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A. INTRODUCTION

Electron transfer (ET) reactions have long been a central focus of mecha-
nistic inorganic chemistry [1-12]. This interest stems partly from the fact
that many transition metal complexes are versatile redox reagents. The wide
range of oxidation states available over a comparatively narrow energy range
often makes electron transfer reactions both thermodynamically and kineti-
cally facile.

Inorganic redox reactions are also of primary importance in biological
systems. Indeed, some of the most elegant work and intriguing data come
from the area of inorganic biochemistry [11,13-17].

Likewise, a great deal of research has been devoted to excited state
chemistry, taking advantage of the increased electron affinity and lability of
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these systems. Work in this area covers everything from solar energy storage
schemes [18-27] to studies on natural photosynthetic centers [28-32].

Over the last two decades, a guiding principle for work on electron
transfer has been the classical (in every sense) theory of electron transfer as
developed by Marcus [1-4], Hush [5,6] and others [33,34]. A number of
excellent reviews and monographs of this work are available [4,8-12].

However, within the past few years, increased theoretical and experimen-
tal attention has focused on nonclassical (i.e. semiclassical and quantum
mechanical) aspects of electron transfer reactions, e.g. electron (and nuclear)
tunneling reactions [35-55]. These quantum mechanical phenomena are
critical for understanding many details of inorganic electron transfer, includ-
ing virtually all bioinorganic electron transfer reactions.

Thus this review has three aims. First, it (hopefully) provides a physically
meaningful sketch of the current state of quantum theories of electron
transfer, and briefly compares the quantum and classical (Marcus) theories.

Second, some experimental data on quantum effects in electron transfer
are presented. In truth, relatively few clear examples of quantum effects are
available. This is not because such effects are rare. However, until recently,
few experiments were designed to focus on such effects. ﬁortunately this
situation is rapidly changing. Therefore it is not the intent of this paper to
produce an exhaustive review of the meager data available, since any such
“catalog” would be outdated immediately. Instead, a few illustrative exam-
ples of quantum manifestations in electron and nuclear tunneling reactions
are provided.

Finally, as the foregoing comments indicate, this area of investigation is
young and rapidly developing. A final goal of the review is to help highlight
the many areas where further work could provide significant advances.

B. CLASSICAL THEORY

Each of the classical theories proposed in the literature begins with its
own unique set of assumptions and approach to the problem. One assump-
tion common in all purely classical theories is that all ET reactions are
adiabatic. In other words, the reaction occurs on a continuous path on a
single potential surface. A simplified, two-dimensional picture is shown in
Fig. 1. In this Figure, the reactant and product potential curves (representa-
tions of multi-dimensional potential surfaces) are drawn along a reaction
coordinate ¢. The positions of all the nuclei in the system (including solvent
and both reactants) are represented by the value of ¢. Hence, the horizontal
displacement of the two wells gives an indication of the extent of nuclear
motion involved (the strength of coupling) in the electron transfer event.
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Fig. 1. (a) Potential surface for an adiabatic electron transfer reaction. (b) Potential surface
for a nonadiabatic electron transfer reaction. Arrows in both (a) and (b) indicate possible
pathways available to the system on moving from reactants (left well) toward products (right
well).

The energy involved in moving all the nuclei to their appropriate positions
is referred to by Marcus [1-4] as the reorganization energy, A, from inner
sphere effects (A,,) and from outer sphere effects (A,,). A, includes
changes in bond angles and bond lengths in the reactant and product
molecules themselves. A, includes changes in solvent configuration, and is
largely due to the repolarization energy of the solvent. A, can be defined as
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where Ae is the charge transferred, €, is the permittivity of free space,
and a, are the radii of the reactants, r\, = a; + a,, and D,, and D, are the
optical and static dielectric constants of the medium, respectively.

As an example, A, can be calculated for the Fe(H,0);"/** self-ex-
change reaction in water as follows. The following values are used in eqn.
(1). ¢, =343x107" m, 4, =357x10""" m, r;;,=7x107" m, D, =ng
=1.78, and D, = 78.5. In addition, Ae = 1.6 X 107 '* C and ¢, = 8.85 X 10 "2
Fm ™. Substitution yields

Ay =1.8%x10°°J =109 kJ mol~" (~ 1.1 V)

out



However, we note that a dielectric continuum model may not be appropriate
for the case of a highly-structured solvent like water. Furthermore, recent
work suggests that solvent reorientation may become “rate limiting” in some
cases. In such instances T.S. models are invalid [203,226,227] and are
replaced by an expression like k = v exp — AG* /KT where » X 1/7,, iiudinal
= (€, /€)1, where 7, is the Debye relation time.

Calculation of A, is more complex. A, can be defined as

Nin = (1/2)ZFAQ;] (2)

where F; represents Hooke’s law force constants, approximated by averaging
the appropriate force constants of reactant and product

F 2Eeuc Fprod (3)
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and AQ; represents the displacement of the equilibrium position in the jth
normal mode.

Siders and Marcus [56] have pointed out the necessity of including
cross-terms in this calculation, since off-diagonal force constants are ob-
tained when the symmetric stretching mode (the reaction coordinate) is
expressed in terms of bond modes. A series of elegant experiments relating
A, (and thus rate) to specific bond dislocations have been reported by Sutin
[222] and coworkers as an example.

Values of A;, vary widely, from O (no change in bond lengths) to > 1 V.
For example, A, for the Fe(H,0);*** self-exchange can be calculated to
be ~ 140 kJ mol ™! (~ 1.4 eV) [56]. This large value is a direct consequence
of the 0.14 A bond length difference between the oxidized and reduced
states.

Thus, the horizontal displacement between the two curves in Fig. 1
accounts for changes in both solvent (A_,) and reactant (A,,) nuclear
coordinates. Electron transfer occurs when the system attains a geometry
intermediate between that of reactants and products, corresponding to the
intersection of the potential surfaces.

At the intersection of the two curves, there is an “avoided crossing”
caused by the overlap of the reactants’ electronic wavefunctions. This
overlap causes a splitting of the two surfaces by an amount 2H,,. The
magnitude of this “interaction energy” depends on the distance between and
orientation of reacting partners and the degree of shielding of the electronic
orbitals. A totally adiabatic reaction occurs when H,, is large enough
(H,,> ~100 cm™') for the system to remain on the lower surface when
proceeding from reactants to products. According to Marcus [1-4], the rate
of collisional process in solution can be expressed as

R =KkT/h(x exp(—E,../kT)) (4)



where & is Boltzmann’s constant and «k represents the probability of a
system in the transition state being converted to products. For an adiabatic
reaction, k = 1.

Neglecting work terms
E

w=(AE—E,)’/4E, (5)

where E. = (A, + A_,,), the total reorganization energy.

For a self-exchange reaction, AE =0 and, from eqn. (§), £,,=E,/4=
(A, + A,,)/4. Thus, for example, E,. for the Fe(H,0)¢*/*" exchange is
calculated to be (1.4 V + 2.2 V) /4 = 0.63 V. As mentioned, this calculation
does not include the work required to bring the reactants together (work
terms). Note that, for a given reorganization energy E., eqn. (5) yields
decreasing values of E,, with increasing reaction exothermicity.

Generally, in a diffusional reaction, the electronic interaction, and hence
the splitting between surfaces, is thought to be large (a few hundred cm !).
However, when H,, is small (H,, < 10 cm™'), the splitting between surfaces
is small, and the system can sometimes “jump” to the upper surface. It may
therefore pass through the transition state many times without proceeding on
to products. Such a system is said to be “nonadiabatic” and « is less than
unity.

A small interaction energy can arise from unfavorable orbital symmetries,
changes in spin multiplicity, or large donor-acceptor separation distances.
For biochemical systems or reactions of molecules in rigid matrices, large
separation distances are involved, and a nonadiabatic model is needed to
interpret such reactions.

Another way in which nonadiabaticity is introduced in a reaction is
through nuclear tunneling. In Fig. 1, the top of the barrier represents the
formation of a “precursor complex”, which has a geometry intermediate
between that of reactants and products. In any given reaction, there is a
small, yet finite, probability that the system will tunnel through the barrier
rather than surmount it. This pathway becomes more significant, of course,
when the barrier is very high (reactants and products have very different
geometries) or the temperature very low.

It may be useful to point out the difference between electron and nuclear
tunneling, as they have often been confused in the literature. Both are
quantum mechanical phenomena which involve a particle tunneling through
a barrier. However, the barrier is not the same for electron and nuclear
tunneling. Figure 1 shows potential surfaces plotted versus nuclear coordi-
nates. Thus, any tunneling through this barrier involves nuclear motion, and
hence is nuclear tunneling.

Electron tunneling always occurs at the instant of transfer. At that instant,
the nuclei are fixed at the (intermediate) geometry which allows conservation
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Fig. 2. One-dimensional barrier model for quantum mechanical tunneling processes. The
probability, (P), of passage through the barrier is related to the barrier height (V') and width
(R). The abscissa is a fictionalized ““electron coordinate”.

of energy during electron transfer. Thus the diagram in Fig. 1 is not helpful.
The term “tunneling” when applied to the electronic frequency factor
derives from consideration of transmission through a classically impenetra-
ble barrier, as shown in Fig. 2. Such a barrier is conveniently thought of as a
“space” between reactants where an electron is a high energy species. This
“space” can be filled by intervening solvent molecules, protein, membrane
,... etc. The height of this barrier, V, is simply the difference in vertical
(without allowing for nuclear relaxation) affinities between the oxidized
donor and the intervening barrier.

The probability of tunneling so calculated depends exponentially on the
barrier width and is given by the Gamow tunneling equation [57].

Probability of barrier penetration = 16 EV /( E + V)2
exp((—2b(2mV)"*)/h) = C exp(—2ab) = C| H,, | (6)

where E = kinetic energy of the electron, m = electron mass, b = barrier
width, and V = barrier height and « = damping factor accounting for the fall
off of wavefunction overlap with distance.

In many situations (for example, most collisional redox processes) the
barrier width will be negligibly thin and “tunneling” will have no effect on
the rate of net electron transfer. Thus, the reaction is adiabatic. The
appearance of |H,, |? in a rate expression does not necessarily imply a
nonadiabatic mechanism. It suggests only that the rate of the reaction is
sensitive to changes in the electronic coupling between reactants. Histori-



cally, electron “tunneling” has been used as a descriptive term to imply a
weak electronic coupling which leads to nonadiabatic (k < 1) transfer. For
example, if the reactants are separated in space with a nonconducting
medium between them, the barrier is significant. However, in a collisional
process, the barrier may be very thin, resulting in a large interaction energy
and tunneling is facile. The two surfaces are sufficiently separated so that the
reaction becomes adiabatic and “tunneling” as such does not affect the rate
of product formation. In other words, for an adiabatic reaction (x=1)
changes in the electronic coordinates are instantaneous on the vibrational
timescale, and the frequency term reduces to an (averaged) vibrational
frequency of approximately 10" s™'. Such a tunneling description has been
tested in solid-state physics, where it has proven quite successful. For
molecular systems, other ways of predicting the dependence of electron
transfer rates on donor—acceptor distance can surely be imagined.

A chemically-appealing model, based on the principle of superexchange,
has been suggested by McConnell [121] and elaborated by several authors
[81,122]. A particularly readable account is offered by Beitz and Miller [81].
In essence, these authors postulate a mechanism whereby long range elec-
tronic coupling is propagated via a series of nearest neighbor superexchange
interactions involving orbitals of appropriate energy. For such an interaction
the total interaction potential will depend on the exchange integral, B, the
number of exchanges, #, and the ionization potential B of the donor. Thus
V., = B(B/B)" (note that in this model coupling may occur via LUMO’s (e~
states) or HOMO (“hole transfer” states). Since the number of exchanges
scales with donor acceptor distance, R, (i.e. n=R/d, where d is the
(average) nearest neighbor separation). We thus obtain ¥, = exp — aR where
a = 1.1. Thus, both models predict an exponential dependence of rate on
distance. However an important difference exists between the barrier tunnel-
ing model and the superexchange model. For barrier tunneling « = constant
X (binding energy)'/?, whereas for superexchange a = constant X In(binding
energy). In essence, in the superexchange model, the long distance electron
transfer depends only weakly on the precise donor bonding energy, or on the
orbital energies of the medium, while barrier tunneling is quite sensitive to
both their parameters.

