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The electronic interactions which are responsible for electron transfer in proteins are treated using an artificial
intelligence (AI) approach and a quantum mechanical formulation of superexchange. An Al search procedure
is devised to select the most important amino acid residues which mediate long-range electron transfer. All
the valence orbitals of these amino acid residues are used in a diagonalization of the “bridge” orbitals. The
electronic coupling matrix element is then calculated by using second-order perturbation theory to couple the
bridge orbitals to the donor and acceptor orbitals. The relative values of the electronic coupling elements
obtained with this model are shown to be in good agreement with experimental results for cytochrome ¢ derivatives,
without use of adjustable parameters. Further, an optimum path calculation in which the path consists of
several amino acids is also presented and compared with the many amino acid calculation. The various results
show that not merely the separation distance but also the nature of the protein medium separating the redox
centers is an important factor in controlling the rate of these electron-transfer reactions.

I. Introduction

Recently, there has been considerable interest in long-range
electron-transfer (ET) reactions in biological systems,'-3 which
have been shown to proceed rapidly over large (10-15-A edge-
to-edge) distances. Many experimental studies, using techniques
such as site-directed mutagenesis and semisynthetic modification,
have focused on electron-transfer reactions within proteins.47 A
key issue in this context is the dependence of the ET rate on the
intervening medium between the electron donor and the electron
acceptor. In the present paper, we investigate this question
theoretically and explore how the protein structure controls the
electronic coupling in electron-transfer reactions in modified
proteins.

These long-range electron-transfer reactions in proteins are
nonadiabatic. In electron-transfer theory, the rate constant for
nonadiabatic transfer of an electron from a donor to an acceptor
can be expressed in terms of a golden rule type expression, namely,
as the product of the square of an electronic coupling matrix
element (Hp,) and a nuclear Franck—-Condon factor (FC):8

ker = 2h—1r|HDA|2FC 1

The Franck-Condon factor has been treated quantum mechan-
ically for the higher frequency motions, semiclassically, and in
the classical limit for low-frequency motions. Various expressions
for FC are given, for example, in a recent review.® A purely
classical form of the FC, for example, is

(AG® + x)z)

ANk, T @)

c=—21 exp(—
(dmhkpT)'/?

where AG® is the standard free energy of the reaction for the
donor-acceptor pair DA for electron transfer at a fixed DA
separation distance R and A is a reorganizational term which
contains both “solvent”, which includes the protein and vibrational
contributions.

Hp, is treated quantum mechanically and is influenced by the
distance and structure of the medium separating the electron
donor and acceptor. For small systems, Hp, has been calculated
by using all-electron ab initio SCF methods!®!! as well as by
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more approximate methods.'2!> However, the application of the
SCF methods to large biological systems such as proteins would
be computationally very intensive and currently impractical. We
have previousiy studied!4 electron transfer in modified myoglobin
derivatives using a superexchange formalism. Other approaches
include path integral methods,'S pathway analyses,!é!” and a
perturbative form of superexchange theory.'® The path integral
method of Kuki and Wolynes!3 is instructive and makes use of
a pseudopotential for the protein. Inits present form, it includes
electron tunneling and neglects hole transfer. In the pathway
analysis of Beratan, Betts, Onuchic, and co-workers,!s the
electronic coupling is estimated by the number of links between
the donor and the acceptor, each of which, in turn, is estimated
by certain empirical decay factors for each type of link. Ulstrup
and co-workers!® have applied superexchange theory, treating
perturbatively a chosen sequence of amino acid residues to
calculate electronic coupling to various surface sites in plasto-
cyanin. They used one molecular orbital per amino acid in their
expression.

In our earlier treatment of electronic coupling in proteins,!¢ we
made use of a simple search procedure to select the “important”
amino acids for electron transfer. Using these amino acids as the
bridge, the bridge molecular orbitals and eigenvalues were then
determined and Hp, was calculated from the interaction of the
donor and acceptor orbitals with the fully diagonalized bridge
orbitals. Themolecular orbital eigenvectorsand eigenvalues were
obtained using extended Hiickel theory. (The latter has been
found to give reasonable relative values of Hp, in both synthetic
model donor—acceptor systems!3'° and in modified proteins,'4 as
judged by comparison with “experimentally” determined values.)

