
determining the electronic coupling. Recent work
(Regan et al,, 1993, 1995) shows that interference
effects can be divided into two classes and interpreted
within the framework of pathway analysis. The first
kind of interference arises from orbitals that interact
strongly with the bonds on the dominant pathways
(nearest neighbors and next nearest neighbors). This
collection of paths creates a pathway family or tube
that dominates the coupling in many cases. The inter-
ference of these similar paths with the main pathway
1s trivial in the sense that the single pathways can be
viewed as simply having scaled parameters to account
for these extra interactions. As different model com-
pounds give rise to different B's, different secondary
structures give rise to different types of pathway tubes.

The second type of pathway interference arises
from interactions between distinct pathway tubes. Such
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interactions are the subject of current investigation.
Experiments have been performed to measure the rate
of ET between the two metals in Ru-modified azurin
(Langen et al., 1995). Figure 4 shows a model of a
section of azurin, highlighting the region between the
copper and a Ru(bpy),(im) probe bound to a histidine
at position 83 (Day and Rees, 1995). In some experi-
ments, the donor was placed on histidines on the 120’s
section of the protein chain, with a clear backbone
pathway to the copper. This figure shows a contrasting
case, where the placement of an acceptor at 83 provides
no obviously dominant route between the metals. The
intervening B-sheetlike structure, with its hydrogen
bonds (shown as dashed lines), is a more complicated
bridge than a simple backbone route. The “best path”
apparently leaves the copper via 112 and takes a hydro-
gen bond (112:CYS:SG — 47:ASN:N-H) to get to 47,
avoiding the long detour through the length of 46:HIS.
It then takes one of two H bonds (48: TRP:N-HN —
84:THR:OG1, 48:TRP:0 — 84:.THR:N-HN) to get to
the 80’s section of the chain, to finally enter the HIS

Fig. 4. Multiple pathway tubes traverse a B-sheet to provide the
ET coupling from Cu to Ru(bpy),(im)(His 83) in modified azurin.
Hydrogen bonds (dashed lines) are seen to play a crucial role in
this coupling (Regan et af., 1995).
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at 83, and thus the probe. Additional tubes are made
possible by an H bond connecting the 120’s chain to
the 110's chain {121:MET:0 — 112:CYS:N), and a
second H bond connecting the 110's chain to the 40's
chain (111:PHE:O — 49:VAL:N-HN). These alterna-
tive tubes all interfere with one another in the conflu-
ence of hydrogen bonds, and sum to give the resulting
electronic coupling. The nature of this interference is
not obvious; elimination of tubes by blocking certain
H bonds in this structure can actually increase the
coupling.

In addition to the work of Gray and co-workers,
many others have provided considerable information
about ET pathways in other proteins as well (Jacobs
et al., 1991; Sykes, 1991; Farver and Pecht, 1994,
1993; Moreira, 1994). A growing number of model
compounds that contain biologically relevant bridging
units, including hydrogen bonds and specific second-
ary motifs, is now being built as well (Anglos er al.,
1994; Ogawa et al, 1993; Conrad et al, 1992,
Turro, 1993).

4, TUNNELING ENERGIES AND THE TWO-
LEVEL APPROXIMATION

A key assumption of nearly all ET rate theories
is that the donor—protein—acceptor complex can be
approximated as a two-level system (Larsson, 1981).
That is, one assumes that the electron is well localized
near the donor (acceptor) before (after) the clectron
transfer reaction. The validity of this approximation
depends upon the size of the donor—acceptor interac-
tion relative to the energy gap between donor/acceptor
and mediating protein states (Skourtis and Onuchic,
1993; Skourtis et al., 1993).

In the protein ET problem the donor-acceptor
interaction is much smaller than the energy gap (ratio
of about 107%), and the two-state approximation is
valid. For the primary charge separation reaction in
the PRC (and for some small molecule ET compounds)
intermediate bridge states may be strongly coupled
to donor and acceptor, rendering this approximation
invalid. In such cases, it is still possible to describe
the ET process in terms of pathways (Hu and Mukamel,
1989; Skourtis and Mukamel, 1995). It is, however,
necessary to distinguish between pathways that visit
the population of the intermediate bridge states
(sequential mechanism) from pathways that do not
(superexchange mechanism).
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5. QUANTUM CHEMICAL CALCULATIONS
OF ELECTRON TUNNELING IN
PROTEINS

Electronic coupling can, in principle, be calcu-
lated by solving the Schrédinger equation for a molecu-
lar electronic wave function of the donor, acceptor,
and intervening protein system using techniques of
quantum chemistry. While accurate ab initio methods
(Szabo, 1989) have been rather successfully applied
to study electronic coupling in small model compounds
(Jordan and Paddon-Row, 1992; Shephard et al., 1993;
Curtiss er al. 1993; Newton, 1991), it is not possible
currently to implement these methods for proteins
because the required computational time grows very
rapidly with the size of the system.

Existing semiempirical quantum chemical meth-
ods (like extended Hiickel) technically permit the study
of systems with several hundreds of atoms, and have
been applied to calculate electronic couplings in pro-
teins {Broo and Larsson, 1991; Siddarth and Marcus,
1993; Regan et al.,, 1993). These simple methods do
involve some adjustable parameters which were origi-
nally set to reproduce heats of formation and optical
transition energies of chemical compounds (ground
and excited electronic state properties of the neutral
systems).

The electronic propagator mentioned in Section
3.3 [Eq (5)] describes the coupling mediated by the
protein. This propagator depends on properties of elec-
tronic states of the system with one extra electron
added (N + 1 electron states), one electron removed
(N — 1 electron states}, and on the transitions energies
between the ground (N electron) state and the N + 1
and N — 1 electron states (1.e., electron affinities and
ionization potentials, respectively). Thus, we expect
that standard semiempirical methods will be of limited
use for proteins and entirely new parameter sets must
be developed that properly reproduce these guantities.
One attempt of this kind was reported by Gruschus
and Kuki (Gruschus and Kuki, 1993). The authors
developed a simple Hamiltonian for electronic cou-
pling in proteins based upon tailored site energies that
neglected some of the chemical features of the amino
acids but reproduced experimental ionization poten-
tials for amino acids and built the intersite interactions
to be consistent with ab initio calculations on model
compounds.

We are currently parametrizing an extended
Hiickel-like Hamiltonian to study ET in proteins based
upon accurate ab initio calculations of the electron

propagator matrices of amino acids. This new method
works well on model ET compounds, and we hope that
it will provide an improved quantitative description of
ET coupling in proteins (Kurnikov and Beratan, 1995).