An interesting application of superexchange type coupling in inorganic
redox reactions has been suggested by Endicott et al. [224]. These workers
found that specific halides and pseudo halides could greatly accelerate
electron transfer apparently by a mediated increase in donor-acceptor
coupling strength.

One specific case which is related to this general superexchange model
should be briefly mentioned. Hush has suggested a mechanism for long-range
through bond coupling which rate depends only weakly on distance, rather
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Fig. 3. Percent contribution to the rate of the Fe(H,0)Z*/** self-exchange at 300 K from
reactants in a given vibrational level. Calculated using a one-dimensional model with
E, = 25.6 kcal mol~". Numbers to the left of each reactant vibrational level represent their
percent contribution to the total reaction. This figure is adapted from ref. 47.

than exponentially. As yet insufficient data are available to test these
predictions. However, Beratan and Hopfield [122] have used an explicit
molecular orbital treatment of through bond electron transfer for the ho-
mologous Ru"S (C,) — 8 — Ru' compounds studied by Stein et al. [118].
These theoretical results closely reproduce the experimental data, and sug-
gest that the redox reaction is mediated by hole exchange (analogous to
valence band conduction) rather than electron exchange via a conduction
band.

Like electron tunneling, nuclear tunneling can have several important
implications for the behavior of electron transfer systems. Recall that in
eqns. (2) and (3), A;, involved nuclear motion along an intramolecular mode
of frequency hw (typically several hundred wavenumbers). If hw << kT, then
a classical (Boltzmann) population distribution can be assumed and
Arrhenius behavior is expected as in eqn. (4). However, when hw > kT, some
portion of the total reaction will proceed via nuclear tunneling [47] (see Fig.
3). In the limit where hw > kT, all of the reaction must proceed by nuclear
tunneling [58]. A slow, temperature-independent rate will be observed [59].
Thus, experimental evidence of quantum effects in ET reactions might be
gathered from studies of rate as a function of temperature.

Such effects might also be manifested on isotopic substitution of the
reactant complexes for which the intramolecular reorganization, A, is
significant. This kinetic isotope effect (KIE) arises from the fact that isotopic
substitution causes a change in the associated vibrational frequency, which
leads to a change in the width (and height) of the nuclear barrier to electron
transfer (Fig. 3).
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Fig. 4. Potential surfaces for electron transfer reactions as a function of driving force. AE
increases from (a) to (d).
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A further distinction between classical and quantum theories of ET
concerns the dependence of rate on the separation distance between re-
actants. As long as the reaction is adiabatic, then the rate will decrease
slowly as R increases, reflecting the dependence of A, on R. In adiabatic
theories, the electronic interaction between reactants is presumed to be
strong. (Here “strong” means merely a surface splitting in Fig. 1 > ca. 100
cm ™ !'!) For an adiabatic reaction, the rate depends only on the probability of
reaching the transition state through appropriate nuclear fluctuations. How-
ever, by definition for nonadiabatic transfer, the reaction does not occur
every time a favorable nuclear geometry is attained. Rather, the probability
of product formation from the classical turning point is related to the
magnitude of the electronic interaction, H,,, which is in turn a function of
distance.

Particularly important detailed calculations have been carried out by M.
Newton for the Fe?* /Fe’* (aq.) couple. It appears that electron transfer is
(weakly) nonadiabatic for this couple, even at VDW contact distances.

Finally, differences between classical and quantum rate predictions are
expected at high driving forces. Figure 4 shows a very simplified picture of
the classical dependence of rate on AE. Figure 4(a) depicts a self-exchange
reaction, where AE = 0. In Fig. 4(b), a slightly more exothermic reaction is
shown, with a resulting lower activation barrier. In the limit of AE=E|
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(Fig. 4(c)), the product potential curve passes through the minimum on the
reactant curve, E,, =0, and the rate is maximized. If the reaction becomes
even more exothermic (Fig. 4(d)), the intersection is now to the left of the
reactant minimum, and the activation barrier grows. This leads to a decrease
in rate with increasing exothermicity and is one of the most interesting
predictions of Marcus theory. Marcus predicts a quadratic dependence of
rate on AF in this so-called “inverted region” (eqns. (4) and (5)). As we can
see, in Fig. 4(e), quantum mechanical descriptions modify, but do not
abolish this prediction.

In summary then, there are at least four areas which can yield information
on quantum effects in electron transfer reactions: (a) temperature depend-
ence of rate (especially at low temperature); (b) manifestation of kinetic
isotope effects; (¢) dependence of rate on donor-acceptor distance; (d)
differences between classical and quantum rate predictions when AE > E.

Before discussing the experimental work in these areas, we shall briefly
review the evolution of quantum theories.

C. DEVELOPMENT OF THEORY

All useful nonadiabatic theories contain two important components, an
electronic factor and a nuclear factor. The nuclear, or Franck—-Condon term,
contains essentially all of the dependence on AE, A, and temperature. In
fact, studies of the temperature dependence of electron transfer supplied the
initial impetus to develop theoretical expressions containing appropriate
nuclear terms. The electronic term describes the extent of electronic coupling
and hence the dependence of rate on distance. The form of the electronic
factor is commonly given by the Gamow tunneling equation [57] although,
as we shall see, a superexchange model may be more appropriate (see Fig. 2
and eqn. (6)). Since many of the expressions were originally derived to
describe biological systems, it will be useful to note briefly the special
aspects of biological electron transfer.

The biological problem differs from the problem of electron transfer
between simple ions in solution in several ways. First, the effects of reactant
diffusion are absent. The biological molecules form reactant pairs, and thus
we are concerned only with electron transfer within this “supermolecule”.
Secondly, the active sites in this “supermolecule” are separated by a single,
fixed distance ranging from several Angstrom units to ca. 25 A. Thus we can
expect the reaction to be nonadiabatic. Last, proteins are often considered
limiting cases of a low dielectric media. As such, the medium reorganization
energy may be low (unlike solution processes) and higher frequency in-
tramolecular modes may dominate the reorganization term. This, in turn,
could lead to quantum effects.
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D. THE SEMICLASSICAL APPROXIMATION

Hopfield, using an analogy to the Forster-Dexter theory of energy
transfer, developed a semiclassical theory of electron transfer [39]. Hopfield
used this theory to fit the temperature dependence of the rate of cytochrome
¢ oxidation in C. vinosum, as reported by DeVault and Chance [13].

Hopfield’s rate expression is

W= (Q2m/h) | Hy|2(1/270%)"" exp(~E, = E, ~ A)’ /207 (7)
where
o= (k,x2/2)kT,coth T,/2T + (k,x¢/2)kT, coth T, /2T (8)

A= Lk, x2+ Yk, x}, k = Boltzmann’s constant, k, and k, are Hooke’s law
force constants for vibrations of species a and b, and x, and x, represent
displacement of nuclear coordinates from their equilibrium positions.

With appropriate choice of parameters, this expression seems to fit the
data quite well [39]. The temperature dependence (at high 7') of Hopfield’s
expression can be traced to temperature dependences in his “electron
removal” and “electron insertion” spectra.

It has been suggested that electron transfer is not analogous to energy
transfer [40,60]. Forster—Dexter theory [61,62] assumes coupling of the
donor and acceptor to different sets of oscillators, while the larger perturba-
tion of an electron transfer event would likely cause both to couple to similar
phonon fields in the medium. Only in the limit of no medium reorganization
(intramolecular modes dominate) would the donor and acceptor be coupled
to a different oscillator field.

E. PURELY QUANTUM FORMULATION

In 1976, Jortner formulated the problem of biological ET in terms of a
nonadiabatic multiphonon nonradiative decay process. Jortner’s model [40]
rests on the analogy between electron transfer in a well-defined reactant pair
and an ordinary unimolecular radiationless decay [63]. A single mean
frequency (w) is used to characterize the intramolecular reorganizational
modes. Similarty, the low-frequency medium reorganizational modes are
characterized by (w,), the mean frequency of the solvent modes.

It is important to note that, for this kind of analysis, there are three
distinct regions in a rate vs. temperature plot.

(1) Extremely low temperature region. In this region kT < h{w,) < h{w).
No modes can be thermally populated, and the reaction must occur by
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nuclear tunneling. It occurs from the zero point of the reactant well to any
accessible state (must be nearly degenerate) on the product surface. The rate
is temperature independent.

(2) Intermediate (transition) region. In this region h{w,) <kT < h(w). This
corresponds to the case in which thermal energy enables the system to move
part of the way up the well, and nuclear tunneling occurs from this higher
level. The reorganization of the low-frequency mode occurs classically, while
the system must still tunnel through the barrier corresponding to reorganiza-
tion of a high-frequency (intramolecular) mode. The rate here is temperature
dependent, with an apparent activation energy due to the classical rearrange-
ment (low-frequency mode) only.

(3) High temperature region. In this region, h{w,) < h(w) < kT. The sys-
tem behaves classically. The rate is temperature dependent, with the activa-
tion energy being given by the Marcus expression (eqn. (5) with E, = total
reorganization energy).

Jortner analyzed the data of DeVault and Chance [13] on C. vinosum
according to this model. Since the transition temperature was too high to
allow for strong coupling to the medium modes, he asserted that the
coupling to low frequency phonon modes was negligible while coupling to
intramolecular modes was extremely strong. The data fitted well with
AE=01V, h(w) =400 cm™', § =20, and A4 (a pre-exponential factor =
27| Hap |2 /0 w) =10

The theory, as presented by Jortner, is fully quantum mechanical and
reduces to classical Marcus theory in the high temperature limit. We quote
only the final (general) result here

Wy =2m(| Hy | */h?0) exp] = S(27 + 1))
I (28[#(5+ D)5+ 1/5)77 (9)

where I, {} is the modified Bessel function of order p, p=AE/hw 1s the
energy gap in units of vibrational quanta, S = E, /hw is the inner-sphere
reorganization energy in units of vibrational quanta ( E_,, is assumed equal
to zero here), and v = [exp(hw/kT)—1]"1.

Kuznetsov, Sendergard, and Ulstrup have allowed for a spread of fre-
quencies involved in coupling to the medium [43]. Utilizing a frequency
distribution of the Debye form, they were able to fit the low temperature
branch of the C. vinosum data [13] with a medium reorganization energy of
0.2-0.4 eV. They argue that: (1) the cytochrome ¢ may be localized in an
aqueous phase; (2) membrane packing may need to reorganize following
electron transfer; (3) activationless behavior at low temperatures is related to
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the fact that the number of thermally accessible modes is proportional to the
temperature at very low temperatures.

These workers also note that frequencies associated with polarization and
conformational changes are too low to contribute significantly to the
reorganization energy (in light of the temperature-independence up to ~ 100
K. Rather, they contend, modes involving hindered translation and rotation
(50 to several hundred cm™') are important [43].

The inclusion of an intramolecular mode with hw = 400 cm ™' was neces-
sary to reproduce the high-temperature branch of the data, although the
coupling constant (S = 8-9) was somewhat lower than that found by Jortner
[40] (S = 20). This, of course, is due to the hypothesis of stronger coupling to
medium modes (in addition to the different value of AE used).

Dogonadze et al. [38] report results using not only a Debye distribution,
but also a general expression. In the limit of a sufficiently narrow distribu-
tion, the expression reduces to the transition probability for a system
considering only a single mode, as first developed by Lax [64].

Buhks et al. have suggested that the Debye model is inappropriate for
electron transfer processes [50]. These workers utilize a distribution which
roughly describes the optical normal modes of ice. The mean frequency value
used hw,, was 200 cm ™', and the width of the distribution, AAw = 200
cm~!. Using a single mode approximation for the high frequency modes,
with hw, =500 cm™', they obtain a reasonable fit to the DeVault and
Chance data [13]. However, the value used for the intramolecular reorganiza-
tion energy, E,=17500 cm™' (~ 2.2 eV) seems quite large. Further, the
value for the electronic coupling matrix element, ¥ ~ 90 cm™', which was
obtained is much larger than expected. Indeed, if this value is correct, it
would cast doubt on a basic premise of the model, that of the assumption of
nonadiabiatic behavior.