In the present paper, we introduce an artificial intelligence
(AI) search algorithm to choose the important amino acids.
Depending on the cytochrome ¢ derivative, some 10-20 amino
acids are selected from the approximately 100 available. These
amino acids are then used as the relevant subset of protein to
calculate the electronic coupling. This procedure automatically
incorporates all possible amino acid paths within this subset and
all possible interactions between these paths. We also calculate
Hpa using only onesingle path, the path being composed of amino
acids. For this calculation, we choose the best path in our Al
search and compare the results of this single-path calculation

© 1993 American Chemical Society



Electron-Transfer Reactions in Proteins

with those obtained from the more complete (containing the many
more amino acids) calculation.

II. Theory: An Artificial Intelligence Search

In the present paper, we treat electron transfer in ruthenium-
modified cytochrome ¢ proteins. Even a small protein such as
cytochrome ¢ has about 100 amino acids and over 800 heavy
atoms. Notonly would a full calculation involving all these atoms
not be feasible, but it would possibly be even unnecessary. Itis
intuitively clear that amino acid residues far away from both the
donor and the acceptor, as well as from the line of centers of the
donor and the acceptor, should have relatively little effect on the
electronic coupling matrix element. In that case, it is sufficient
to consider a suitably chosen subset of the approximately 100
amino acid residues.

The task then is to select a small number of “important” amino
acid residues. This selection process can be phrased in terms of
a search problem: Given the starting node (the electron donor
D in the protein) and the goal (the electron acceptor A), what
are the most important paths connecting these two sites? There
aretwostandard search techniques, namely, the depth-first search
and the breadth-first search,2® which can be applied to find paths
from D to A. In a depth-first search, the search is conducted
from the starting node as far as it can be performed until either
a “dead end” or the goal is encountered. If a dead end is
encountered, the search is backed up one level and continued.
Breadth-first is a form of exhaustive search in which each of the
nodes is systematically explored at each level of the search until
the goalis attained. Itisusual touse a heuristic function to guide
the search along each step. For example, costs or distances
between each intermediate node is a common heuristic function.
For our particular application, the intermediate nodes are chosen
to be the various protein atoms, and instead of costs, we can
assign electronic couplings Hyun between these protein atoms.
Presently we use, but only for the purpose of the Al search, the
following simplified expression for Hyn between two atoms M
and N along a path:

e, t ¢
Hy\ = maxikS, 2 3)

where m denotes an atomic orbital on atom M, n denotes an
atomic orbital on atom N, Sy, is the overlap integral between m
and n, ¢, and ¢, are the orbital energies, and X is a constant. The
expression within the absolute value signs in eq 3 is the well-
known Wolfsberg—Helmbholtz formula?! for the resonance integral
between two atomic orbitals. (K is usually taken to be 1.75.22)
Hyn, as calculated above, depends directly on the overlap between
atomic orbitals and thus takes into account the effect of mutual
orientations of amino acids.

Once the electronic couplings between all pairs of atoms in the
protein are calculated, we can formulate a search from the donor
to the acceptor using a best-first strategy: At each step of the
process, the most promising of the nodes is selected by applying
the heuristic function (in our case, the value of the electronic
coupling, as givenby Hyn). This method combines the advantages
of both a depth-first and a breadth-first search into a single
method.2?

A heuristic function based on Hyy alone, defined as above,
results in a blind or an uninformed search, since the intermediate
nodes that are selected are unaffected by information concerning
the goal state or the unexplored region between the explored
states and the goal state. For a true Al search, also known an
aninformed search, knowledge, of the unexplored region is made
part of the heuristic or the evaluation function. We presently use
aninformed search which exploits knowledge about the unexplored
domain to find paths from D to A.

In the electron-transfer problem, for each intermediate node
I, the true measure of electronic coupling from the starting point
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D to the node 7 is estimated from the product of the appropriate
Hy\'s divided by an energy denominator. Let this quantity be
denoted as Vp,

_ HyHy Hpy,
=HoREaE " AE @

In the above expression, we have used identical energy
denominators. Since eq 4 is only used as part of the evaluation
function in the AI search and not in the final calculation,
approximations such as replacing the exact AE’s by some mean
value are minor, except when the actual AE, is of the order of
an Hy,, and in that case replacing that H;;/ AE,; by unity would
be adequate.