6. CONCLUSIONS

In summary, theory and experiment are in
agreement that protein structure can be used for gross
(distance) and fine (pathway) control of ET rates. In
some proteins, the anisotropy of the paths emanating
from a redox center is very large indeed. However, in
specific redox reactions, the anisotropy may be less
apparent because pathways between centers sample
very special subregions of the protein. This may be
the case in the photosynthetic reaction center. The
tunneling pathway model succeeds because it correctly
captures the distinct difference between electron prop-
agation through bond (including hydrogen bonds) and
through space. ET rates in Ru-labeled cytochromes ¢
that are inconsistent with 1DSB models are understood
in the context of the pathway model. Quantum interfer-
ence between pathways is the subject of current theo-
retical (Regan et al., 1995, Skourtis et al., 1995) and
expertmental investigation, and these studies should
lead to a deeper understanding of protein-mediated
redox chemistry. Current research is also progressing
toward more reliable Hamiltonians, and that should
allow one to address detailed chemical questions about
energetics, symmetry, and bonding in the mediation
of long-range electron transport (Regan et al., 1995;
Kurnikov and Beratan, 1995). Stimulated by recent
experiments, theoretical studies are now being aimed
at ET in docked interprotein complexes as well,
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A remarkably rich picture of the dynamics of chemical reactions in condensed-phase systems has emerged in recent years.
The interplay of friction, electronic nonadiabaticity, and intramolecular energy flow have been elucidated by use of pictures
based on classical trajectories. We review the qualitative ideas of that picture. There are some significant limitations of
that approach to reaction dynamics that arise from quantum interference effects. Using a trajectory picture along with the
quantum superposition principle, we give qualitative arguments describing how the transmission coefficient for nonadiabatic
barrier crossing can be affected by resonances. We hightight the connections and differences between classical friction and
quanturn mechanical dephasing effects in barrier crossing. We also discuss the relation of this trajectory-based picture and
the traditional Janguage of radiationless processes based on the Golden Rule and master equations.

L. Introduction

Remarkable progress toward the goal of being able to visualize
the progress of condensed-phase reactions in terms of the details
of molecutar motion has been made in the past decade. Besides
the aesthetic motivation for pursuing this goal, it has become
apparent that the deeper understanding reveals new aspects of
the control of chemical reaction rates by the molecular environ-
ment. An example of this is the emerging picture of the interplay
between molecular dynamical control (see ref 1~10, for example)
and etectronic control (see ref 11-20) in electron-transfer and
biomolecular reactions.

Most of this progress in reaction theory has been based on
classical or semiclassical descriptions of molecular motion.2!
Although tunneling? has received a good deal of attention, other
fundamentally quantum mechanical aspects of molecular motion
have not been closely examined for reaction dynamics in condensed
phases. For example, the fact that quantum dynamics is described
by probability amplitudes which can constructively or destructively
interfere has not figured in most descriptions of reaction dynamics
in condensed matter. These interference effects, which can persist
at high temperatures, are known to be important in gas-phase
chemical reactions.”®* They are responsible for the resonances
in the prototypical H, + F reaction. The possibility that inter-
ference effects and resonances occur has also been raised in the
context of biomolecular reactions.?® The existence and tuning
of resonances have been speculatively introduced as a control
mechanism in biomolecular systems.

Quantum interference effects require the preservation of phase
relationships. In the condensed phase, we now know?* that there
are & variety of mechanisms for destroying phase relationships
and these are intimately related to molecular motion. This has
been most dramatically revealed by the recent experimental ad-
vances in nonlinear spectroscopy. One of the early surprises
coming from that field was the occasional disparity of time scales
between these dephasing processes and processes leading to energy
flow (another feature of molecular motion). A carefut examination

* To whom correspondence should be addressed at the University of [Hinois,
! Universidado de Sao Paula.

University of Illinois.

S University of California.

* Institute for Motecular Science.

of these quantum interference effects and their destruction by the
molecular environment therefore seems worthwhile.

In this paper we will discuss how these quantum dynamic effects
can be included in a nearly ciassical picture of molecular motion
in barrier-crossing events. We will focus on the issue especially
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for nonadiabatic processes, like electron transfer where the issue
of electronic versus dynamic control is central. The nature of much
of the discussion is semiquantitative, dimensional arguments which
should act as an orientation to future analytic or computational
approaches, We will first review the classical and semiclassical
pictures of molecular dynamic effects on barrier crossing. In doing
s0, we take the opportunity to comment on some open questions
in modeling chemical reactions in condensed phases. Then we
will include interference and dephasing effects in these trajectory
arguments. Following this we will show the close connection of
these ideas with approaches based on master equation descriptions
using Golden Rule arguments? 2 and energy relaxation argu-
ments. This latter approach is familiar in the radiationless
transition literature. Those familiar with that literature will not
be surprised by the results of the earlier arguments, but we feel
there is novelty and pedagogical value in presenting the former
approach because of its similarity to the work on purely classical
barrier-crossing processes. Finally, we will indulge in a speculation
on extensions, experimental tests, and applications of these ideas,

II. Classical and “Completely” Semiclassical Arguments for
Barrier Crossing

The kinetic significance of explicitly quantum mechanical ef-
fects, such as tunneling and curve crossing, on rate coefficients
has long been appreciated. That the details of molecular motion
are also relevant was recognized early®® but, in the context of
condensed-phase reactions, largely ignored until the past decade.?!
Still more recent is the widespread realization that these features
are coupled. 1In the following subsections, we will review some
of the simple arguments in this area. This covers much the same
ground as the paper of Frauenfelder and Wolynes, albeit more
briskly and a bit more technically.*

Ii.a. Classical Barrier Crossing. The transition-state theory
of classical barrier crossing finesses beautifully the question of
molecular dynamics.”®*' Tt does so by replacing the question,
How many reactive events occar per unit time? by the question,
At equilibrium, how many crossings from reactant to product
occur? After the choice of a definition of reactant and product
(through a prescription for a dividing surface in phase space), the
latter question can be answered by equilibrium statistical me-
chanics. It is simply the number of systems at the dividing surface,
which is given by the Boltzmann distribution, times the veloci-
ty-weighted fraction moving toward product.

From the above verbal description it follows that the trans-
mission coefficient x = k/kigr can be estimated as the inverse
of the typicat number of forward crossings per reactive event. Said
another way, transition-state theory has counted each of the
forward crossings in a single reactive event as a completed reaction
and so this overcounting must be corrected for.3?

Clearly, the interplay between molecular motion and chemical
reaction outlined above depends on both the objective dynamics
of the system and the subjective choice of the dividing surface
and the corresponding reaction coordinate, which at the transition
state is orthogonal to it. If we wish to use our intuition about
malecular motion to understand the reaction dynamics, we will
likely choose reaction coordinates that correspond with some aspect
of single-molecule motion, such as an internal bond rotation, or,
perhaps, some simple collective coordinate, such as the electrical
polarization of the medium. Having just said this, we should not
be blinded to the possibility that carefully chosen reaction coor-
dinates may obviate, at least partially, the need to carry out a
detailed study of the dynamics.

Molecular motions are often described with the coneept of
“friction™. The reaction coordinate, through its interactions with
the other degrees of freedom of the system, suffers changes in
velocity and energy. Mathematically, friction on the reaction
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coordinate has been described in a few ways. One of the most
popular is the Langevin equation and its generalization.® Here
the motion of the reaction coordinate is described by a stochastic
process in which Newton's laws are modified through the addition
of a frequency-dependent but linear friction force and a Gaussianly
distributed random force. Another popular way to describe the
reaction coordinate motion is to imagine its Newtonian mation
as being interrupted ocecasionally by “collisions™ which modify the
velocity and energy of the coordinate in a random fashion. 3433
Both of these pictures are used primarily to describe molecular
motion in a liquidlike environment.

The exact limits of the Langevin description have not been
entirely proscribed. Generally, we expect it to be valid when at
any time the reaction coordinate is coupled to many other degrees
of freedom, in each case, however, weakly. That is, it can arise
from a dynamic central limit theorem. Alternatively, if the other
degrees of freedom are truly harmonic and thereby Gaussianly
distributed, such a description should be valid. The fact that a
generalized Langevin description is equivalent to an effective set
of oscillators is very useful in transcribing results to quantum
mechanics.