Recently, Sarai [53,54] has considered the effect of coupling to a number
of discrete low-frequency protein modes rather than a continuum of medium
modes. Unfortunately. this work is rather qualitative.

Kakitani and Kakitani have developed a treatment which accounts not
only for changes in equilibrium bond lengths, but also for frequency shifts
during electron transfer [52]. Their results are similar to those of Jortner [40],
except that AE, the energy gap, is replaced by —AG, the free energy gap.

In fact, the final expression quoted by Kakitani and Kakitani is identical
to that of Jortner (eqn. (9)), except that p is now defined as

p={AF+ Z(hij/2) + Zr_l‘,-jhAw_, (10)
J J

with 71, = (exp(hw,/kT)—1)""
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The last two terms in the expression for p account for differences in zero
point energies and free energy, respectively, due to frequency shifts in the jth
mode of the system [52]. Thus, in large part, the temperature dependence of
AG accounts for the overall temperature dependence of the rate. They are
able to fit the data of DeVault and Chance [13] using an extremely small
coupling constant, S = 0.5. As expected, a major contribution to the temper-
ature dependence comes from the variation of AG with temperature. AG
varies from —0.45 V [65] at 300 K to —0.88 V at 4 K. These workers use an
average frequency (v) =1000 cm™' for the reorganized intramolecular
modes and discount the solvent modes entirely. The high value of (v), they
contend, is supported by resonance Raman work [66] if the contribution of
solvent modes is negligible.

Kakitani and Kakitani are also able to fit the negative activation behavior
of the back electron transfer in the Rps. sphaeroides photosynthetic system
[31] with appropriate choice of parameters [52]. Further, they are able to
explain the huge difference in the forward and reverse reaction rates in the
photoexcited bacteriopheophytin [67] system. This is possible since, in their
model, S < p and thus most biological electron transfers with moderate
—AG,,, are in the so-called “inverted” region. With § = 0.5-1.0, the falloff
of rate with —AG_  (Ap) is quite steep [52].

rxn

F. COMPARISON OF THEORETICAL TREATMENTS

Given the discrepancies between the various treatments even when
evaluating identical data sets, one might well ask which theories, if any, are
more nearly “correct”. The values of the “best-fit” parameters to the C.
vinosum data using the most popular treatments are summarized in Table 1.

Column 1 lists the different values assumed for AE, the reaction driving
forces. The fact that it is not a known quantity illustrates one of the many
problems associated with biological transfers. However, a reasonable guess
for the value of AE is the difference in midpoint potentials of the species
involved, ~0.45 V [16,38,65]. While this alone does not discredit the
Hopfield [39] and Jortner [40] treatments, it certainly casts doubts on the
validity of the other fitted parameters.

Blankenship and Parson have applied Jortner’s theory to the problem
using the more *“correct” value of A E = 0.45 V [16]. They find that extremely
large coupling constants are necessary to fit the data. This leads to physically
unrealistic values for the inner-sphere reorganization energy of more than 2
V. Assuming the ~ 400 cm™' metal-ligand stretch is the primary accepting
mode, this would correspond to displacement of the iron by roughly 0.4 A
[52]. Further, as pointed out by the authors, the calculated value of H,, is
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quite large and may even contradict the assumption of nonadiabatic behav-
ior. Similar arguments apply to the treatment of Buhks et al. [50].

Kuznetsov, Sendergard, and Ulstrup [43], in accord with a more general
expression advanced by Dogonadze et al. [38]. are able to fit the data using
reasonable values of the various parameters. However, the appropriateness
of the Debye distribution in this particular case has been questioned [50]. It
remains uncertain whether this description corresponds to physical reality.

Finally, Kakitani and Kakitani have included the effects of frequency
shifts, and employed the notion of very weak coupling to a high average
frequency [52]. While the idea that essentially all biological electron transfers
are inverted cannot be rejected a priori, the few data available do not
support this notion. Additional work involving systems with different AFE
values would be useful in this regard.

From the foregoing discussion, it is apparent that many different ap-
proaches to the problem can be taken. With this in mind, the available data
concerning the quantum nature of the ET process will be examined.

G. DISTANCE DEPENDENCE

We first turn our attention to the final column in Table 1. Interestingly,
the calculated H,, values vary by nearly 3 orders of magnitude. Since this
term contains essentially all the distance information of the system, it is
obvious that at present there is no widespread agreement on the distance
scale for electron transfer. Estimates range from a few Angstroms [11] to the
100 A distance reported by Horne for electron transfer in ice [11,68,69).

As previously described in egn. (6) and Fig. 2, the dependence of electron
transfer rate on distance arises from the Gamow factor, which is incorpo-
rated into the electronic interaction matrix element. The damped exponential
form of this dependence was established 50 years ago [57], although it has
been applied to simple electron transfer reactions only recently. Conflicting
distance scales are often due to using different values for the barrier height,
V.

Hopfield [39] postulated an expression for H,, (T, in Hopfield’s nota-
tion) to account explicitly for the distance dependence of rate

T, =(2.7/(N,N,)"") exp(=0.72R) (11)

d

where R is edge-to-edge distance between m-systems (in A) and N, and N,
are the number of atoms in the 7-systems involved.

To obtain this expression, Hopfield made several important assumptions:
(1) The factor (N, N, ) '/? arises from the assumption that the wavefunction
of the tunneling electron should be spread out over the conjugated atoms. It
also allows for interaction to occur through only one atom of each #-system.
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(2) The factor 2.7 was obtained by setting the electron exchange integral at 1
eV for interaction between two carbon atoms at a typical bonding distance.
Unfortunately, nonadiabatic electron transfer is not entirely analogous to
interaction between two carbon atoms at distances small enough for bond
formation. (3) The exponential damping factor, 0.72, is a consequence of the
assumption of a 2 eV barrier height.

The estimation of barrier height is particularly important here. as it
appears in an exponential term. This barrier height. as shown in Fig. 2, is
simply the difference in vertical electron affinities of the oxidized donor and
the medium. While Hopfield uses a value of 2 V [39]. Jortner [40] postulates
a barrier height of ~ 6.4 eV.

A more recent discussion by Buhks and Jortner [46] suggests a barrier
height of ~ 3.8 eV. In reality, of course. the barrier height depends on the
electron affinity of the donor, as pointed out by Redi and Hopfield [70] and
DeVault [11]. At present, it is unclear whether any one of the estimates is
valid for any particular system of interest. It is, however, certain that none of
the proposed barrier heights is universal.

Unfortunately, there has often been a tendency in the literature to use one
of these distance scales without questioning its validity. The discrepancies
which can be caused by different parameter selection are striking

Rate o |H, |? acel~!4R Hopfield [39]
el 2R Buhks and Jortner [46]
o el m 260 Jortner [40]

Assumption of a 10 A distance between donor and acceptor, as in biological
systems, produces a 10° predicted rate differences in ref. 39 vs. ref. 40. By
comparison, the superexchange model already discussed [81] makes a quite
different prediction for the dependence of rate on V.

Since the binding energy only enters as one of many electronic coupling
terms, H,z=In(V/B). The superexchange model and barrier tunneling
models thus agree that H,, depends exponentially on distance, but strongly
disagree on the dependence of rate on electron binding energy. For barrier
tunneling, a strong dependence is expected, while for a superexchange
mechanism, a weak dependence of k(R) on V is predicted.

H. EXPERIMENTAL DISTANCE DEPENDENCE

As previously mentioned, factors such as different orbital symmetries and
spin multiplicities can also introduce nonadiabaticity. In fact. there is
evidence that reactions involving the Eu®*/*" couple may be strongly non-
adiabatic [71-73]. However, systems in which | H,,, | is measured (or inferred)
as a function of distance are far more prevalent and will be the focus of this
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section. The study of such distance dependences in homogeneous fluid
solution poses obvious problems, and most experimentalists work in systems
where diffusion is absent [74]. ,

Experiments designed to probe the distance dependence fall into two
general classes: (1) methods which involve a distribution of donor-acceptor
distances around some average value, R, (i.e. electron transfer between
two isolated molecules in a rigid matrix); (2) methods which rely on a fixed
donor—-acceptor separation, as in intramolecular electron transfer, in a
molecule containing both functionalities.

There are distinct advantages and disadvantages within each approach,
and these will be discussed in some detail.

(i) Experiments in rigid matrices

In this class, one reactant is generally present in a great excess over the
other. The assumption is usually made that the distribution of this species in
the matrix is random. Since it is present in excess, its spatial distribution
controls the average donor-acceptor separation. This distance can be varied
in a systematic way simply by changing the concentration of the excess
reactant.

Most of the work in this area has involved pulse radiolysis in an optical
glass. In particular, Miller and coworkers [77-83} and others [84-86] have
extensively studied reactions of trapped electrons with various acceptors in a
number of glasses. In these experiments, the concentration of trapped
electrons is monitored as a function of time.

Recently, reports of photoinduced electron transfer in rigid matrices have
appeared [82,83,87--89]. The situation is entirely analogous to that involved
in the pulse radiolysis work and the following discussion is applicable to
either case. First, recall equation (6), which simply states that the rate of an
ET reaction is proportional to exp(—2aR). The goal of many of these
studies is to obtain a reasonable value for a. A typical experiment involves
transfer from a photoexcited donor to a ground state acceptor in a glass. The
ET rate is measured (i.e. by fluorescence quenching or transient absorption
techniques) as a function of acceptor concentration (Fig. 5).

The data are first analyzed to obtain a “critical distance” parameter [90].
Roughly speaking, this is the distance at which electron transfer becomes
competitive with normal decay channels {82]. That is

1
kET(Rcril)

i

To

However, such long distances require that the Franck-Condon factors must
be optimized. This follows from the fact that the “critical” rate k(R)=1/1,
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is a product of electronic and nuclear frequency factors. When the nuclear
frequency factor is optimized, the electronic factor can be reduced. while still
maintaining a rapid rate. For example, for the Ru(bpy-X);** + TMPD
reaction, when AE is decreased from ~ 0.8 V to 0.2 V. R, decreases from
19 A to 12 A (1.e. maximum R). “Critical distances” for photoinduced
electron transfer range to a maximum of ca. 19 A in 10°¢ s for the
Ru(4.4'-(COO,R),bpy)3* + TMPD reaction. For longer periods (e.g. ~ 1 s
for organic triplets) distances of up to 30 A can be obtained. For this
situation, normal “Stern Volmer” excited state quenching (where /,/1 « [Q])
is not valid. Instead, I,// « exp[Q]. Sample data for a random ensemble
containing Ru(bpy)3** and MV?" are presented in Fig. 6. As shown by
Perrin, the slope of this curve gives a critical distance where A(R)=1/7,.
Such static experiments only provide information of the rate at one fixed
distance.

The value of the damping factor, a, can only be extracted from the
time-resolved emission or absorption measurements. The theoretical descrip-
tion of donor decay for the case of energy transfer to randomly distributed
acceptors in a matrix has been formulated by Inokuti and Hirayama {91]

4 N

R, ) '
o(t)=exp(—1t/7,) lim {VL exp(—m(R))RdR

Rate

Nuclear  Contiguration
AE

Fig. 5. Optical and thermal electron transfer processes. E,, represents the energy of an
optical electron transfer (vertical process) from reactants to products. E,, represents the
activation energy for a thermal electron transfer. Note, for AE =0, £, = E . panization:

Fig. 6. Diffusional masking of very fast electron transfer reactions. Although the intrinsic
transfer rate, k. may be up to ~10'* 57! observation may be limited by the collision
frequency, represented hereby the horizontal line at k,. Thus. a rate levelling effect is
predicted until A E becomes very large.
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where n(R)=(1/7,) exp(y(1 — R/R,)), y=2R a and R, is the Perrin
“critical” distance (k(R,)=1/7,). The situation is entirely analogous for
electron transfer. The essence of the problem is as follows: At t=0, the
emission probability is the same whether acceptors are present or not and
1,/1 = 1. At short times (¢ < 7,), the emission probability in the presence of
quencher is decreased due to the additional reaction pathway. At longer
times, however, the number of donors with nearby acceptors has been
depleted, leaving only donors with no close-lying acceptors. The probability
of electron transfer for each of these pairs is small, and the decay approaches
the rate in the unquenched system, resulting in a non-exponential decay
curve.