If we can now estimate the coupling from node J to the goal,
then this knowledge can be incorporated into the evaluation
function. It has been well documented in the literature that the
rate of falloff of electronic coupling with distance is approximately
exponential,? Hyy = Hoyun exp(-8R/2), where 8 ~ 1 A-! and
HP° y is the electronic coupling between atoms M and N at their
contact distance. Therefore, we choose to estimate the coupling
from any given node to the goal as

T,y = Cexp(-0.5R) ()

where R is the distance between node 7 and the acceptor A and
C is a constant whose value is estimated in footnote 24. Thus,
the composite evaluation function used to evaluate the promise
of a successor node is

VDI

VorTia
EF=—% (6)
where AE is a suitably chosen energy difference,?> Vp, is the
actual coupling from the donor to node 7, and T, is an estimate
of the coupling from node I to the acceptor. It is in the factor
T;a that knowledge about the problem domain is exploited.2

Inthe present implementation of the above algorithm, we have
chosen to employ a tier model as was done previously.'* From
the donor atom, a set of successor atoms are selected on the basis
of their evaluation function. These atoms constitute the first tier
of the search. In the next tier, the most promising atoms from
each of these first-tier atoms are selected. Then from each of
these tier-2 atoms, the optimal path to the acceptor was found
by an iterative procedure: Once a path to the acceptor is found,
a net measure of electronic coupling, calculated as the product
of Hyn's along the path (divided by energy differences), is assigned
toit. Then, other paths are found from the same tier-2 atom to
the acceptor, and finally, only that path that, for the particular
pair of tier-1 and tier-2 atoms, has the greatest net electronic
coupling (evaluation function) is retained.

To capture the amino acids in the vicinity of A democratically
with those of D, it is desirable to perform searches in both
directions, i.e., starting from the donor and reaching the acceptor,
as well as starting from the acceptor and reaching the donor. A
pre-set threshold value for the net evaluation function for any
path is used to avoid particularly unimportant paths. Since the
number of atoms chosen for expansion in the first and second
tiers of the search can be varied, there is a greater probability
of selecting all the possibly important amino acid residues. Also,
it is to be noted that a number of paths from the donor to the
acceptor are found, since there are a number of tier-2 atoms.
(There are, in the procedure given later and barring duplicates,
15 best D-to-A paths selected and the same number of best A-to-D
paths, when the number of tier-1 atoms is chosen to be 5, and for
each of these, the number of tier-2 ones is chosen to be 3.)

Thus, the above Al search selects a number of atoms that lie
on paths from D to A. The amino acids to which these atoms
belong are then considered as the important amino acids for
mediating electron transfer in the protein. Since some of the
selected amino acids will be bonded to amino acids which are not
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selected, there will be “dangling” bonds, which are completed by
addition of H atoms.

III. Theory: Calculation of Hp,

Once the important amino acids are selected by the Al search,
they collectively are considered to be the bridge for mediating ET
between D and A, We then diagonalize the bridge orbitals and
use second-order perturbation theory to calculate the electronic
coupling matrix element by what is known in the literature as the
superexchange mechanism.2%2° Quantitative comparisons and
justification for using second-order perturbation theory to treat
ET occurring via off-resonant bridge orbitals were described
earlier.!31? (A comparison of this application of second-order
perturbation theory was made with a calculation in which the
totality of relevant D, A, and bridge orbitals was used in the
diagonalization.)

The transition state for electron transfer occurs at the
“intersection” of the energy surface for the reactants with that
for the products, i.e., where there is zero change in electronic
energy upon electron transfer. (These surfaces are those of
electronic energy vs nuclear coordinates.) On this intersection,
the energy of the donor orbital E, equals that of the acceptor
orbital E,, and this result is used in obtaining eqs 7 and 8 below
and in later remarks in the paper. Equations 7 and 8 are valid
only at this intersection.

We recall next the salient features of the superexchange
formalism in a one-electron description of the system containing
a donor D, a bridge B, and an acceptor A. For the case where
Bis connected to the donor (acceptor) by only one atomic orbital,
Hp, is given by28:30

CDaCAa
Hpp=TpTay @)

= E -E,

where Tp (T,) is the matrix element for interaction between
D(A) and the adjacent atomic orbital of B, Cp, (Ca.) is the
coefficient of the ath bridge orbital at the point of contact of B
with D(A), E, is the energy of the ath molecular orbital of B,
and E, is the energy of the localized molecular orbital of D,
which is equal to that of A, E,, in the transition state for the
electron transfer,

In a more general case, where D and A are connected to B by
anumber of atomic orbitals, the electron-transfer matrix element
is given by!3

(¢cx H__C_YC*

xmp  mpmy >~ mpa

E -E,

C

amBHmBmA mAu)

Hp, = Z
a mp,mg,m

D,Mp,MA (8)
where x and u denote the molecular orbitals on D and A that are
involved in the electron transfer, the a’s denote the MO’s of the
bridge B, and mp, mp, and m, are the atomic orbitals of D, B,
and A, respectively. Hp.m, are the interaction matrix elements
of the donor and bridge orbitals, and Hy,,m, are the interaction
matrix elements of the bridge and acceptor orbitals. We have
used the term electron transfer, but it is intended to include, in
eq 8, transfer by any occupied orbitals x of the bridge as well,
i.e., hole transfer.