The “collision” picture is valid even if the degrees of freedom
of the bath interact strongly, but the interaction must be brief
relative to the interval between such interactions and be brief
relative to the natural time scales of the reaction coordinate motion.
The two pictures, Langevin and collision, merge for the case of
Fokker—Planck friction in which the collisions are frequent but
very weak. ™

These two ways of describing friction are by no means ex-
haustive. The study of molecular motion in condensed phases is
far from being completed, At least two important exceptions to
these pictures will play a role in the study of chemical kinetics
in condensed phase. In extremely sluggish media, such as very
viscous fluids or glasses, the large friction is apparently due to
some sort of activated processes.’** These processes are not
likely to be deseribed by simple Langevin theory or by a collision
theory. Since, as we shall see, the limit of large friction is im-
portant, this lacuna in our understanding is quite important.
Another exception of importance will be those cases where the
reaction coordinate interacts with a few other degrees of freedom
with similar vibrational time scales. Here one has the possibility
of nonlinear resonances and, as we know, the phenomena of
dynamical chaos and intermittency. Since energy flow in small
molecules in solids involves such mechanisms,® we must be careful
to be sure, when using the results of Langevin or collision pictures,
that only their most general features are entering into the pre-
diction.

In most of the ways of describing friction, classicaily, a crucial
rale is played by the velacity relaxation time 7, and the corre-
sponding mean free path [ = vr,. If { is much shorter than the
other relevant length scales, the motion is essentially diffusive,
like a random walker with a step length /, irrespective of the
underlying model. On the other hand, if { is long, compared to
other length scales, or equivalently 1, long compared to other time
scales, details of the friction do matter.

Armed with these notions, we can describe some simple be-
haviors for the transmission coefficient for classical barrier
crossing. Within these pictures, the simplest case is the high-
friction, diffusive regime. Here a purely configurational view of
the dividing surface and the transition-state region is appropriate.
Once a system on a trajectory has an energy lower than the barrier
height by about k57, it will typically settle into whichever side
of the well it is on at the time. We can call the corresponding

(33) See: Adelman, S. Adv. Chem. Phys. 1980, 44, 143,
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distance in the reaction coordinate from the transition state Irst.
Once the system has diffused this distance, it is trapped in one
of the wells. The total number of steps taken in the transition-state
region is of order ({1gr//)? by using the well-known relation for
random walks. The number of recrossings is the fraction of these
steps occurring over the saddle point itself. Since a step is of length
[, this fraction is [ /{15y and, therefore, the number of recrossings
is Irgt/l. The transmission coefficient is hence proportional to
the mean free path and is x = ///rgr. In this regime the rate is
inversely proportional to the friction and proportional to the
diffusion constant.

The result for the high-friction regime, sometimes known as
the Smoluchowskii or somewhat improperly Kramers regime,
would seem quite robust, from the above argument. In fact,
deviations are often observed. These are due to a breakdown of
the random walk picture. If friction is increased by going to more
viscous solvents, the change in friction largely comes from a change
in time scale of the viscoelastic response of the medium. The
random walk becomes correlated and is not described by a single
mean free path. Using a Langevin description of the friction, Grote
and Hynes have shown how an effective friction at the time scate
of transition-state motion enters in this case.®* That is, diffusion
arguments apply with a mean free path relevant to the short time
it takes to cross the transition region. This is a beautiful and
important result. We should bear in mind, however, that it is alsa
in this regime that the Langevin picture may break down. One
way to achieve the diffusive limit is to ensure that the reaction
coordinate corresponds with the motion of a bulky rigid object
in a2 moderately viscous medium, In this hydrodynamic limit, the
diffusive picture is generally confirmed 4142

The diffusive limit with its Grote~Hynes amplification has an
amusing aspect.*® If the Langevin picture is used, as we have
said, the other degrees of freedom can be modeled effectively as
harmonic degrees of freedom. If the many-dimensional coupled
system of these effective degrees of freedom with the reaction
coordinate is treated by transition-state theory, one obtains the
Grote-Hynes result. Does this mean the Grote-Hynes or diffusive
result is just transition-state theory? Not at all' Of course, if
the effective harmonic bath is identical with the real bath as may
happen in a crystalline solid, it is. However, the Langevin forces
in the fluid state, if validily described that way, come from the
central limit theorem mechanism. The effective degrees of
freedom are only marginally related to the original degrees of
freedom in the problem. We have no guarantee that transition-
state theory in the original multidimensicnal systemn will give the
correct result. :

The region of low damping, i.c., long mean free path, is also
interesting. Here the details of energy flow into and out of the
reaction coordinate matter.***4* The number of recrossings witl
depend on the time it takes the reaction coordinate to lose at least

kgT of energy, ., and on the rate of making recrossings for such
an activated molecule, kg:

N, = rekg (2.1)

Notice this estimate assumes that recrossing is a Markovian
process with no intermittency. This ansatz may well fail when
flow of energy from the reaction coordinate to other internal modes
of motion is concerned. Nevertheless, it is useful in two limits;
(1) no flow to other modes and (2) extremely rapid flow to other
modes—the RRKM limit.“*5 Let us first estimate the time TE
in the one-dimensional case. This depends on the model for the
friction. For Langevin (i.e., Fokker—Planck) friction the energy
loss rate is equal to the power dissipated against the frictional force.
The power is given in terms of the velocity u. P = {v? where the
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average is taken over a cycle of motion. If the frequency de-
pendence of the friction is large, then ¢ should be taken to be (L]
where @ ts the vibration frequency in the well. The average of
r? over a cycle of harmonic motion is E'/ M based on the virial
theorem (£t is the activation barrier) and the fact that crossing
trajectories must have energy near the barrier height.

Thus, we see that

kBT A kBT
=k 2 — — = — 2.2

TE ’:‘BT/P E" _( E' v ( )
As the barrier gets higher, this time gets shorter since energy is
rapidly dissipated. Or the other hand, for a stronger collision
picture, such as the BGK model in which thermalization is com-
plete upon a single collision, the relevant relation of 7, and r; is
different, For the BGK collision model 7z = r,. For Lorentz
models, in which the reaction coordinate is a light degree of
freedom and the bath is heavy, 7z can be much greater than 7
i.e., the direction of motion is randomized more rapidly than the
speed of motion.

For the one-dimensional case (ie., no energy flow to other
internal modes) the rate of making crossings is just the vibrational
frequency 9y/27. (Here we have made the assumption that both
surfaces, reactant and product, are harmonic with frequency ,.)
Thus, in this regime, the number of recrossings inversely pro-
portional to the friction and the transmission coefficient is pro-
portional to the friction or collision rate. This is the regime in
which obtaining the energy of activation is the rate-determining
step, just as in the classical Lindemann picture for gas-phase
reactions.

What happens in the case of rapid internal energy flow?
Depending on the collisional model 7g may change. The energy
will be shared among all the modes equally (for a classical model).
For Langevin models the power loss will depend on the sum of
the frictions on all the modes (evaluated at the appropriate vi-
bration frequency). Thus, rg still scales inversely with E%. In BGK
models, the thermalization of even one mode will lower Energy
by kT (if £*/kyT is greater than the number of modes, #), and
hence 1 will still be independent of £% and will be smaller by a
factor of a.