Several groups [77-89,93] have reported data for such systems. Not only
emission, calculating excited state survival, but also pulse radiolysis, calculat-
ing “anion” survival have been used for such studies. Studies of the relation-
ship between AE and critical distances have resulted in important insight
into the system dependence of a. As previously discussed, a simple barrier
tunneling model predicts that rate (or R equivalently, R_) should depend
strongly on donor binding energy ( B), since the exponential damping factor,
«a is proportional to ( B)'/2. By contrast, for superexchange, a is proportional
to In(B). In either mechanism, « is essentially independent of the acceptor
energy.

Detailed studies of photoinduced electron transfer between Ru(bpy-X)3**
and aniline derivatives in Lexan have shown that nearly identical R, values
(i.e. rate constants k( R_)) are obtained at identical exothermicity, regardless
of whether the donor energy or the acceptor energy is varied to adjust the
exothermicity [203]. This result is not consistent with a barrier tunneling
model, but is generally consistent with a superexchange mechanism. Inde-
pendent detailed studies by Krongauz and Miller on electron transfer in
MTHF glasses [204] have reached a similar conclusion. If these results are
generally confirmed, they would explain why « seems nearly invariant over
the many systems which have been examined, since a is presumed to depend
only logarithmically on donor binding energy, or (equivalently) on medium
conduction band energy. This point has been emphasized in a somewhat
different context by Sutin [205], who noted that where AE > E_, the nuclear
factor is optimized at large distance, while the electronic factor is optimized
at small distance. This trade-off results in a maximum rate at R> R, ...
Values of a experimentally obtained at optimum AE range from 0.5 to 0.8
Al (ie 2a= 1-1.6) compared to the best theoretical guesses of 0.72
(Hopfield [39]), 1.3 (Jortner [40]) and 1.0 A (Buhks and Jortner [46)). It
should be stressed that a is expected to be somewhat system-dependent.
There are several experimental difficulties encountered in studies of random
ensembles. They include: (1) The reorganization energy depends on inter-
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nuclear separation. Fortunately, this dependence is weak and is usually
ignored [93]. (2) A more subtle and serious problem is that relaxations in
glasses may occur during the time scale of observations, leading to time-de-
pendent A and AFE values. (3) #—x interactions or Coulombic repulsion
between acceptors can lead to non-randomized distributions. It is possible in
some cases to correct for this with use of the appropriate distribution
function [88]. (4) Likewise, ground state donor—acceptor complex formation
can lead to complications. (5) The value of « is quite sensitive to the fit of
the decay curve, so signal-to-noise ratios must be optimized, and several
orders of magnitude in time must be explored.

A number of studies have also appeared on electron transfer involving
reactants in micelles or vesicles [94-99]. These are interesting in themselves,
but the dynamic nature of micelles, coupled with the uncertainty in the
positioning (and partitioning) of any substrate, makes it difficult to extract
any clearcut distance information. For example, an early observation of
photoinduced long-range ET across a vesicle wall [98] was found to be in
error, and the results were later attributed to photoinduced vesicular damage
[99]. However, recent work by Hashimoto and Thomas [100] on micelles in
frozen solution (77 K) is intriguing and the data generally agree with the
distance scales found in homogeneous glasses. Finally, we should mention
quite recent studies in diffusive solution, involving ligands which isolate
donor and acceptor. Wherland has presented evidence for k & exp(—R) for
Mn RCN exchange [225].

(ii) Bifunctional molecules

(a) Inorganic systems

The second class of experiments is concerned with electron transfer at a
single, known distance. Perhaps the most widely investigated area in this
class is that of charge transfer or intervalence bands [101-103] in bifunc-
tional molecules [104-110] or biological partners [111-113]. An excellent
review of early work in mixed valence chemistry is given by Robin and Day
[101] (see also Hush {102,103]). In this section, we will be concerned entirely
with molecular systems which have been designed explicitly to probe dis-
tance effects on the rate of electron transfer. The theory discussed in this
review so far has dealt only with thermal electron transfer reactions. Even in
cases where photoexcited states were involved, the actual electron transfer
was a thermal process.

In typical bifunctional molecules, however, two possibilities exist. Thermal
electron transfer can occur as before, in addition to the process shown in
Fig. 5, optical electron transfer. This is an intramolecular charge transfer
transition and corresponds to a change in the electronic density distribution
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of the molecule. Such a transition is not a feature of the donor or acceptor
alone, but only occurs only through their electronic coupling. These so-called
“intervalence bands” typically fall in the near-IR region. The oscillator
strength of the transition is related to the strength of interaction between the
two functionalities [102,103].

The role of the intervening material in mediating this interaction has only
recently been addressed. Ample evidence for electronic “conduction” through
extended 7-systems is available, and theoretical studies have suggested that
both through-space and through-bond (sigma bond) pathways are possible
[114,115]. Experimentally, elegant work by Stein and Taube [116,117] and
Stein and coworkers [118,119] has shown that the theoretical models are at
least qualitatively correct. Using a series of 2, 3, and 4 ring dithiospiro
ligands as bridges between Ru(NH;)2* and Ru(NH,;)I* moieties, they
measured and compared the extinction coefficients of the intervalence bands.
The decrease in electronic coupling (as measured by the extinction coeffi-
cients) through the series correlated well with the number of o-bonds
between metal centers [119].

Other evidence for through-bond interaction has been reported by Pas-
man et al. [120]. These workers used a number of different ligands in
different conformations as bridges between organic electron donors and
acceptors. A key observation is the presence of an intervalence band in (1)

S

NC

N

while none was observed in the corresponding isomer (2).

NC

CN
(2)

Through-space interaction is more likely in (2) than in (1) due to the
smaller distance involved. Conversely, through-bond interaction is more
likely for (1), since the stretched conformation allows for more efficient
overlap through the o-system {114,115]. Thus, the observation of an IV band
for (1) only suggests that the through-bond interaction is more important
than the through-space pathway for these compounds.
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On the other hand, through-space interaction is implicated in the previ-
ously discussed matrix studies. In addition, Stein and Taube [116,117] have
found evidence for its importance in several binuclear ruthenium complexes.
In this report, the intensity of the intervalence band did not scale with the
number of intervening o-bonds, but rather the distance between ruthenium
centers.

The relative contributions of through-bond and through-space interactions
vary from system to system, and thus comparisons between non-homologous
systems are difficult.

A considerable amount of work, most notably by Taube [104-108], has
been done in an attempt to probe the electronic interaction in bifunctional
systems. Rates of thermal electron transfer have been measured and proper-
ties of intervalence bands have been studied in an attempt to correlate the
interaction energy with various structural parameters.

Let us consider a system consisting of a donor moiety, an acceptor moiety,
and a series of closely-related linkages designed to attach covalently donor to
acceptor with a variety of separation distances. We assume that AG,,, and
the Franck-Condon factors involved are constant.

Since the electronic coupling decreases exponentially with distance, we
would expect the oscillator strength of the IV band to behave similarly.
However, in the limit of all reactions being adiabatic, the rates of thermal
electron transfer would be identical (provided, of course, that the interaction
did not grow large enough to decrease the activation barrier appreciably). In
all cases, the “transmission coefficient”, k, would be unity. Since the
Franck—Condon factors are constant, the rates would not vary. Only in the
case of weak electronic coupling, that is, nonadiabaticity, would the rate
depend on donor-acceptor distance. Thus, both optical and thermal meas-
urements are necessary to provide information about the electronic coupling
in these systems.

Taube and coworkers [108] have extensively studied Co(II1)-Ru(1l) and
Ru(I1)-Ru(ITf) systems. Often, however, the set of systems for which ther-
mal rates could be measured was orthogonal to the set for which IV
transitions could be found [108].

Recently, Richardson and Taube [107] have reported an extensive study of
complexes of the general formula [(Ru(NH;)5),L]"" (n =4, 5, 6) where L is
a rigid bifunctional organic bridging ligand. Some 14 ligands were examined,
and all but two exhibited an intervalence band in the near IR for the
Ru(I1)-L—Ru(III) state. In general, the metal-metal interaction decreased
exponentially with the number of conjugated atoms, as expected [121].
However, the complexes are divided into two groups, those with an even or
those with an odd number of atoms between metal sites. Thus, ligands with
an even number of conjugated atoms between metals showed greater
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metal-metal interaction than those with an odd number. The slopes of the
two lines in a plot of log( H,, ) vs. number of total conjugated atoms were the
same. The results were explained through back-bonding and charge density
effects.

Further, they calculate that all ligand 7 and #* ligand orbitals contribute
significantly to the metal-metal electronic coupling, rather than only the
LUMO (or HOMO), as earlier assumed. However, if one orbital lies particu-
larly close in energy to the metal orbitals (e.g. this can be the case for
delocalized organic ions), it may dominate the contributions to coupling
[107]. Very recent theoretical work concerning the orbitals involved in
coupling has been provided by Stein and coworkers [119] and Beratan and
Hopfield [122].

Other species under investigation include Ru(II1)-Cu(I) and Co(IHI)-Cu(I)
bifunctional molecules [109,110]. An interesting report from Hurst and
coworkers [110] involves

Cu'

(HN)— Ru"— N@— )¢ cn,

When n =0 both thermal and optical electron transfer can occur. When
n =2, 3,4, or 7, one might expect the molecule to fold over, with the overlap
of the alkene bond and the pyridine moiety providing efficient electronic
interactions. However, no IV band is seen and the electron transfer rate 1s
strictly second order (intermolecular). Thus, for this system, at least, overlap-
ping w-orbitals do not provide an efficient pathway for electron transfer.
This may have important biological implications. In few systems have IVCT
bands been directly compared with thermal rates. Recently, Haim {113]
studied Co(IlI) complexes were k predicted by IVCT > k.. Clearly more
such studies would be useful.

Compared with work on IV systems, very little work has been carried out
on fixed distance thermal electron transfer in bimetallic systems. However,
several quite recent studies are noteworthy.

Iseid and coworkers have reported intramolecular electron transfer in
Co(1IT)-peptide—Ru(Il) systems [206]. Unfortunately, the rates observed in
these systems are very slow (reflecting the large inner sphere reorganization
energy of Co(II1/1I). This sluggish rate affords sufficient time for large-scale
librational motion of the peptide spacer, thereby obscuring the validity of
the “distance”.

A more rigid system has been studied by Anderes and Lavallee [207a].
While no absolute rate is assigned, it is intriguing that the hydrocarbon
spacer reduces k, relative to the collisional rate: 1, (collisional)/1, ,
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(intermolecular) is greater than 10°! Related work by Geno and Dawson led
to a similar conclusion [207b].

A quite interesting comparison between ‘“homogenous” fixed-distance
electron transfer and heterogenous fixed distance transfer at an electrode
comes from the work of Li and Weaver [208] on modified gold electrodes.
Electrodes were coated with complexes of the general form L Ru-L"°-
where the thioether tightly binds to Ru to give a packed monolayer. (In such
a monolayer, the C chain is largely extended. For equivalent work on
photochemical ET in extended monolayers, the papers of Kuhn and Mobius
should be consulted [209]). Weaver et al. find that k, is proportional to
exp(—an) (i.e. exp(—aR)) where a ~12 A~ ",

Major work has appeared within the past two years on bichromophoric
porphyrin compounds, particularly porphyrin quinone adducts.