IV. Results and Discussion

The proteins considered here are the ruthenium-modified
cytochrome ¢ derivatives studied experimentally by Gray and
coworkers.}!1-336 Four singly ruthenated cytochromes (Ru(bpy),-
(im)(HisX), where im = imidazole and X = 33, 39, 62, and 72)
have been prepared.’! The Ru(bpy),(im)(His) complex was first
photoexcited, and in the presence of a quencher, the transient
Ru?*-Cyt c-Fe?* was formed. Intramolecular ET rates from
Fe?* toRu?* werethen measured. A distinctadvantage of working
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TABLE I: Amino Acid Residues Selected by the Al Search

His 33 His 39 His 72 His 62
Tyr 67 Met 80 Met 80 Met 64
Met 80 Asn 52 Phe 82 Asp 60
Leu 32 Val 57 Cys 17 Pro 30
Pro 30 Leu 58 Lys 79 Asn 31
Asn 31 Tyr 67 Ile 81 Leu 32
His 26 Trp 59 Pro 71 Ile 35
His 33 Phe 82 Asn 70 Phe 36
Tyr 59 Gly 41 His 72 Trp 59
His 18 Asn 56 Thr 78 Asn 63
Thr 19 Pro 71 His 62
Cys 14 Ser 40 Tyr 74
Ala 15 His 39 Val 57
Lys 22 Ile 35

Gly 34 Thr 78

Leu 35 Lys 55

Arg 38

Gly 24

Gly 23

Glu 21

Lys 25

with these systems is that these ET reactions are nearly
activationless, since the driving force of the reaction (-AG® =
0.74 eV) nearly equals the reorganization energy, A. (The
reorganization energy has been estimated®2 to be 0.8 eV for [Re-
(bpy).(im)(His—Cyt ¢)].) Under these conditions, the ET rates
aremainly controlled by the electronic matrix element that couples
the donor and the acceptor at the transition state.

The protein coordinates were obtained from the crystal structure
of cytochrome ¢.3¢ Using BIOGRAF,3 the protein structure
was then “ruthenated” by adding Ru(bpy),(im) to the histidines.
This modification does not significantly change the cytochrome
¢ structure.3! The resulting structure files are used in the Al
search.

In the first tier of the search, five atoms were retained, as noted
earlier, and for each of these, three atoms were retained in the
second tier. Then from each of these 15 atoms in the second tier,
a pathtotheacceptor was found, as described earlier. Thesearch
was performed in the reverse direction also, namely, starting from
the acceptor and seeking the donor. In Table I, we give the
amino acid residues that were selected by the Al search for each
of the four modified cytochrome ¢ derivatives. Cytochrome ¢
itself has about 100 amino acids and the Al search yielded about
10-20 important amino acids that need to be considered for
electron transfer.

We then made a quantum mechanical calculation of the
electronic coupling matrix element using, as the bridge, the amino
acid residues selected by the search. The molecular orbital
coefficients C’s and eigenvalues E, of the bridge as well as the
interaction matrix elements H’s are obtained using extended
Hiickel theory.’¢ A common problem in most calculations is
determining the metal donor (acceptor) orbital energy relative
tothe bridgeorbitals at the transition state. Presently, asdiscussed
in a recent article,'® we obtain E,, the energy of D(A) at the
transition state, using the absorption spectrum maximum asso-
ciated with charge transfer from porphyrin to Fe(III) in
ferricytochrome 738 (cf. the present Appendix).