The major change for the case of rapid internal energy flow
is the rate of recrossings when the system is activated, ke. This
is, of course, the province of a proper RRKM calculation. A
simpler RRK argument suffices to give the appropriate scaling.
Assume an energy equal to the barrier E7 must accumulate in the
reaction coordinate in order to recross. The fraction of the 2n-
dimensional phase space satisfying this criterion is =~(£ -
EYU/E™! where £ is the total energy in the molecule. If the
excess energy is thermal, ~nky7, we then find that the fraction
is roughly (kg 7/E%)™'. Since it is only for these special conditions
that recrossing occurs, we would find kg ~ Qg/2w(kgT/E)™".
The recrossing rate is very much smalier than for the case of no
energy flow, if the barrier height is high. Thus, in the many-
dimensional case, the transmission coefficient is still proportional
to the external friction but it will have a much higher propor-
tienality constant (by a factor (£!/kgT)™!). When we combine
our arguments for the low- and high-friction limits, we find a
nenmonetic dependence of rate on friction, as in Figure 1. The
crosscver from one to the other depends largely on the low-friction
behavior, which, in turn, depends on details of the collisions and
internal energy flow. In Kramers' original paper, his use of high
barriers and the Langevin (Fokker-Planck) modet led him to
believe that there would always be a large plateau region where
a transition-state theory is valid. Similarly, if the rapid internal
energy flow ansatz is valid, there would be a large plateau, the
crossover to low [riction accurring only in the gas phase (because
of the large prefactor (E%/kgT)™').

Some experiments have seen the crossover in the liquid regime.*
The exact theoretical deseription of these experiments is still
tacking (although we are certain it wiil be available shortly*")

(36 Hasha, D15 Eguehi 10 Jonas, ) . . Chenr, Soc 1982, 104,
\"{‘
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Figure 1. Plot of the “classical” adiabatic transmission coefficient ko as
a function of the friction coefficient { in units of M. This figure is
drawn by using a Padé approximation to connect the low- and high-
friction limits with the TST one. A typical value is used for the activation
energy (E* = 0.1 eV) and for reorganization energy (Ep = FY2MQ2 =
0.5 eV). The solid line is the one-dimensional (1D}) Fokker-Planck result,
and the lower curve (long dashes) is the 1D hard collisions (BGK) result.
The top curve (short dashes) is the multidimensional #D result (n=13
in this plot). The high-friction limit does not depend on the energy
relaxation time but only on the velocity autocorrelation time, 7, = M/{.

but we see that the crossover in the liquid regime will be favored
by low barriers for two reasons. First, the discrepancy between
the limits will not be so large. Still, even for cyclohexane, it would
be dramatic. The determining feature seems t0 be that low bartiers
favor poor internal energy flow. This is in keeping with the idea
that regular motion dominates in low-cnergy systems. The low-
barrier case may be quite generic for many interesting reactions,
since low barriers are the rule for catalytic processes, synthetic
or biological. Recently, Jonas has seen this in the rearrangement
of a rhodium catalyst.43

11.b. Nonadiabatic Barrier Crossing in the S urface-Hopping
Picture. While many chemical reactions involve motion on a single
potential energy surface, some of the most important reaction
processes involve motion on two different potential surfaces. Here
the most dramatic deviation from the Born—Oppenheimer sin-
. gle-surface dynamics occurs in the region of configuration space
where two (or more) potential energy surfaces nearly cross. The
dynamics in the vicinity of this (avoided) crossing must be strongly
quantum mechanical, but to a first approximation, the motion
need not be treated quantum mechanically elsewhere. This notion
is the basis of the surface-hopping picture or what we deem the
“completely semiclassical” picture of nonadiabatic motion.

In this picture the system follows ordinary classica] mechanics
until it approaches the seam in the energy surfaces. As it crosses
the seam, the probability of making an electronic-state change
is computed by solving the time-dependent electronic Sherddinger
equation for a prescribed motion of the nuclei. After the system
leaves the crossing region (assumed small), the decision as to which
potential energy surface to follow is made probabilistically ac-
cording to the probabilities computed from the electronic
Schridinger equation. Again, classical dynamics follows until the
seam is reencountered. This sort of procedure has been followed
for gas-phase reactions,® photodissociative events in condensed

systems,’® and nonadiabatic barrier crossing in the condensed
5t
phase,

{47) Qualitative analytical ideas have been put forth recently: Straub, 1.
E.; Berne, B. J. J. Chem. Phys. 1986, 85, 2999, Barkovec, M.; Strayb, J. E.;
Berne, B. J. J. Chem. Phys. 1988, 85, 146. Definitive simulation work has
also been done: Kuharski, R. A.; Chandler, D.; Montgomery, J. A.; Rabii,
F.; Singer, S. J. J. Phys. Chem. 1988, 92, 3261.

{48) Xie, C. L.: Campbell, D.; Yonas, 1. L. Chem. Phys., in press.

(49) Tully, J. C.; Preston, R. K. J Chem. Phys 1971, 55, 262,
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Figure 2. Plot of the “classical” transmission coefficient including the
Landau-Zener probability per crossing, P, ;. Here, as an cxa_mplg:, we
use P ; = 0.03 and a 1D Fokker-Planck dissipation mechanism is as-
sumed. All the other parameters are defined in Figure 1. (The dzllshcd
plot ts the adiabatic result of Figure 1, which is shown for comparison.)
The flat plateau is the region where the rate is nonadiabatic.

The one quantum aspect of the algorithm is the computation

of the hopping probability. Here a reasonably reliable approx-
imation was obtained by Landau® and Zener® for a single-crossing

event, They find
2x I
=1 - - 23
Py=1 cxp( hF‘uc) (2.3)

where ¥is the coupling between the diabatic surfaces, F is their
difference in slope at the crossing, and v, is the velecity at the
crossing.

For very small V, P, ; is proportional to the square of V-

27?2
hFo,

Pz (2.4)

Even if only a single attempt at the crossing point is made in a
typical trajectory, the transition-state theory must now be madified
since it is not certain that the electronic-state change will occur.
The transmission coefficient is, in that case, the velocity-weighted
average of Pz, Thus, for very small ¥ the rates go like the square
of the coupling matrix element. This is the typical behavior found
by perturbation theoretical Golden Rule approaches (see ref 7,
for example).

As we have seen, in the condensed-phase situation, trajectories
will typically cross the barrier or in this case the seam between
the surfaces muitiple times. Thus, the transmission coefficient
is changed. Recall that the number of attempts at the seam, NV,
is roughly the inverse of the transmission coefficient for the
adiabatic problem, in which the electronic-state change occurs
with unit probability.

We can see the qualitative behavior using arguments of
Frauenfelder and Wolynes.* If P, ,N, < 1, despite the number
of attempts, it is untikely that two electronic transitions oceur.
Thus, the probability of success on a typical path is ~ Py ;.. The
transmission coefficient is this probability times the same over-
counting factors as in the adiabatic case, N Thas, if P N, <
b, we still find a transmission coefficient of arder Prz. On the
other hand, if P ;N 2 |, it is likely that several electronic-state
changes have been made. The electronic state is randomized, and
the probability of a change on a particular set of attempts is of
order one. Still there is the overcounting due to multiple attempts,
N\, as in the adiabatic case. So the transmission coefficient now

(51) Cline, R. E., Jr.; Wolynes, P. GG J. Chem. Phys. 1987, 86, 1836.
(52 Tandau, 1. Sor. FPhis 1932/ &9
R3Y Fener O ey RS Jovdn, 4 1932, 137 Gut
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scales just as in the adiabatic situation. Thus. the transmission
coefficient varies with friction in a way as in Figure 2. It follows
the adiabatic behavior in the regimes where many recrossings
occur, low and high friction, but there is a wide plateau where
the rate is not influenced by friction but depends on electronic
coupling factors.