Independently Chang, Wasielewski, Moore, and co-workers [210], have
prepared and characterized photoactive metalloporphyrin quinone adducts.
One important result of this work is that very rapid photoinduced charge
separation (~ 10" s™') can be observed when the reaction exothermicity is
optimized. An exciting corollary to this work is the production of trichromo-
phoric systems of general structure donor—porphyrin—acceptor [209,210]. In
two such systems, rapid electron transfer occurs between porphyrin and
acceptor. The resulting radical pair can recombine, with no net energy
storage. However, electron transfer may occur between the secondary donor
and porphyrin cation radical in competition with the unproductive back
recombination. As a result, an electron-hole pair is created (donor + acceptor)
separated by an “insulating” porphyrin. Thus, back reaction is strongly
impeded, (by a factor of more than 10°) and k, < 10® s~ ' [210]. Finally, we
note that in the reactions studied by Wasielewski, &, is less than k;
reflective of apparent exothermically restricted kinetics.

Loach and coworkers {130,131] have synthesized several covalently-linked
porphyrin complexes. For some solvents, at least, the fluorescence lifetimes
are shorter for the porphyrin—quinone than either the porphyrin or the
porphyrin-reduced quinone species. This is taken as evidence for an in-
tramolecular electron transfer involving the porphyrin singlet state. Fluores-
cence yield measurements and EPR data are also presented as evidence.

Finally, we consider recent work on bichromophoric systems by Closs and
Miller [211]. Using steroid spacers, these workers demonstrated that rapid
(>10* s7') long distance electron transfer could occur at closest contact
distances >10 A. A striking result of this work is the unambiguous
demonstration of exothermic rate restriction (i.e. “inverted behavior”) in the
linked systems, but not in analogous diffusional reactions. This point is
discussed in more detail in the section dealing with the “inverted region”.
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(b} Biological electron transfer

Much of this work on these relatively simple inorganic systems has been
paralleled in the field of biochemistry. For example, by looking at transient
changes in the Soret region (400-450 nm) upon illumination in the near-1R,
Hopfield and Potasek found very weak CT transitions in the cytochrome
c-cytochrome ¢ peroxidase {111] and cytochrome c-hexacyanoiron system
[112]. However, according to a later report [123], this interpretation may be
incorrect.

Gray and coworkers [125-128] have done a considerable amount of work
on electron transfer between proteins and small inorganic complexes. In one
report [125], the reactions of cytochrome c (horse heart) with Fe(EDTA)?",
Co(phen)}*, Ru(NH;)?* and Fe(CN);~ were investigated. The rates were
corrected for work terms and values for the protein self-exchange rate, &,
were estimated from the Marcus cross-relation. They found that these values
varied by a factor of about 10° for the various reactants in the order

Fe(CN),” > Co(phen); " > Ru(NH,); " > Fe(EDTA)*~

This was attributed to differences in the penetration of the protein surface
and differences in the degree of m-overlap between redox centers.

In another report, Mauk et al. [126] developed an equation for the
reaction distance in a protein self-exchange reaction:

R,=62-0.35In(k3) (13)

where R, = half the intersite distance for protein self-exchange and A7 is
the calculated self-exchange rate, extrapolated to infinite ionic strength. It
should be noted that this equation is valid only when the inner-sphere
reorganization term is small. A number of experiments involving inorganic
reactants and different proteins were performed to test the model. Distances
on the order of 10 A (heme center-to-iron center) for the reaction of
cytochrome ¢ with Fe(CN)¢ ~, a typical reagent, were calculated.

A particularly promising approach to understanding fixed site ET in
proteins is based on “coordination chemical modification”. In this vein
Winkler et al. [127a] and Isied and coworkers [127b] recently reported the
attachment of a Ru(NH;)I™ (n =2, 3) group to the histidine-33 residue of
ferricytochrome c. The protein can effectively quench the emission of
Ru(bpy)3** through an electron transfer mechanism. When the Ru(NH,)%*
is present in the + 3 state, the electrons transferred to the modified protein
partition between the Ru and Fe. The Ru(Il)-Fe(lIIl) species thus created
can undergo a thermodynamically downhill ET reaction to Ru(III)-Fe(Il).
This has been shown to occur with a rate constant kg =30+ 5 s™'. The
shortest (His-33)—(heme) distance is 10 + 1 A. Considering this separation,
the measured rate is reasonable for a reaction which is only modestly
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exothermic (E%(Fe™ /Fe')— E°(Ru™Ru")=0.11 V). The observed tem-
perature independence (from 0 to 37°C), was originally interpreted as
suggesting a small reorganizational barrier. Subsequent careful work by
Nocera et al. [129a] and independent work by Isied et al. [129b] suggest F. is
approximately 0.8 + 0.2 V.

EPR data may be of interest in estimating electronic coupling. Leigh et al.
[132] report that photodissociation of CO from cytochrome a, in cyto-
chrome ¢ oxidase causes some of the associated cytochrome a to convert to
high spin, even at 10°K. Although the low to high spin conversion is largely
prevented at low temperature, the fact that it occurs at all indicates that the
cytochrome a, and cytochrome a may be quite close together.

In a very elegant study, Okamura et al. [133] also rely on EPR data to
support their three step model of ET in the reaction centers of R. sphaeroides.
They also note that the exchange interaction from the EPR data, J, is related
to the electronic coupling matrix element, H,, by the expression

J/2=—|Hy|?/(Ex— Ey— ) (14)
One can also obtain an expression for the ET rate in terms of J

'7TE, 1/2
kee=11/20( T2 | expl~ E,/KT) (15)

k -+ and | J | are both measurable quantities, and thus a theoretical value for
E, can be calculated. In addition, these workers determined E, empirically
from the temperature dependence of the decay time. The agreement between
these two values is excellent; E, (exp)=0.67 £ 0.03 eV and E, (calc) = 0.61
eVv.

These results support current tunneling theories of ET reactions. The
system appears to be nonadiabatic and the estimated separation of the redox
centers is 7.5 to 10 A, depending on the exact model used.

Finally, the NMR of cytochrome c-cytochrome ¢ peroxidase (horse, Type
VI) has been studied by Gupta and Yonetani [134]. From the lack of
interaction, they conclude that the heme—heme distance is greater than 25 A.
Still, electron transfer in this complex is relatively facile, proceeding with a
rate constant k =2 X 10 s~ for the reaction Fe(IV) ccp: Fe(I)cyt ¢ —
Fe(Il)cep: Fe(Ill)cyt ¢ (AE ~ 0.9 V). Recent studies of a lower exothermic-
ity reaction Fe(Il)ccp: Fe(Ill)cyt ¢ — Fe(Il)cep: Fe(Il) cyt ¢) (AE ~ 0.4 V)
show a dramatic rate decrease: k, ~ 0.2 s~ !

Quite recently, general studies have appeared in which the Fe porphyrin
active site in a heme protein has been substituted by a redox photoactive
Zn(Il) porphyrin. In a prototype study, Hoffman and coworkers [124]
reported on photoinduced electron transfer from Zn(Il)porphyrin to
Fe(Ill)porphyrin in a hemoglobin derivative, «a,Zn(Il) — B,Fe(Ill).
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Zn(Il)porphyrins are substituted into the a subunits of the hemoglobin
tetramer, while Fe(III)porphyrins are retained in the 8 subunits. Photoexci-
tation yields the Zn(II)porphyrin triplet state, which decays by electron
transfer, (k. = 100 s~') to reduce the B site Fe(Ill)porphyrin to Fe(II). The
back reaction a(Zn(II)a(porphyrin™")B Fe(I)B Fe(Ill) = a,Znporphyrin
B, Fe(Il)porphyrin is partially precluded by a rapid intramolecular degrada-
tion reaction of the (Zn porphyrin) " cation radical.

A key finding of this work was that electron transfer could occur relatively
rapidly (60 s~ ') over a crystallographically-characterized long distance (20 A
closest approach between the porphyrins). Quite recently, these workers
reported detailed studies of the dependence of rate on temperature [212]. In
common with the Chance-DeVault study, activated behaviour (E,, ~ 3 kc
M ™!y was observed at high temperature, while a temperature-independent
plateau was found at low temperatures. Using the previously discussed
model of Hopfield, and the observed “critical temperature” for onset of
activated rate behaviour, the authors derive an (average) frequency of 400
cm ', and a reorganization energy of ca. 2.5 eV. This latter value appears
striking in light of the many suggestions that biological reorganization
energies should be intrinsically low (reflecting, for example, a presumed low
local dielectric constant in the surrounding protein). Independent and
simultaneous work on physiological donor-acceptor pairs has been reported
by McLendon et al. [213]. These authors have reported studies of photoin-
duced electron transfer involving metal-substituted Zn(II) cytochrome c
[214] and Zn(II) hemoglobin [215], both of which can transfer an electron to
a common physiological partner, cytochrome bS5.

As shown in Fig. 7, the heme active sites are well separated (10 A:
edge—edge) in these physiological adducts. However, the donor—acceptor
distance in the Zn(III)Hb /Fe(1I1)bS system is shorter in aZn(I1l) BFe(11I)
hemoglobin. In light of the previous discussion, a faster rate is anticipated
for the Zn Hb /b5 system and this is observed: k, = 6 X 10° s~ for electron
transfer from Zn(1I) Hb to Fe(III) cyt b5 within the specific, noncovalent
complex formed by these proteins.

However, a surprising result is found for electron transfer from Zn(1I) cyt
c to Fe(IIl) cyt bS [215]. Cyt c/cyt b5 form a strong specific noncovalent
complex which is believed to be strongly homologous to the Hb/cyt b5
complex [216]. The active site separation (10 A) orientation (parallel hemes)
and intravening protein media are very similar for both the Hb/cyt b5 and
cyt ¢/cyt b5 couples. Nonetheless, photoexcited *(Zn(Il)cyt ¢) transfers an
electron to cyt b5 with k., =3 X 10° s~'. This rate is 500 times faster than
the corresponding rate for the cyt bS5 system! It is clear that nature is a more
subtle designer than might be anticipated from the small molecule studies
discussed thus far.
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Fig. 7. Proposed structure of the cytc/cytb5S complex (courtesy T. Poulos, Genex). Closest
heme-heme distance is ca. 8 A.

Fig. 8. Plot of rate vs. AG for a series of metal substituted cytc/cyt bS complexes.

The ¢ /b5 system offers a particularly useful model for testing the depend-
ence of intraprotein electron transfer rates on A E. One result of such studies
[215] is presented in Fig. 8. From this work, it appears that E. ~ 0.8 V, much
higher than anticipated by theorists [218] who assume a minimal (e = 2)
protein dielectric. It is not clear where the theoretical calculations err [219].
However, in the few cases so far examined, E, is invariably large for
protein—protein couples. Understanding and extending these results should
pose interesting problems for theorists and experimentalists alike.

The few studies thus far reported in structurally characterized biological
systems are compiled in Table 2. Initially some aspects of these studies seem
confusing. For example, in the Fe(Ill)cyt c-His33-Ru(II)(NH;); derivative,
the electron transfer occurs over a nominal distance of 10 A, comparable
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TABLE 2

Some rates of intramolecular biological electron transfer reactions

System E® R(A) ks ") Ref.

Fe''eytb, /Fe'"lcyte 0.2 8 *(16) 1.5x10° b

3chytc*/Fe'”b5 0.8 8 3x10°

*H,porfc* /Fe''b, 0.4 8 1x104

chytbS/Fe'”cytc 1.1 8 4x10°

H,porfc "/Fe'"'b, 1.1 8

Fe'''b, /Fe''"Hb 0.05  8(16) 0.01 ¢

ZnHb /Fe'"'b, 0.9 8 g§x10° d

Znb, /Fe'"Hb 1.0 8 2x10° ¢

« Zn B Fe'"Hb 09 20 100 ¢

Fe'Yeep(ES)/Fe'leyte 09 16(24) 2x10° f
ccp(ES)/Zn"cytc 04 16 2 £
cep(ES)/H, porfeyte 0.1 16 4x107° &

Fe''ecp/Fe'leyte 04 16 0.25 h

Fe'""eep /porfeyte” 1.0 16 180 h
ccpES /protein radical (TRP) 0.1 ? 0.1 '

}Zncep* /Fe'''c 0.8 16 200 :

Fe''cyte, /Fe'leytc 0.1 ? 50 !