The results obtained for the four cytochrome ¢ systems are
given in Table II. As in earlier papers, it should be stressed that
the results from extended Hiickel calculations have been more
reliable for relative values of Hpa than for absolute values. (For
example, the relative values of Hpa are unaffected by approx-
imations in Tp and T, ineq 7.) Accordingly, we have given in
Table I ratios of the electronic matrix elements, as well as their
absolute values. The values of Hp, extracted from experimental
data, as well as their ratios, are also given in Table II. (The
absolute values of the “experimental” Hp, may also be model
dependent and might change somewhat if a different analysis of
the experimental data were used.) Hence, for both reasons, it is
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TABLE II: Calculated and Experimental Electronic Coupling
}}datrix Elements and Their Ratios, for “Full” and Single-Path
reatments

Hpa, cm! Hpa,i/Hpa,
i(deriv) R,A calee expt? calea expt?
1(His33) 111 001(0.007) 010 1(1) 1
2(His39) 123 001(0.007) 011  1(1) 11
3 (His 72) 8.4 0.007(0.003) 0.06 0.7(0.4) 0.6

4 (His62) 148  0.002(0.001) 0.006 0.2(0.14)  0.06

2 The values in parentheses are the results obtained for the single-path
calculation. ® The experimental values are from ref 31.

TABLE III: Amino Acid Residues Used in the Single-Path
Calculation

His 33 His 39 His 72 His 62
His 18 Asn 52 Met 80 Met 64
Pro 30 Gly 41 Thr 78 Asp 60
Asn 31 Asn 56 His 72 His 62
Leu 32 His 39

His 33

preferable to use the present results for comparisons among the
four derivatives than for the absolute values of the electronic
coupling elements.

The coupling elements for the His 33 and His 39 derivatives
are rather similar, both for theory and experiment. The His 62
derivative with a donor-acceptor separation of 14.8 A has the
smallest coupling element. The striking result is that the His 72
derivative, which even though it has a smaller donor-acceptor
separation than the His 33 or His 39 derivatives, has a smaller
coupling element than the latter two. This behavior is primarily
due to the nature of the protein medium which separates Fe?+
and Ru?+*in the His 72 derivative, as pointed out earlier by Wuttke
et al.3! There is almost a 2.7 A cavity in the medium, which
substantially reduces the electronic coupling.

Inthe present study, we alsoinvestigated the coupling resulting
from considering only one path of amino acids as opposed to a
number of such paths. We considered the “best” amino acid
path determined from the Al search (i.e., the amino acid path
with greatest net electronic interaction as estimated from the
evaluation function). The amino acid residues of this single path
calculation are given in Table III and are seen to be only 3-5 in
number, instead of 10-20. With only these amino acids being
considered as the bridge, Hpa was calculated, as before, using eq
8. Boththeabsolute values and the relative values of Hp, obtained
with this amino acid “path” calculation are given in Table II. It
is seen that these values correlate well with the values from the
full calculation, indicating that, in the present instance at least,
the relatively few amino acids used in the path calculation are
sufficient to obtain relative values of electronic coupling. It is
again significant that, for the His 72 derivative, the coupling is
smaller than that for the His 33 or His 39 derivatives.

Considering the amino acid residues used in the single-path
calculation more closely, the His 33, His 39, and His 62 paths
are relatively directly linked (Figures 1-3, respectively), while
the His 72 path (Figure 4) has a considerably long through-space
connection, making the electronic coupling smaller. This result
clearly indicates that the nature of the protein medium between
the donor and the acceptor can control the electronic coupling
and hence the rate of electron-transfer reactions.

It is perhaps worthwhile at this point to compare the present
approach with the atom pathway analyses of Beratan and co-
workers.!617 Qur approach to estimating electronic coupling in
protein electron-transfer reactions consists of using an Al search
to determine the important amino acids and, with these amino
acids as the bridge, to use second-order perturbation theory to
calculate Hpa. Beratan and co-workers also use a search to
evaluate pathways, where each chemical bond (all chemical bonds
between any two atoms are treated as equivalent), H-bond, or
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HIS33

Ru(bpy), (im)

Figure 1. Amino acid residues in the best path for the His 33 derivative
of cytochrome c.

Ru(bpy), (im)

ASN56

ASNS52
HEME \{LY #

Figure 2. Amino acid residues in the best path for the His 39 derivative
of cytochrome c.

Ru(bpy)y(im)
ASPEO HIS62
?’METGA
HEME

Figure 3. Amino acid residues in the best path for the His 62 derivative
of cytochrome c.

through-space link contributes its own empirical decay factor in
the calculation of the electronic matrix elements. The pathway
(comprised of atoms rather than amino acids as in our method)
with the largest electronic coupling is selected. For thederivatives
of cytochrome c discussed in the present paper, this method has
given a useful qualitative mapping of electron-transfer pathways
and ratios of electronic coupling elements in good agreement
with experimental results,!6.3!