The qualitative argument has been confirmed {within the
model) by stochastic dynamics simulation of Cline and Wolynes,*!
Straub and Berne®* have produced an clegant semiquantitative
argument that provides a convenient interpolation formula in the
low-damping regime: i.c., the motion in the reactant surface is
underdamped. In this limit, as shown in Figure 2, when {is small,
N, is large and the rate is adiabatic with a transmission coefficient
*.a = '/,N. propartional to {. The factor '/71s due to the fact
that there is an equal probability of decamping on reactant or
product surfaces. As {is increased, N, decreases until the no-
nadiabatic plateau is reached.

By assuming that crossings are independent (classical limit),
Straub and Berne correctly computed the transmission prebability
on every cross as well as averaged over a distribution of values
for N.. Their final transmission coefficient is

1 1-P, 1 _1-Py

e LI + 2N 25
X ZPLZ kad 2PLZ ¢ ( )
or in the case that P, << 1
1
-~ + 2N, 2.6
K 2PLZ € ( )

In eq 2.6 the nonadiabatic transmission coefficient is Ky = 2Py 5.
The factor 2 exists because on every trial through the crossing
region there are two chances 1o react, the forward and reverse
crossing trajectories.

As friction is increased, the motion of the reaction coordinate
that was underdamped becomes overdamped. When this limit
is reached, ¥, starts to increase as we increase friction (W, pro-
portional to 1), Here two cases have to be discussed, Ia the
first one, the mean free path is smaller than TST region

st = kg T/F

but larger than the Landau-Zener region (I, z = V/F). In this
limit eq 2.6 is still valid, with the only difference that N, is the
number of attempts through the crassing region before the system
drifis away of the TST region (see section [La).

The second case occurs when {1z is much larger than the mean
free path. In this case, called the overdamped limit because the
motion is diffusive in any important length scale, the transmission
caefficient is given by5$:10

2
st M VP

h 2z F2k, T - Az Vi
hEF?

The result above was calculated assuming harmonic surfaces for
reactant and product surfaces. Equation 2.7 is the solution for
the transmission coefficient in the two cases discussed above.
When Py, << | for ¢ach particular attempt through the crossing
region, details of each particular attempt are not important, The
total time the system spends in the Landau Zener region during
each visit to the TST region is what counts, and this time is the
same for both cases. In the adiabatic regime the transmission
ceefficient is basically the high-damping Kramers’ one, being

proportional to {!. This explains the high-friction behavior of
Figure 2.

K

2.7

ITl. Rate Calculation in the Low Damping Regime; Quantum
Effects and Adiabaticity Criteria

Up to this point the nucjear coordinate has been treated
classically. In this section some quantum effects are included,
and new effects like constructive and destructive interference

Ay Soanh 1 F Berpe B J Cheng Plhos, 198757 /111
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become important. Here we diseuss these effects in two contexts,
First, in section [1] a, they are included by using trajectory ar-
guments which permits a direct connection to the results of section
1. These arguments are inspired by the treatment of resonance
and interference effects in gas-phase reactive collisions introduced
by Miller and George#142 Second, in section HLb, the same effects
are obtained from arguments using an energy level representation
which permits a direct connection to the results often obtained
by using Fermi's Golden Rule.

{il.a. Phases in Trajectories. In the completely semiclassical®
treatment the transitions occur only when the reaction coordinate
traverses the point at which the reactant and product diabatic
surfaces cross. As already discussed (see section 11.b), a reasonably
goad approximation for the transition probability for a single
traversal is given by the Landau~Zener result

2t 2x 1?2
hFo, hFo,

Piz=1- exp(~ (3.1)
We now consider the one-dimensional case discussed in section
Il Reactant and product surfaces have vibrational frequency Q.
Also, the crossing of these two surfaces ocours at an energy E'
(activation energy from the bottom of the donor well) larger than
kgT.*¢ Both of these assumptions are introduced to simplify the
discussion in this section, but as pointed out later in the paper,
they are not necessary for most of the results presented here. In
this subsection, we limit ourselves for the case by < kpT. The
other possibility, AQy > kg7, is included in section I1L.b.

All the discussion presented in this section assumes ¥ << h Q.
Without this assumption the choice of the zeroth order surfaces
for reactants and products becomes questionable, Unrder this
restriction Py z is always smaller than unity’ (see €q 3.26). The
system will typicatly make many traversals of the Crossing point
before tosing kg7 of energy if damping is low.%® If 7 is the time
necessary to lose kT of energy (see section I1a}, the number of
recrossings for such activated molecule is

Ne=715/(Q/2x) 3.2)

If the reaction coordinate is classical, N, is all the information
we need to include recrossing effects. This is not sufficient if
quantum effects are important. Here we have to introduce the
concept of coherence time, 2., This is the time for which motion
in the reactant and product wells maintains a constant phase
relation. .

Il the particle relaxes out of the transition-state region {reactive
region), the phase between reactant and product is automatically
destroyed and the relaxation time out of the transition-state region
cannat be shorter then the coherence time, e, Tg 2 {4 In most
of the cases rg > 1.

In the same way we defined ,, we can now define the aumber
of coherent crosses as

NYooh = Icoh(QO/zr) (33)

As an example of the difference between these two times, we
discuss the spin-boson Hamiltonian for chemical reactions. 105!
In this case, since the environment and the reaction coordinate
are harmonic, the only way that the phase difference between these
wells can be destroyed is by relaxation (either in the reactant or

(35) As always, the word “semiclassical” can take on many meanings. By
“completely semiclassical” we mean treatments that treat the nuclei moving
classically except at curve crossing where the electronic state is chosen pro-
babilistically wsing prababilities found by integrating the electronic
Schrédinger equation for the prescribed nuclear motion. This is the sur-
face-hopping algorithm.

{56) The reactant and product surfaces are assumed to be in the strong
coupling limit; i.e., if damping is small, the reorganization energy (F%/2M 0,1}
has 1o be larger than h Q. Quantum mechanically speaking, this means wek
overlap between reactant and product cigenfunctions. Otherwise, ie., in the
weak coupling limit, there is no need to activate the system to energies of order
E?! before the reaction can occur.