Fe'leyte /eyt oxidase 0.1 12(20) > 700 k

eyt ¢, (D. Gigas) 006 4 > 104 10™

Have evie SS3( flavin - > heme)

Ruthenium substituted proteins

(NH;)s;Ru His 33 cytc 015 11(17) 40 "
(NH);Ru His azurin 02 10 2.5 ©
(NH;);Ru His Mb 0.05 13(18) 0.02 P
(NH;);Ru His ZnMb ~08 13 2x10° 4

* Number given is closest edge—edge distance ((Fe—Fe) center—center distance).

P G. McLendon and J.R. Miller, J. Am. Chem. Soc., 107 (1985) in press.

¢ G. McLendon, J.R. Miller and A.G. Mauk, to be published.

4 K. Simolo, A.G. Mauk, M. Mauk and G. McLendon, J. Am. Chem. Soc., 106 (1984) 5013.
¢ S. Peterson-Kennedy, J. McGourty and B. Hoffman, J. Am. Chem. Soc.. 106 (1984) 5010.
" T. Yonetani.

& K. Taylor and G. McLendon, J. Am. Chem. Soc., submitted.

b K. Taylor, E. Chaung, A. English, J. Miller and G. McLendon, Proc. Nat. Acad. Sci.. in
press.

" P. Ho, G. Sutoris, N. Wang, E. Margolish and B. Hoffman, J. Am. Chem. Soc., 107 (1985)
1070; B. Hoffman, P. Ho, Soloman, K. Kang and E. Margolish, Biochemistry, 23 (1984) 4122.
) Evidence suggests the rate i1s limited by a conformational change.

X M. Cusanovich and G. Tollin, Biochemistry, 21 (1982) 3122.

' H. Sautos, I. Moura, J. Legall and A. Xavier, Eur. J. Biochem., 141 (1984) 283,

™ M. Cusanovich and G. Tollin, Biochemistry, 21 (1982) 842.

" D. Nocera, J. Winkler., K. Yocum, E. Bordignon and H. Gray, J. Am. Chem. Soc.. 106
(1984) 5145: S. Iseid, C. Kuehn and G. Worosila, J. Am. Chem. Soc.. 106 (1984) 1722.

® N. Kostic, R. Margolish, C. Che and H. Gray, J. Am. Chem. Soc., 105 (1983) 776S.

P R. Crutchley, W. Ellis and H. Gray, J. Am. Chem. Soc., in press.

9 A. Axup, R. Crutchley and H. Gray, to be published.
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NRuT(NH,), L

1:L'= NH3,py, 3CI pyr

Fig. 9. General formula of a new class of bifunctional porphyrin-Ru(IIT) ammine complexes.

with that in the Zn(Il)cyt c/cyt bS system. However, electron transfer from
His33-Ru(II)(NH;), to the cyt ¢ heme occurs with a rate k,, ~ 30 s ', while
transfer from *(Zn*cyt c) to Fe(III) cyt b5 occurs with k., > 10° s™'. Does
this enormous rate difference over the “same” distance disprove the theories
discussed? In fact, much of this rate difference may be anticipated.

A subtle problem in the definition of “distance” may contribute to such
rate differences. When an electron is transferred from Ru(Il), is the ap-
propriate distance the 10 A closest contact distance from His33 to the
porphyrin edge, or is it the more than 16 A distance from the Ru atom to the
Fe atom? The shorter “ligand-to-ligand” distance is likely to approximate
closely the actual ““through-space” distance of the electron transfer process.
However, this approximation is not rigorously correct, since the wavefunc-
tion of the electron donor is largely localized on the Ru(ll) metal center.
Delocalization to the “closest contact” imidazole of Ru is incomplete. Thus
electron transfer from the imidazole site might best be “down-weighted” by
the (percentage excess) electron density at that site. Some support for this
idea comes from studies by Franco et al. [220] who have prepared porphyrins
substituted by Ru(III}NH,); pyridine (Fig. 11). Studies of these molecules
show that even when exothermicity is optimized, the electron transfer rates
for the Ru derivatives are far smaller than for homologous quinone or
viologen adducts. The simplest explanation for this difference is that electron
transfer to the organic acceptors is adiabatic, but transfer to the Ru
derivative is nonadiabatic, consistent with poor porphyrin—Ru overlap. If
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this observation and explanation can be generalized, then the appropriate
distance for electron transfer in substituted cyt ¢ is R ~ 16 A.

Another aspect of the dependence of rate on distance may be peculiar for
proteins. Consider the dependence of rate on distance, as embodied in the
superexchange model already discussed. For any “normal” ensemble, (i.e. a
Euclidean embedding space) the number of superexchange couplings will be
directly proportional to the donor-acceptor distance. However, perhaps
proteins are not Euclidean objects? It has shown [221] that for spin ex-
change, coupling occurs as if proteins have a reduced dimensionality; i.e. site
occupancy is proportional to R'* not R?!' Such “fractal” dimensionality
commonly occurs for highly complex, tortuously twisted structures (like
proteins). Spin exchange is, of course, highly analogous to electron exchange.
It may prove interesting to determine whether the ““fractal” dimensionality
of proteins is important in the context of protein electron transfer reactions.
If so, a weaker distance dependence might be observed for protein electron
transfer than for electron transfer involving equivalent donors and acceptors
in a conventional solvent. Another final possible contributor to rate dif-
ferences in various protein derivatives may arise from the dependence of rate
on donor e¢lectron binding energy. For barrier tunneling, a shift in binding
energy from 3 V for Ru to 1 V for *(Zn(I)porphyrin)* would result in a rate
change by a factor of more than 100. However, the previously cited studies
which show a weak dependence of rate on binding energy cast doubt on this
possibility.

Several points in the Table merit particular attention. First, almost all the
studies cited are less than two years old. Second, at equivalent distances,
rates are quite sensitive to exothermicity. Finally, the unimolecular rates
observed under conditions of complete complex formation are significantly
slower than anticipated from the bimolecular rate constants. Furthermore,
the bimolecular binding constants inferred from steady state measurements
are far higher than equilibrium binding constants measured under equivalent
conditions. These observations together suggest that there are underlying
mechanistic complications in these protein—protein electron transfer reac-
tions.

1. INVERTED REGION

Both classical and quantum mechanical theories of electron transfer
predict a rate fall-off at very large AE. Simple Marcus theory [1-10], for
example, predicts a quadratic dependence (with a maximum at AF =E,)
since E,.,=(AE — E,)?/4E, (equation (5)).

Later quantum theories [38-56], accounting for nuclear tunneling and
reaction into excited vibrational states of the product, predict a slower
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fall-off with A E. This effect can be qualitatively discerned by looking at Fig.
4. The nuclear barrier is thinner in the “inverted” region (AE > E,) than in
the “normal” region. Hence, nuclear tunneling makes a larger contribution
to the rate in this region, leading to slower drop-off. Despite these predic-
tions, the experimental evidence for inversion was quite sparse until recently
[71,135-148].

A fairly common observation in diffusional systems is that rate “levels
off” at high AE. This was reported, for example, in the pioneering study of
Rehm and Weller [145]. They [145,146] and others [71,135-144.,147,148] have
attempted to fit the data using empirical free energy relationships. Of course,
without understanding the relevant chemistry, the value of such empirical
relationships is questionable.

There are several explanations for the lack of inverted behavior. These
include:

(1) Formation of excited state products. When AFE is very large, the
product can often be formed in an electronically excited state. This opens a
new reaction channel with a less favorable AE (and hence faster theoretical
rate). In fact, the mere formation of excited products has been taken as
evidence for inversion [149.150].

(2) Formation of vibrationally excited products [150-152]. Arguments
here are similar to those in (1).

(3) Anincrease in H, as AE increases. Although the value of the nuclear
term is predicted to decrease in the inverted region, the electronic term may
increase. This occurs because the barrier height, V' (see equation (6), Fig. 2),
decreases as AE becomes large. The magnitude of this effect is uncertain.
However, it should only occur in systems involving nonadiabatic ET. (Rates
of adiabatic reactions do not depend explicitly on H,,.)

(4) Diffusional masking. When the electron transfer rate in the precursor
complex becomes very fast, it is no longer the rate limiting step. Rather, the
diffusion of the two reactants to form the complex is the slow step. Thus,
one cannot detect a rate drop-off in such a system until & drops to a value
less than k4 and a “leveling off” is observed (see Fig. 6). This effect is
amplified by the distance dependence of electron transfer. At high AFE,
reaction can take place over large distances. This effect modifies the conven-
tional diffusion theory, and in effect results in a particularly wide diffusional
masking regime. Recent discussions of this diffusional complication with
supporting data can be found in work by Mauzerall [223], Sutin [205], and
Miller et al. [156]. Because of these difficulties, examples of inverted behav-
ior in solution reactions are quite rare.

One apparent example of inversion in solution involves quenching of
Ru(LL)}* (LL =2.2"-bipyridine or 4.4-dimethylbipyridine) by M(LL);*
complexes (M = Ru, Os, or Cr) as reported by Creutz and Sutin [153].
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However the inversion here is much smaller than that predicted by theory.
The inverted region was also implicated in the reaction of e, with Ru(bpy)3*
[154]. In this work, it was found that nearly all of the reaction produced
excited states of Ru(bpy)3* (AG,.,cion = — 1.93 V for CT Ru(bpy)3*) rather
than the ground state (AG,.,.jon = —4.0 V).

Complications due to the formation of excited state products can be
avoided by studying systems which lead only to products with no low-lying
electronic states.

The problem of diffusional masking can be eliminated by working in a
rigid matrix. Indeed, some of the best evidence for inversion comes from the
pulse radiolysis studies of Beitz and Miller [77,156], who observed a rate
reduction of more than 10° between AE= —1.1 Vand AE= —3.0 V. These
workers studied electron transfer to various electron acceptors in 2-methyl-
tetrahydrofuran (MTHF) at 77 K. By measuring the survival probability of a
trapped electron vs. time, they found relative rates of electron transfer for a
long list of acceptors. Benzonitrile (AE = 1.1 V) had the fastest rate, while
the relative rate for benzoquinone (AE =3.0 V) was 3 X 10™¢ (compared
with benzonitrile). By considering the formation of excited states for some
acceptors, the scatter in their data is greatly diminished, and an “inverted
region” is implied. It is possible that differences in the reorganization
energies of each species could shift some of the points around, but it is
unlikely that there would be any great differences. Thus, these data, at least
qualitatively, point to inverted behavior.

One problem in studies using matrices has been briefly addressed by both
experimentalists [155,156] and theoreticians [157-159]. This is the necessity
of considering not only the energetics of solvent reorganization, but also the
dynamics. If the solvent cannot completely reorganize during the time frame
of an experiment, the product remains in an unfavorable environment. Van
Duyne and Fischer [159] contend that this corresponds to a decrease in
reaction exothermicity. Hence, A E depends on the degree of solvent relaxa-
tion and is a function of time. Alternatively, the increase in viscosity can be
considered to cause a change in the medium reorganizational energy. In any
event, since there are many different reorganizational modes, all with differ-
ent relaxation rates, the situation can become quite complex.

Another way to avoid diffusional masking is through studies of bifunc-
tional molecules, similar to the linked donor-acceptor systems mentioned
earlier (distance dependence section). The only difference here is the use of a
single linkage with substitution of various closely related donor-acceptor
pairs to alter AG. Many of the synthetic and experimental problems dis-
cussed earlier apply here, although some are less serious, since only relative
rates are important and parameters such as absolute distance need not be
known (so long as they remain constant for all donor-acceptor pairs.)
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Strictly speaking, the various donor-acceptor pairs should be as homologous
as possible in order to ensure that all parameters (e.g. £,, H_,. R) remain
relatively constant.

A very interesting experiment which avoids comparisons in a series of
compounds has recently been performed by Miller [160]. The principle
behind this experiment is that the onset of inversion depends not only on
AE, but on the relative magnitudes of AE and E, (eqn. 5). Thus, one should
be able to detect inversion by simply changing solvents (and hence E,) while
keeping the reacting partners unchanged.