We have developed earlier a molecular fragment approach!?
for calculating electronic coupling in large systems by dividing
the bridge into smaller molecular fragments. We plan next to
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MET80

>>{HR 78

HIS72

Ru(bpy), (im)

Figure 4. Amino acid residues in the best path for the His 72 derivative
of cytochrome c.

study electron transfer in proteins using this approach, particularly
in these cytochrome ¢ derivatives and in the modified myoglobins.
That study would enable us to determine the important amino
acid paths, in contrast to the atom pathways most commonly
used.!s!7 Further, thisapproach would also permit us todetermine
the number of orbitals of the amino acids which contribute
importantly to the electroniccoupling. Inthe polypeptidesystems
that we investigated earlier using the molecular fragment
approach,'? typically five molecular orbitals per amino acid were
found to contribute significantly to Hpa.

V. Conclusions

In the present paper, we have developed an Al search to
determine the most important amino acid residues for mediating
electron transfer in proteins. This method can be implemented
for any protein molecule, and presently, we have considered the
ruthenium-modified cytochrome ¢ derivatives studied experi-
mentally by Gray and co-workers. Once the search is accom-
plished, a quantum mechanical method which makes use of all
the valence orbitals of the selected amino acid residues is used
to calculate values of electronic coupling matrix elements. The
results are shown to be consistent with experimental data.

We have also considered an amino acid path calculation and
have found that, for these particular proteins, a calculation
involving only the limited number of residues along a single path
is sufficient to estimate relative values of electronic coupling.
However, the full calculation, which considers all potential paths
and all possible interactions between these paths, is expected to
be the method of choice when more than one path dominates.
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Appendix. Estimation of the Donor (Acceptor) Orbital
Energy, E,, at the Transition State

In the expression for the electronic matrix element Hp,, eq 8,
a key quantity is E, — E,, where E, is the donor energy level
(equalto that of the acceptor E, at the transition state for electron
transfer) and E, the energy of a molecular orbital of the bridge.
Extended Hickel theory and most other treatments of electronic
structure are too approximate to obtain this quantity accurately.
Instead, we estimate it using a cytochrome ¢ charge-transfer
spectrum. We have previously employed'® a similar method of
estimating E, — E, for a series of polypeptide-bridged systems.
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free
energy Products of LMCT
Ay
hver
R t
°§°‘E"‘T“ s Products of ET
(Reactants of LMCT)

generalized reaction coordinate

Figure 5. Free-energy curves of reactants and surrounding medium and
that of products and surrounding medium.

The electron-transfer reaction of interest is

ET: Fe(1I)-Cyt c-Ru(III) — Fe(III)-Cyt c-Ru(II) (Al)

It has been reported in the literature3”-38 that ferricytochrome
cexhibits a porphyrin to metal-charge-transfer absorptionat 1750
nm. This process can be depicted as

LMCT: Fe(III)-Cyt ¢ — Fe(II)-Cyt ¢* (A2)

The free-energy surfaces of these two processes can be
schematically plotted as in Figure 5. Ars denotes the vertical
energy difference from the transition state of the electron-transfer
reaction to the products of the charge-transfer excitation process
and hvcr is the absorption maximum associated with this charge
transfer.

Using the same procedure as employed in ref 19, the difference
Ats — hvcr is given by

A
Arg—hver = - T'(AG° + ) (A3)

where ), is the reorganization energy of Fe3+/2*-Cyt ¢, X is the
reorganization energy for the entire electron-transfer process (i.e.,
including the Ru3*/2* contribution), and AG® is the free energy
of the ET reaction. For the present system, A; and A have been
estimated to be*2 about 0.5 and 0.8 eV, respectively, and AG® is
measured to be3! —0.74 eV. From the charge-transfer absorption
spectrum,®® hucr is known to be 0.7 eV. Hence, Arg is given
approximately by 0.67 eV.

Ars represents the energy difference E, — E,,, where E,, is the
energy of the HOMO of the porphyrin from which the charge
is transferred in the LMCT. Presently, E, is calculated (by
extended Hiickel theory) tobe-11.35¢V. Hence, E, is estimated
tobe-10.68 eV (-11.35 eV + Arg). The extended Hiickel value
for the energy of the donor orbital, without correcting for
solvational and reorganizational effects of the medium, was—16.26
eV. Inthecalculations, therefore, the energy of the donor orbital
was adjusted upward by this difference, 5.58 eV, so that its new
value is now —10.68 eV. Correspondingly, the energy of the
acceptor orbital was also adjusted to be —10.68 eV.
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