(57) In this regime, camplexity is removed—the motion is diabatic or
adiabatic surfaces need not be distinguished. If Py, is of order one, this
distinetion is mare crucial, but we helicve the arguments have qualitative
VEI Y e e sl then e v ARSRTELANS FRTEN
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Figure 3. Schematic representation of how phases are added in eq 3.5.
Here we show how we pick up a phase S|(£}/A moving in the reactant
surface and a phase §,(£) maoving in the product surface. We also show
what we call a trial that is composed by the two crossings because most
trajectories going through the transition state cross the cusp twice. The
decrease in energy of the trajectory as it crosses the wells has, unfortu-
nately, been exaggerated for visual clarity.

in the product). But to destroy coherence it is enough to lose or
gain only A Qq (not kyT). Therefore, for this particular case!*

kT M
TE ~ ;t— ? (3.4a)
and
(hQo)? M
Teoh ™ — 3.4b
coh E:kBT f ( )

The presence of significant anharmonicity and/or “random®
fluctuations to the frequencies of motion are able to destroy
coherence before any relaxation takes place. These effects bas-
ically do not affect g, but they can strongly reduce ¢, If the
notation used in magnetic resonance and nonlinear spectroscopy
is loosely used, 1., is basically the well-known time T, the time
that takes for reactant and product states to lose phase coherence
between them. This may occur, due to the mechanisms described
above, in times much shorter than the time necessary to lose or
gain Al (eq 3.4b), which would be associated in the spectroscopy
literature with 7. Therefore, if relaxation is the only process
available to destroy coherence, 1o, ~ Ty ~ 7). Otherwise, if the
other effects dominate, 1., ~ T, < T).

When the trajectory is incident on the crossing region with
energy E, initially it either may make a transition with probability
Pz or may not with probability 1 — P ;. The reader will find
1t cenvenient to refer to Figure 3 during the following argument.
The probability amplitude for the transition is hence Py 7'/ exp{i¢)
where ¢ is the Stuckelberg phase.® Most trajectories going
through the transition state cross the cusp twice. They pick up
a probability amplitude 4; 7, such that |4, ;> = 2P ;% Tf it poes
to the product during this crossing trial (two crosses), it will pick
up a phase expliS;(E}/ k| while traveling across the product well.
The action S, is given by Sy(£) = 2#Q¢7(E - £,) + hx/2 where
£, is the depth of the product well. It contains a correction for
the Maslov index at the turning point. On the other hand, if it
fails 1o cross, it will pick up a phase expliS,(E)/ &} where S, (E)
= 2mQg”'(E - E;} + hx/2 and the reactant weli depth is E,.5162
If we consider the amplitude for the paths involving only one

(58) Slichter, C. P. Principles of Magnetic Resomance; Harper and Row:
New York, 1963,

(59) Stueckelberg, E. G. C. Helv. Phys. Acta 1932, 5, 369,

(60) Since double crossing occurs, the forward and backward cross lead
10 a probability amplitude 4z = (P 5!/? + &8P 3'/) exp(ig). & is the phase
accumulated between these two crosses. This leads to 14, 5f* = 2P (1 + cos
8). Because kgT > hily, when we average over all possible energies kT of
the crossing region {(cos 8) = 0. Therefore, 14,2 ~ 2P,

(61) Miller, W. H. J. Chem. Phys. 1978, 68, 4431,
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electronic state change during roughly N, trials, we find
N
A~ Ay Y elTRSHEN /NS E Noay=)
N=0

~ ALZe(r',fh)S;(E}NmZe-N,I(Nm—l)(e(i/h)Zrﬂa"AE)N (3.5)
N=( .

where AE = E, — E,. In this expression N is the number of
attempts before a transition is made. In the last formula we have
introduced a more realistic smooth cutoff in the number of
traversals (tantamount to a “Poisson distribution™) rather than
the sharp one used in the verbal discussion. Before evaluating
this sum, we note that since exp(2wi) = 1 the exothermicity AE
is evaluated mod h Y, giving AE — (E, = Ep)mod nae = 8. Thus,
sum (3.5) gives

i 1
A~ A cxpl-—.S' (E)Nwl
R Ul | 1, 2%iE
FP\  Nem -1 A%,
i 1
~ — _— 3.6
Apgz exp hsz(E)th] 1 ) YmibE (3.6)
Nooh - 1 hﬂo

The latter expression is valid for small energy mismatching and
large coherence times (N, > 1 and 8E << Q).
The probability is the square magnitude of 4:

P, ~

coh

1

1+ 2 5 1 c 2xdE
exp N1 exp N 08 e,

2P
~ L (3.7)
1 (2msEP

(Nean = 1)*  (RQg)?

again the latter for N_ large and 6E small.

If there is exact resonance between the wells, there is a great
deal of constructive interference and one obtains P, = P55 =
2P 7N, On the other hand, if there is exact antiresonance (6F
= h{y/2), there is 2 modest amount of destructive interference

2Pz

2Pz
Pcoh =
P+ _u_2ﬁ__ + 2 ex —;
exXp Ny — | P th -1
R
— P = 22 for large Ny (3.8)

2

In both cases if there is no recrossing during a phase relaxation
time, Py = 2P 7. Also, since kgT > hQy, the average crossing
velocity we should use in Pz is v, of the order (kg7/M)!/2.

Now we must also consider the probability arising from the
incoherent passes across the cusp. We use the notation N, to
denote the number of incoherent attempts, Ny = N,/ Ny, if there
are many crossings.

In the particular case of the spin-boson Hamiltonian (see eq
3.4), the number of independent attempts is

N, T kT \?
Nipe = = = — = Lk (39)
Neay Teoh h

If Py, is of order one, we get for the transmission coefficient

x = 1/,3N,, and this is the usual Kramers low-damping result
proportional to the collision frequency. This limit is carefully
addressed in section IILb. If P is small, ie., Py, << 1, the
sequence of attempts has a probability of leading to the product

N,

P Py {3.10)
S
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If this reaches one in magnitude, then P, =~ '/, and again we
obtain the usual classical low-damping Kramers result, i.e., x =
'/3N,. On the other hand, if P_ calculated as above is small, the
transmission coefficient is

P, P
k= — = (3.11)
Nc Ncoh

This is the nonadiabatic limit, which gives a rate proportional to

The correct interpolations between these two limits can be
obtained by doing the probabilistic counting 4 la Straub and
Berne (see section ILb for details) by substituting P,z of the
“classical” equation by Py, /2 and N by N./N.;. The reason for
these substitutions is because in the classical case we had inde-
pendent crosses and here we have independent trials per coherence
time. The factor 2 dividing P, is because we have two crossings
per trial in the classical case. Thus

1 1

e | (3.12)
Pc Pcuh(Nc/Ncnh)

This leads to a transmission coefficient
-=—= 2N(1 TGN S
K Pc c Z(Nc/Ncuh)th

Vo e,
K eoh Nean Pean

The term in parentheses is exactly the Straub and Berne expression
given in the last section by doing the substitution described before.
The factor Ny, multiplies everything because now we have N,
double crosses per trials instead of only one double cross as in the
classical case.

Conditions for adiabaticity and nonadiabatricity in the rate
appear naturally from eq 3.13. Also, N, approaches one as Py,
= 2Py 7 because crosses become independent, and our quantum
result becomes the classical result described in section II.

In Figure 2, we show the rate dependence on friction assuming
we have Fokker~Planck dissipation (exactly as in the spin-boson
case). As we increase { (friction coefficient), the rate is linear
on {"until it reaches the nonadiabatic plateau (4P N, > 1). This
is equivalent to saying the rate is proportional to 1/V, (see eq
3.4); that is, it is constant for some values of {, until it reaches
the adiabatic diffusive mit and it becomes proportional to /¢
Here we are only interested in corrections to the low-damping
regime, ie., the region praportional to { and the plateau one.