Miller’s system consisted of a biphenyl moiety and a 1.4-benzoquinone
moiety separated by a rigid steroid bridge. Using pulse radiolysis, a charge
could be created on either end of the molecule. When the biphenyl group
was initially reduced by the pulse, a secondary reaction was observed. This
corresponds to the very exothermic (AE =2.0 V) transfer of the excess
electron from biphenyl to the quinone group. It was found that the driving
force was identical in the solvents 2-methyltetrahydrofuran (MTHF) and
isooctane. On the other hand, E, is expected to be much smaller in isooctane
than in MTHF due to the lower polarity of the former. Thus, if the reaction
is inverted, it will be slower in isooctane than MTHF. This is exactly what
Miller observes, the measured half-lives being 7 ns in MTHF and 400 ns in
1sooctane [160].

Other data supporting inversion have been reported in reactions of anion
radicals [161] or hydrated electrons [162] with micelle-trapped organic mole-
cules. Unfortunately, AE values in these systems are relatively uncertain.

In conclusion, while inversion is rare in collisional reactions, due to
diffusional masking, strong evidence exists for inversion where donor—accep-
tor distances are fixed.

An interesting application of kinetic inversion has been reported by
several groups studying photoinduced change separation in porphyrin
quinone systems [210]. In one elegant study Wasielewski showed that when
AE for back reaction was far greater than both AE for the forward reaction
and E,, then k;>k, [210b]. This happy circumstance allows design of
trichromophoric systems which produce long-lived charge separation.
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J. TEMPERATURE STUDIES

As mentioned previously, quantum effects can be expected to manifest
themselves in the temperature dependence of ET rates. Activated behavior at
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higher temperature, coupled with activationless behavior at lower tempera-
ture is highly suggestive of nuclear tunneling.

Let us first explain events which occur during photosynthesis. The bacterial
photosynthetic reaction center consists of the following parts (we borrow the
notation of DeVault [11] for clarity):

p—primary electron donor, a dimer of bacteriochlorophyll (BChl);
I—intermediate electron acceptor;

A—*“primary” electron acceptor, possibly an iron-quinone complex;
Q—secondary electron acceptor, a quinone;

C-—secondary electron donor, a cytochrome.

There may be several types of species Q and C involved.
The system can be thought of as originating in the state C-P-1-A-Q
with the following reaction sequence:

C:P:I1-A-Q

~10ps [163-165]

~100 ps[163,165]
C'P.1:-a-0Q
~1ps [13,14.166]
Fpe1-a-a

50 us to 1ms [167]

'
C-P+I+A-Q

Green plants have two photosystems, PS-I and PS-II, which will not be
discussed here. It will suffice for our purposes to note that the green plant
photosystem I is similar to the bacterial photosystem. More detailed infor-
mation can be found in works by DeVault [11], Govindjee [168] and Barber
[169].

To date, many biological systems which exhibit low temperature rate-
levelling effects have been studied. Some early reports of this effect arise
from the work of Chance and Nishimura {170], DeVault and Chance [13],
and DeVault et al. {171].

The particular reaction studied in these early reports was the reduction of
the primary electron donor by the secondary electron donor, or the step
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Fig. 10. Temperature dependence of the cytochrome oxidation in C. vinosum. This figure is
adapted from ref. 11.

C-P"—> C* P in the sequence above. Generally, the rate was measured
through detection of the oxidized cytochrome.

Chance and Nishimura [170], working with Chromatium, observed photo-
induced oxidation of cytochrome at both 300°K and 80°K. The total
absorbance change was less at 80°, (although still quite substantial), but the
reaction half-time was unchanged. The subsequent dark reaction, re-reduc-
tion of the cytochrome, occurred only at 300° and was completely absent at
80°K. Later results of Chance and coworkers [13,171] provided full rate vs.
temperature data down to 44 K (Fig. 10). The data correspond to an
activation energy above 130 K of 3.3 kcal mol ', while for T of less than
100°K, E,. < 4 cal mol~'. These coworkers contend that the slowness of the
reaction indicates the existence of a barrier, while the lack of activation
energy (at low temperature) indicates that the system does not pass over the
barrier classically.

Chance et al. [13,171] suggested that an electron tunneling mechanism was
operative. Subsequent discussion in the literature focused on the height of
the barrier, its physical meaning, and the distances over which an electron
could travel. Following earlier suggestions of Levich and Dogonadze [36]
and Sutin [8], it gradually became clear that nuclear tunneling rather than
electron tunneling, was responsible for the temperature independence. While
the electron may be tunneling, its behavior does not affect the temperature
dependence of the rate. As previously mentioned, the electron may tunnel
only between isoenergetic states. Since this occurs only in the vicinity of the
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crossing point in Fig. 1 (which represents nuclear positions) it is obvious that
nuclear motion must accompany electron transfer. Further, it is likely that
this nuclear motion controls the temperature dependence of the rate. The
activationless portion of the plot is attributed to the fact that this nuclear
motion may occur by (nuclear) tunneling, and this process is essentially
independent of temperature.

In C. vinosum, there are two types of cytochrome which can normally
donate electrons to P*. However, only the ‘“low-potential cytochrome”
(more easily oxidized) was found to react at low temperatures [172,173].

Although C. vinosum exhibits cytochrome oxidation even down to 4 K, R.
sphaeroides, Rhodospirillum rubrum, and Rhodopseudomonas capsulata do not
undergo this reaction at 77 K [11]. Kihara and Chance {14] have reported a
number of species which do exhibit cytochrome oxidation at 77 K. Unfor-
tunately, however, they did not report any quantitative data concerning the
temperature dependence of the rate.

In other studies, cytochrome oxidation is shown to occur at low tempera-
ture, and full rate vs. temperature data is provided. As in C. vinosum [13] the
low-temperature branch of the plot often indicated a negligible activation
barrier at temperatures below 140 K. Reports include those of Seibert and
DeVault [174], Dutton et al. [30], and Kihara and McCray [175].

K. REVERSE REACTION

When the secondary acceptors (quinones, Q) or secondary donors (cyto-
chromes, C) are removed (or otherwise deactivated) from a biological system,
a frequent observation is the lack of long-lived charge separation. The state
transiently produced, P*-1- A", returns to the ground state, P-1- A, by a
“reverse reaction”. (Other reverse reactions, such as P*- 1> P-1"or P*- -
A-Q = P"-1-A”Q are possible, but less work has been done in these
areas. Thus only the reverse ET from A~ to P* will be discussed here.) This
reverse reaction has been extensively studied in bacteria {28,29,31,32,
176-178], and again it is found that the rate is activationless at low
temperatures. This additional support for nuclear tunneling theories is
interesting in itself, but there are several other important features which
should be discussed.

First, it must be remembered that this reverse reaction does not normally
occur (to an appreciable extent) in vivo. In fact, the sluggishness of this
reaction is critical for the high efficiency of electron transport normally
achieved by photosynthetic systems. If the reverse reaction were to occur
readily, the light energy would simply be converted into heat energy (through
phonon coupling) rather than into chemical energy through oxidation-re-
duction reactions (charge separation). However, in vitro studies of model
systems have failed to reproduce the slow rates of the in vivo systems.
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Several reasons for the slowness of this reaction in vivo have been suggested:
(a) Inverted behavior, since typically —AG,., > AG;, .y .u4-

(b) H,, changes, since the orbitals involved in the forward and reverse
reactions are different. Also, orientation effects may be important.

(c) H,, changes due to a lengthening of the separation distance between
reactants which occurs after the forward reaction.

(d) Coupling to specific protein modes “tunes” the system for efficient
energy level matching in the forward direction only, as suggested by Sarai
[53.54].

These points may be evaluated in light of the available data. Point (a)
alone does not seem to explain the failure of the model systems to reproduce
the slow rates found in vivo. Evidently, reducing the complexity of the
system changes either AG, E, or H,, for the reverse reaction. A change in
protein conformation, for example, could conceivably explain the unex-
pectedly fast rates in model systems.

As for point (c), it is difficult to understand how the distance between
reactants could change appreciably in a rigid medium in the time scale of
these experiments. However, a change in H,, could still occur by mechanism
(b).

Finally, coupling to specific protein modes (d) is an interesting possibility.
These modes are reasonably well-spaced and do not represent a continuum
as in homogeneous solution. Thus, while isoenergetic donor—-acceptor levels
are available in the forward case, matching may not easily occur in the
reverse direction. Unfortunately, the presently available information con-
cerning the reverse ET is insufficient to unravel the details of its mechanism.

A second interesting aspect of the reverse reaction involves the rate
behavior in the activated region. This reaction exhibits an apparent negative
activation energy, the rate decreasing with increasing temperature (Fig. 8).
Theoretically, as pointed out by several authors, this can occur if the product
potential surface intersects the minimum of the reactant potential surface
(AE = E_, Fig. 4). Such a reaction, although often referred to as “activation-
less”, can exhibit a small negative activation barrier at elevated temperatures.
However, activationless ET processes are normally quite fast, so the slowness
of this reaction (in vivo, at least) points to the existence of a barrier and
tends to discredit the above explanation.

Other explanations have been advanced:

(a) Variation of donor-acceptor distance with temperature.
(b) A competing reaction channel with different E,.
(¢) Coupling to protein soft modes.
(d) Frequency change during electron transfer, causing a temperature-de-
pendent AG,,, (as suggested by Kakitani and Kakitani [52]).
Again, it is not obvious that the distance can change significantly in rigid
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Fig. 11. Temperature dependence of the kinetics of the reverse reaction between P* and A~
in Rps. sphaeroides. This figure is adapted from ref. 16.

media, as suggested in (a). Further, one would expect such a change to affect
the forward rate as well. This is not observed. A competing reaction channel
may exist (b) but no evidence for this has been reported. Suggestion (c)
implies that coupling to protein soft modes in the reverse reaction causes the
efficiency of energy level matching to decrease as the temperature increases.
Reaction from vibrationally excited states would be less favorable than from
the ground (or low) vibrational states. Finally, explanation (d) points out the
possibility of a change in entropy during electron transfer dominating the
effect of temperature on rate. More work is needed to establish the cause of
this unusual behavior with certainty.

In summary, there have been many attempts to explain the overall rate vs.
temperature behavior of both the forward and reverse reactions of various
biological systems. Most of the explanations attribute the break in the curve
and the leveling off of the rate at low temperature to the onset of nuclear
tunneling, as discussed in detail in the theoretical section. Nearly all of the
discussion in the literature has focused on nuclear tunneling as the cause of
such behavior. There is, however, evidence that other explanations need to
be considered carefully before settling on nuclear tunneling as the only
solution. Some of this evidence is presented below. Explanations of these
rate vs. temperature curves which do not invoke tunneling will also be
presented.

Hales [179] has suggested that the biological temperature dependences are
caused by expansion or contraction of the components. He uses a coefficient
of linear expansion for the proteins to fit the C. vinosum data (and the data
for the back electron transfer from primary acceptor to donor in R. rubrum).
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According to Hales, the “break” in the curves is due to discontinuity in a,
which can occur when the binding of the medium suddenly changes at a
given temperature. He supports this notion by presenting data from the
literature in which the critical temperature T, is nearly always ~ 150 K.

Since the critical temperature for most proteins is so similar, it is difficult
to understand why the values obtained by Hales for expansion coefficients
are so different (differing in sign as well as in magnitude). In addition, while
the R. rubrum data can be matched with a change in transfer distance from
28 A (at 0 K) to 31 A (at 300 K), the C. vinosum data requires distances of
36 A (at 0 K) and 20 A (at 300 K). This seems physically implausible.

Blumenfield et al. [180] have studied the reduction of adrenal ferredoxin
as a function of temperature using ESR. The protein was reduced at 77 K,
then, following a temperature jump, the ESR spectrum was monitored. The
spectrum became constant after several minutes. Below about 140 K, in
95/5 H,O-ethylene glycol, no changes were observed. At higher tempera-
tures, large changes were seen in the ESR spectra, which leveled off above
210 K. In 50/50 water-ethylene glycol, the transition to high temperature
behavior began at ~ 200 K rather than 140 K and was much sharper. This
work tends to show that (1) at least some reorganization is totally “frozen
out” at low temperature, and (2) the exact behavior of a system depends on
solvent.

In a recent Mossbauer study on R. rubrum, Parak et al. [181] found that a
new channel of motion which is attributed to fluctuations between confor-
mational substates, began to contribute above 170 K. It is interesting that a
similar dependence on temperature was observed for the efficiency of
photoinduced electron transfer in this species.

Hiltner et al. [182] studied the dynamic mechanical relaxation of several
polyamino acids as a function of temperature. They found three relaxation
maxima and while two occurred at T values above room temperature, the
third was at 105-135 K, possibly due to the freezing out of side-chain
motions.

Very recent temperature studies of electron transfer between simple
inorganic reagents in glycerol also yield temperature-dependent activation
energies, although the “break™ in the curve is not sharp [183]. The results
suggest that the ET rate vs. temperature behavior is controlled, at least in
part, by the changing dynamics of solvent reorganization rate. In other
words, at low temperature, the solvent reorganization rate is slow on the time
scale of the experiment. The ET process thus produces a pair of species in an
unfavorable environment, and the effective AE for the reaction is not the
equilibrium value, but is a function of time (see section on inversion).
Whether a change in solvent (or protein) dynamics is responsible for the
reported biological temperature dependences is open to question.
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In short, a relatively large body of data, most of it from biological
systems, exists concerning the temperature dependence of ET reactions.
However, due to the complex nature of the systems, care must be taken in
interpreting the data. Biphasic behavior was often observed and results
varied not only with the particular species involved, but with the method of
sample preparation as well. At present there is incomplete agreement on the
origin of the observed temperature dependences.

L. ISOTOPE EFFECTS

The discrepancies among the theoretical treatments of nonadiabatic ET in
part reflect the complexity of biological systems since key parameters (AE,
R, etc.) are often essentially unknown. For this reason, studies of simple
small molecules may clarify certain aspects of the ET description. De-
termination of kinetic isotope effect (KIE) ratios is one approach.

Isotopic substitution on small inorganic complexes can often be a simple
matter (e.g. Fe(H,0)27/?* and Fe(D,0):*/**) and leads to changes in the
zero-point energy and (metal-ligand) stretching frequencies of the mole-
cules. Both the height of the classical nuclear barrier and the width of the
nuclear tunneling barrier are changed (see Fig. 12). Thus, rate differences are
expected. In an early paper, Ulstrup and Jortner {41] discussed this point
and predicted an inverse isotope effect (ky;/kp<1) when AE<E, and a
normal isotope effect when AE > E .

Indeed, an inverse isotope effect has been observed {184]. Zamaraev and
coworkers report an isotope effect of 0.4 for the reaction of excited (S,)
naphthalene (vs. d¢-naphthalene) with CCl, in vitreous solution at 77 K. No
effect of solvent deuteration was found [184].

Nuciear  Configuration

Fig. 12. The effect of isotopic substitution on the barrier width for nuclear tunneling. The
heavier isotope corresponds to the thicker barrier a.
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Other early work has involved the measurement of isotope fractionation
ratios. DeChant and Hunt studied reactions of (Cl)Cr(H,O)NH,)3* with
both *H,0 and Cr(Il). They obtained isotope effect ratios for '*OH, vs.
"OH, (ligand, rather than solvent substitution) of 1.017 for the trans
complex and 1.007 for the ¢is complex. They suggested that a tetragonal
distortion was occurring during the reaction [185.186]. Both "*N vs. °N and
10 vs. '""O fractionation ratios in the reaction of Cr(II) with Co(NH;)
(H,0)** were studied by Murmann et al. [187].

Diebler et al. [188] investigated the reaction of various reductants with
(NH,);Co(OH,)?" and (NH,);Co(OH)**. They report isotope effects of
1.021 for the reaction of Ru(NH;):* with the aquo species, and 1.017 for its
reaction with the hydroxo species. The behavior of V?* and Eu®* was similar
to that of Ru(NH,)Z*, while the ratio for the reaction of Cr(Il) with
(NH,)sCo(OH)** was much larger, 1.046. Interestingly, when EDTA com-
plexes of Fe?*, Eu®* and Cr?* were used as reductants, these workers found
fractionation ratios near unity [188]. Whether this is due to a decrease in the
inner-sphere reorganization energy caused by the tetradentate ligand is
unclear.

These early investigators all evaluated the data qualitatively as resulting
from a change in bond length which occurs during electron transfer. Of
course, great care must be taken in comparing rate ratios when the mecha-
nism is unknown. In much of the early work, an inner-sphere mechanism is
possible. We will concentrate here only on isotope effects in known outer-
sphere type electron transfer reactions.

There are several studies of KIE in biological systems. Kihara and
McCray [175] investigated both oxidation and reduction of cytochrome ¢ in
several photosynthetic bacteria. They report 7, , ratios of 1.25 to 1.56 for
D,O substitution of H,O in whole cells and mitochondrial membrane
fragments (the D,O systems exhibit longer 7, ,, times). They suggest that
electron transfer “takes place via the effective diffusional transfer of a
hydrogen atom through a water bridge”.

These workers also investigated the temperature dependence of the rates
from 300 K to 77 K. They found an activationless region from 150 K to 77
K. and activated behavior ( E, ~ 2.1-2.3 kcal mol™") from 150 K to 300 K.
The qualitative response of the system to temperature does not change upon
substitution of D,0 for H,0, but the 7, , values are increased by a factor of
1.3-1.4 throughout the entire temperature range [175]. Finally, the effects of
using mixed solvents consisting of ethylene glycol, glycerol, and p-dioxane
were studied, and it was concluded that there is no viscosity dependence of
the rate.

In reporting their results, Kihara and McCray make special note of the
fact that the measured isotope effects were ~ 2'/2. Actually, the values
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ranged from 1.25 to 1.56 and there may be no real significance to the exact
factor 2'72. This has also been pointed out by Ilan et al. [189] who studied
cytochrome ¢ oxidation and reduction, using both pulse radiolysis and
temperature-jump methods. They found no KIE in the cyt c reduction by
0O;, CO, or Fe(CN)¢~. For cyt ¢ oxidation, biphasic behavior was seen.
Isotopic substitution of D,0O for H,O did not affect the fast stage, but KIEs
of 1.25 + 0.2, depending on conditions, were found for the slow phase.

Later work by Kihara and McCray suggests that the reaction cannot be
interpreted in terms of a simple bimolecular process [190]. Considering the
possibility of a ferrocytochrome c/ferricyanide complex and analyzing the
data in order to separate the ET rates from the effect of ferricyanide binding,
they obtain k,/kp=1.37 £ 0.07.

Recent theoretical work from Jortner’s group implies only a normal
isotope effect should be found and makes several explicit predictions:

(a) The kinetic isotope effect (KIE) is a maximum at AE =0 and falls off
with increasing A E until falling to a minimum (ky/kp~ 1) when AE=E..
(b) The value of the KIE increases when AE > E._.

(¢) (ky/kp) is temperature-dependent, being larger at low temperature over
some accessible temperature range. (k/kp) is predicted to be proportional
to exp(aT™*). (However, more careful examination reveals that the magni-
tude of the prefactor will make this temperature dependence negligible.)

Buhks et al. [191] attempted to fit the data of Zwickel and Taube [192] to
the Cr(bipy)3"—~Co(NH,);" reaction using the available data on Co
(NH,)2*/** bond lengths. The predicted value of ky/kp=1.12 lay well
below the value of 1.36 found by Taube, and the participation of high-
frequency “frozen” N-H modes was suggested. However, this reaction is not
strictly second order, and is in fact quite complicated {193-195]. While it is
still possible that.the value reported by Taube corresponds to the second
order portion of the reaction, further analysis is necessary.

Guarr et al. [196] have studied reactions of hexaaquo Fe(ll) with various
oxidants and have found reasonable agreement with the above predictions.
In addition, these workers have investigated some of these reactions using
Fe('"*OH,)2* as the reductant. It is interesting to note that the k,,/k4
values obtained were generally less than the k, /k ratios, which may
indicate a small role for high frequency O-H “frozen” modes.

In 1975, Itzkowitz and Nordmeyer [197] found ky/k ratios of 1.02 to
1.60 for reduction of pentaammine cobalt(IlI) by Cr(II) and U(II). These
results have not yet been interpreted quantitatively in light of the recent
theoretical developments.

Weaver and coworkers have investigated both the solvent isotope effect
and ligand isotope effect on the formal potentials of a large number of
transition metal redox couples in aqueous media {198-202]. They find that,
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in many cases, the midpoint potential shifts several to several tens of
millivolts upon solvent deuteration. This emphasizes the fact that a different
type of contribution to k,;,/k in electron transfer reactions can occur—a
change in the effective driving force for the reaction. Thus, one must be
extremely careful in interpreting results of isotopic substitution studies.

In a recent report, Weaver and Li [201] suggest that changes in O-H (or
N-H) bond lengths are insufficient to account for the magnitude of the
observed isotope-dependent reorganization energy which exists. Instead, they
suggest that the stronger and more extensive hydrogen bonds formed in D,O
(vs. H,0) could result in decreased rotational mobility of aquo ions. In other
words, reorientation of solvent molecules around an aquo ion in D,0
requires more energy, since more hydrogen bonds are broken. A small
ckange in this reorientation energy can lead to the observed large isotope
effects.

In conclusion, although few reports of kinetic isotope effects in well-de-
fined systems have appeared, it is clear that important information on the
nature of the ET process can be provided. To this end, precise measurements
on simple outer-sphere ET systems are needed.

M. SUMMARY

In summary then, although a vast amount of work has been done in the
area of electron transfer, relatively few experiments have been designed to
probe the quantum nature of the process. This is primarily because no
appropriate theoretical framework was available to aid in the interpretation
of the data.

Such a theory now exists. It is based on nonadiabatic multiphonon
radiationless decay theory, and incorporation of such effects as frequency
changes, bond length changes, and a dispersion of solvent modes is possible.
Additional experimental data are needed to adequately test this theory.

Perhaps the greatest experimental effort has been in the area of the
distance dependence of ET. However, many of the systems studied to date
have been ill-defined with regard to important parameters such as AE and
E.. In addition, little is known concerning the effect of intervening material
on the distance dependence. Differences in ¢ vs. 7 system, solvent vs.
“frozen” solvent, or protein vs. homogeneous solution will surely be present.
Both theoretical predictions and experimental tests of these differences are
crucial to a complete understanding of the ET process.

Inversion is also an area creating a great deal of interest. Experiments in
this field have been plagued by complications, and simple, well-defined
systems are few. Reactions with rigid D-A separations hold more promise
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than those in solution, and some reports of inversion with such systems have
appeared.

The earliest reports concerning the quantum nature of ET involve the
temperature dependence of ET rate in biological systems. In fact, theoreti-
cians have relied quite heavily on fitting this early data in order to establish
the validity of their expressions. But biological systems are by nature
complex, and it is surprising that few temperature studies of simple systems
have been reported. Such studies of nonadiabatic ET (using, for example,
rigid matrices) would be of great value to both theorists and experimenta-
lists. Further, it is important to clearly establish whether important parame-
ters such as R, AE, or E, can vary with temperature. If so, are these effects
the real cause of the observed dependence of rate on temperature? Within
the past two years, the activity on fixed distance ET in biological systems has
increased dramatically, and this pace continues to accelerate. As such data
become available, more detailed comparisons of theory and experiment, and
of proteins and small molecules, will become viable.

Finally, an important area in which the quantum effects of ET can be
investigated concerns the measurement of kinetic isotope effects (KIE). A
systematic study involving substitution of several different atoms in a
reactant would allow an estimate of the coupling parameters in the process.
For example, the question of “frozen mode” involvement could be answered.
Perhaps even more fundamental, KIE studies will help establish whether
current ET theories are physically accurate.
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