Now we discuss two possible situations: the first one is if New
becomes one at values of the friction lower than where the classical
plateau occurs. The condition found for adiabaticity from eq 3.13b
is X' = 2PohiN./ Noph»). When the two wells are resonand, this gives
a much stronger condition on the nonadiabatic result since

Kees = 4PN Ny > 4P N, = X (3.14)

) {3.13a)

or

(3.13b)

Therefore, in this situation the quantum result follows the classical
adiabatic rate for low friction. However, in the antiresonant case,
we have

Xantires = PLZ"ATE_ < 4PLZNC = Xcl (315)
<oh

Thus, for large values of Nop, Xonires << (3.15). The rate is still

nonadiabatic in contradistinction to the usual classical crossing
argument. The transmission coefficient is

P
N (3.16)
ZNcoh 'rcuh

X ~

In the Fokker-Planck or spin-boson case it still is proportional
to { but with a completely different slope. In a more general case
it is proportional 10 ¢, As N, becomes one, it becomes the
adiabatie elesiend result, This Mo Bmit, verving Sron resonant
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Figure 4. Plot of the “quantum” transmission coefficient as 2 function
of {/MQ,. The top dashed curve is the “classical™ adiabatic transmission
coefficient including Landau—Zener corrections, and the lower one is the
total “classical” transmission coefficient. (Both of these curves are given
in Figure 2, where most of the parameters used in this figure are defined.}
Nooy is assumed 1o be a function of {! and becomes unity for a given
value of the friction coefficient that we call {*. In this plot we assume
that N, becomes one before the “classical” nonadiabatic region (pla-
teau) is reached, For example, we chose {* = 0.005M%,. The
“quantum” plots are given by solid lines that use, from left 1o right,
8E/hQy = 0.0,0.1,0.2, and 0.5.
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Figure 5. Same as Figure 4 but with {* in the “classical” nonadiabatic
region. For example, we chose * = 0.1MQ;. The “quantum” plots are
given by solid lines that use, from left to right, 8E/hQ, = 0.0, 0.03, 0.06,
0.1, 0.2, and 0.5.

to nonresonant case, is shown in Figure 4.

If Nn becomes one in the plateau region of Figure 2, the
behavior is different. The off-resonance case has basically the
same behavior discussed before with the difference that it reaches
the classical result only in the plateau region when N, ~ 1. The
resonance case is the interesting one. From eq 3.14 we notice it
agrees with the classical result up to the plateau region. After
that, it continues adiabatic until 4P, ;N N, ~ 1. After that it
drops in value until it reaches the classical behavier for Negy ~
L. This limit is shown in Figure 5. Notice the characteristic
resonant peak behavior which is seen here as the friction is varied.

To conclude this subsection, we write the final expression for
the rate in the nonadiabatic limit, i.e, P, < 1. In this limit

Pcoh Pcah Q() Et
~ e — - 3.17
i NcchkTST Ncah 27 cxp kBT ( a)
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P 2 h/t 1

_ Pk (h/ta) up( 3 ) 17h)
27%h (R /tg)? + SE? kpT

This is the rate that will be compared to the Fermi Golden Rule
result (see ref 8 and 26, for example), which is one of the main
points of the following subsection.

I11.b. Energy Levels and Fermi Golden Rule. Now we use
a different approach to calculate the reaction rate, assuming that
the reactant and product surfaces are harmonic oscillators weakly
damped. We label the energy levels in the reactant which are
equally spaced by h €, by n, and the ones in the product by my,.

Since kgT > hQy, the rate is dominated by levels near the
crossing region. If we get a level in this region n,, the transitions
to the acceptor are dominated by a leve! my which is the one closest
in energy. Since 8E = E, -~ £ = (£, — E ) an, the rate k, .,
calculated by the Fermi Golden Rule (perturbation in ¥) is

2
ks = 77 f A oo (ENV(nAlm) o E)  (3.18)

where
b= (A1) (3.19)
T (E-EY+ (hI)
is the density of states around level /. If we perform this integral
,1 h(T,, + Tpy)
h' Voaml (BEY? + [h([,, + I')]2

k

(3.20)

L] =

where
Veomg = Vinalmg) (3.21)

Here T; is the width of level i. In a more correct way each should
be associated with the cohcrcnca time between levels. Therefore,
from now on we use twh (defined in section IIL.a) instead of I,
+ I‘,,,a (I',, + T, is the relaxation frequency associated w1th
gaining or losing a phonon of energy h{,. Therefore, they are
associated with 1/ T, and the frequency we need here is 1/7,.)
If equilibration of the reactant states is fast enough compared
1o the rates k, . for the pair levels which dominate the rate (levels
keT around the crossing point®*), the final rate is obtained,
summing the contribution of all levels around the crossing region,

ko~ anA.mnp(nA‘n (322)

where my is the closest level in energy to n, and p(n,,T) is the
thermal equilibrium distribution of the reactant states.

Here we include some comments about relaxation. Notice that
in eq 3.22 we are calculating a rate as an average of pair rates.
So, if equilibration is not fast enough, the number of reactants
in this reactive region is depleted faster than new reactants are
able to come to this region. In this case eq 3.22 breaks down.

The question now is how to compare eq 3.22 with eg 3.17. This
can be done by using the semiclassical estimate of {m,|my}.8
Because we are considering states with energy kBT above the

crossmg region £, = E, > V., (V, s the crossing region energy,
V.=E'+ E), then

{nalmg) =
dx 1 P
N oo oot ))1,2 exply [ *(pax) - ps(x) dx]
(3.23)
where
Palx) = [2M(e - V. (x))]'2 (3.242)
pe(x) = [ZM(E - V(x))]'/? (3.24b)

and N is the normalization constant. Calculating this integral

(63} Sec for example: Merzbacher, E. Quantum Mechanics; Wiley: New
York, 1970, Chapter 7.
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{(3.23) by noticing that the stationary-phase value occurs at the
crossing point, we get

2R Q)
1, £ e
[<nalme )| by (3.29)
where 1/,Mo? = E - V.. Thus
Pz ~ wt———|(n Jmp)} 3.26
Lz (ﬁﬂo)zl( Al (3.26)

Recall that levels that dominate the rate are about kpT above the

crossing point, giving this an average value for the kinetic energy
in the crossing point.

Using eq 3.20, 3.22, and 3.26, we obtain for the rate
(o g2n (A h/ tan
T 652 + (h/teoh)?

% . P zp(n,, T) (3.27)
ay T

where, because kg7 > hy, we do a continuum approximation
to evaluate (1/v.). So

1 W
TPt = 5 & —pA(EndE
R
22V M 12 Et
L = 28
hF(szT) CP\ kT 3:28)

The rate becomes

2P, (h Q! b/t t
o ~ Derl) s exp(-~E—) (3.29)
ik SEL+ (h /1) kpT

where we use v, = (2kg T/xM)"/? for the velocity in P z. Co-
herence times for all levels in an interval kg T around the crossing
point are not necessarily the same but are very similar. In the
spin-boson Hamiltonian (Fokker-Planck dissipation) this is easily
noticed since kp 7" << E? (see eq 3.4b and ref 14). Equations 3.29
and 3.17 are basically the same. They differ by a factor of 4 which
is irrelevant, and it is due to approximations in eq 3.6-3.8, as well
as in the calculation of eq 3.26.

In the language of levels the Golden Rule formula can break
down for two reasons, in a way analogous to the trajectory ar-
guments presented in section 111.a. The first reason is that the
expression given for k,_,,, given by eq 3.20 has to be valid. This
will be true only when z.,; is fast enough to destroy coherence
between levels n, and mg. In the trajectory argument this is
equivalent to say P, << 1, that is, exactly the same condition that
Kpyomg K teqy b (K, my given by eg 3.20).

The second reason is equilibration, and that is controlled by
encrgy flow between reaction coordinate and environment, i.e.,
the time rg. In the trajectory argument this means P, < 1. In
this energy-state argument the equivalent condition is that the
system has to relax out of the rcactivc region faster than the
reaction takes place, i.c., k,w,,. « 75! (kn, my given by eq 3.20).
Assuming the first condition is satisfied (k,, m, < Ton™ 1), the
condition above can be obtained in a more elegant way. This is
done by writing a master equation®”#% including motion between
reactant levels and product levels (vertical transition) due to the
interaction between reaction coordinate and environment as well
as horizontal transitions (between reactant and product, or vice
versa) with rates k, ... The solution of this master equation would
lead to the same condition described above for the Golden Rule
rate. Also, it would give the interpolation between the adiabatic
and nonadiabatic limits for the rate with a final expression which
would be basically the one given by eq 3.13.

In this energy level description, we can now analyze more
carefully the limit when “P,, " becomes larger than unity. Since
P17 < 1, this occurs only in resonant cases when PpzN 2 > 1.
In this limit, the system should oscillate between pair of levels
(ng. mp) before losing coherence. This is the quantum beat

t64) Cribb, P H.: Nardhalm, S0 Hush, NS Cheme. Phes 1978, 29,42
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regime.®®  The system oscillates between reactant and product
states in times much shorter than 1, so that when coherence is
destroyed it may be found in the reactant and product state with
roughly equal probability when the levels are resonant. This is
a tricky regime and at some point in the future should be in-
vestigated more thoroughly,

Now that we have considered the case A%y < kg7, we must
address the situation Ay > kg 7. In this regime, the lowest state
in the reactant dominates the rate. An interesting way of noticing
this is by calcutating the mean-square displacement of the reaction
ceordinate, due to the fact that the rate is proportional to exp-
{-E'/MQ6%?) % In the harmonic case u? = kgT/MQ? if kgT
» hQy and p? = h/2MQ, if kT << AQ,. i.c.; only the reactant
ground-state contributes to it. In more general surfaces compe-
tition between tunneling and thermal activation is not so simple.
In this limit, the reaction rate is

2 1 h /g
K~ Kot ~ fl/zi<0|ma°>|2~ " (3.30)

T 551 + (h /rcoh)2

where |mg?) is the level in the product that is closest in energy
ta the ground state of the reactant. The overalp |(Omg®}|? can
be calculated similarly to eq 3.23. The difference is that the
ground-state energy Ey is below V., and therefore, there are

tunneling trajectories. The result obtained is basically the same
one given by eq 3.25

2
0

2h Q
[{0lmg?))? Z T AF (3.31)
¢

with the difference that here v, is the imaginary velocity given
by IIIZMUcl =V - ED'

There are two particular points associated with this limit. If
E, - E, > h{l,, i.e., reaction is exothermic, the relaxation time
Tg 13 now the time it takes for the product state to lose hQg of
energy, because this is the minimum meaningfut energy loss. The
second peint we discuss is when the reaction has no energy gap,
Le., £, = E. In this situation there is no state that the “activated
molecule” can relax to, Reaction is “occurring” between two
ground states. Therefore, the definition of a rate becomes
questionable.

To conclude this section, we comment about another possible
new quantum effect that can occur for kg7 > A Qg In this regime
we stated that the rate was dominated by states around the crossing
region. This may not be true in some cases. Using eq 3.26, we
can calculate P, for every reactant-—product pair of levels. The
interesting effect occurs if P, becomes of order unity for levels
below the crossing region. (This may occur even in the strong
coupling limit assumed here.’®) In this limit the rate becomes
adiabatic with an activation barrier smaller than Ef Here
quantum effects change not only the transmission coefficient but
also the activation energy of the reaction.

1V. Discussion and Speculation

In this paper we have tried to outline the connection between
quantum and ciassical pictures of barrier crossing, especially in
the case where surface crossing is involved. The interplay between
dephasing and energy loss in determining the importance of
resonance effects emerges clearly in this simpte picture of a simple
model. There are immediately then two questions: "What are the
prospects for devising simple experiments to test and illustrate
these effects? Do these effects play any role in more complicated
{multimede) situations? We will give some speculative answers
10 these questions.

The picture we have pursued is largely one-dimensional—a
single mode of motien is taken to be the reaction coordinate. Also
in this model, the interesting quantum effects occur when this

(65} A ground-breaking study in this regime was carried out by Friesner
and Wertheimer (ref 25b). They discussed, however, only a model for electron
transfer in the photosynthetic reaction center which appears to be activa-
lianiess
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mode of motion is highly underdamped. In electron-transfer
reactions this situation will be most closely imitated by reactions
that are largely inner sphere dominated. Unfortunately, this will
usually put us in the strong quantum limit {AQy > kgT) so the
energy relaxation effects are minimal. Perhaps electron transfer
in some organic or biological systems may give the possibility of
the region where k, T > R Q.

The resonance and dephasing effects are, however, accessible.
The most complete studies (could) utilize spectroscopic mea-
surements of dephasing times® along with pressure tuning®’ to
pin down these effects. A candidate experimental system is then
an inner-sphere reaction going on in a crystalline matrix.

Generally. then we will have a multidimensional system in which
no single mode is the reaction coordinate. The quantum effects
may still play a role, although indirectly. In one possible reali-
zation, the additional (to the underdamped) reaction modes are
slowly fluctuating or diffusing in a nearly classical way. These
fluctuations can act to “tune™ the resonances. If the inner-sphere
resonances are sefficiently strong (T long), the electronic tran-
sition itself would no longer be rate limiting. The “tuning” dy-
namics would then be crucial. and one would expect adiabatic
results in the sense of being insensitive to electronic matrix element.

A more problematic (but interesting) situation arises when the
strongly coupled reaction modes are comparable in time scales
and are underdamped. In this case, even when there are no
quantum effects, we have the issue of encrgy flow between modes
and its effect on recrossing rates (see section II). If the quantum
interference effects are included, one must take into account the
phases of crossing trajectories. In a chaotic system these are apt
to be random. In the nonadiabatic regime there should, therefore,
be little change in the rate since in sums of squared matrix ele-
ments the phases will cancel. [t is conceivable, however, there
will be effects on the adiabaticity criterion. For some crossing
energies the random phases will happen to add up in phase. For
thasc trajectories (or levels) the rate will reach its maximum value.
The rapid rate of reaction from these resonant levels means they
can be such effective sinks of probability that the electronic-state
change is no longer rate limiting. Instead, incoherent Muctuations
invalving energy dissipation will scan these trajectories and the
rate may then become, at least partially, adiabatic dependent on
the energy dissipation rate. Certainly, both of these multidi-
mensional situations merit further study.

To conclude, we comment about the validity of semiclassical
approximations to calculate reaction rates. As extensively dis-
cussed in section LI, phase effects are impertant only if Ny, >
1. When N, becomes one, semiclassica! calculations of the rate
become valid. In the case of the spin-boson Hamiltonian (har-
monic reaction coordicate and bath), ¢, {or T3) is controlled by
relaxation processes and, therefore, it has a tendency to overes-
timate quantum effects. {n real systems 7, may be much shorter,
making the semiclassical calculations good approximations under

much weaker conditions than expected from the spin-boson
Hamiltonian,
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