Chem. Rev. 1991, 91, 767-792 767

Quantum Chemical Probes of Electron-Transfer Kinetics: The Nature of
Donor—-Acceptor Interactions

MARSHALL D. NEWTON
Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973

Received November 19, 1990 (Revised Manuscript Received April 10, 1991)

Contents

I. Introduction 767
II. Kinetic and Spectroscopic Context 768
II1. Theoretical Models for the Transfer Integral 770
A. Characterization of States 770

B. Two-State Models &

C. Perturbative Approaches 773

D. Derivation of One-Electron Models 776

E. Many-Electron Effects 780

IV. Computational Aspects 781
A. One-Electron Models 781

B. Many-Electron Models 781

C. Calculation of Energy Splittings 783

D. Degenerate or Nearly Degenerate States 783
E. Analysis of Calculated Transfer Integrals 784

V. Computational Results 784
A. Variation of H, with D/A Separation 784
B. Stereoelectronic Effects 787

C. Control of Transfer Integral Magnitude by 788
Ligand/Field Mixing
VI. Concluding Remarks 790

I. Introduction

Recent years have witnessed explosive and mutually
stimulating advances in experimental and theoretical
techniques for probing the mechanisms of electron-
transfer kinetics and related chemical processes.!™
Against the background of the widespread success of
the traditional adiabatic Marcus-Hush’® theory, at-
tention is being increasingly directed toward problems
of long-range electron transfer in which indirect cou-
pling of local donor and acceptor sites is mediated by
the electronic properties of the intervening materi-
al.3063-3% Thys, while the overall kinetic mechanism
may involve a number of dynamical factors (both nu-
clear and electronic),*4! and while the electronic and
nuclear manifolds may be strongly coupled,*? there is
an increasing interest in the details of the donor/ac-
ceptor coupling per se. This interest cuts across all
branches of chemistry and includes inorganic, organic,
and biochemical systems. Electronic coupling is clearly
a crucial factor in intramolecular electron transfer over
10’s of angstroms, such as occurs in protein- and por-
phyrin-based systems,!5-182533-36 byt jts dynamical in-
fluence is also significant for redox partners in much
closer contact, as exemplified by the bimolecular reac-
tions of small transition-metal complexes?®43-46 and
other molecular species.4!47

The intellectual excitement generated by the above
considerations has been enhanced by the recognition
that the donor/acceptor interactions crucial to elec-
tron-transfer kinetics are also of central importance in
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a larger context which includes photoelectron (PES)
and electron transmission (ETS) spectroscopy,® 3
triplet energy transfer,'? and long-range coupling of
electron spins.’®4® A broad array of modern electronic
structural techniques has allowed important progress
toward the goal of a unified theoretical approach en-
compassing a broad range of situations including intra-
and intermolecular coupling, electronically saturated
and unsaturated bridging groups, and ground and
electronically excited states.22-4547-51 Electronic mod-
ulation due to the long-range influence of the sur-
rounding medium may also be included.*#*5! As the
impact of electronic factors on the elucidation of elec-
tron-transfer mechanisms continues to expand, one in-
creasingly encounters reference to the terminology of
electronic mechanisms and pathways (e.g., “through-
space” (TS) and “through-bond” (TB) coupling,'*? and
“superexchange” of the “hole” and “electron” type!!12),
and to the possibility of interference among them (both
constructive and destructive).56¢.6d.11,12,26,27,31,32,44d
The specific focus of this review is to survey recent
progress in the application of theoretical and compu-
tational techniques of quantum chemistry to the elu-
cidation of electronic factors controlling donor/acceptor
interactions in electron-transfer reactions. The ex-
perimental data which provides the impetus for most
of the theoretical work addressed here pertains pre-
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dominantly to condensed-phase systems involving dis-
ordered (i.e., nonperiodic) media. For the most part we
shall be able to deal with models based on discrete
molecular clusters (either large molecules or supermo-
lecules) consisting of localized donor, acceptor, and in-
tervening bridging sites. We shall confine our attention
to cases of relatively weakly interacting donor/acceptor
systems where, indeed, the occurrence of localized states
may be safely assumed. The recent review of solid-state
electron-transfer processes by Mikkelsen and Ratner®
dealt also with situations of more extended electronic
states which may be important in periodic environ-
ments. As much as possible, the present review will deal
with purely electronic aspects of electron transfer, al-
though attention will be drawn to vibronic factors*? as
deemed necessary.

The averall goal of the review is to pravide a unified
picture of the combined capabilities of modern quan-
tum chemistry in yielding accurate quantitative mea-
sures of the strength of electronic coupling and at the
same time providing compact models for understanding
the coupling in terms of the concepts of molecular
bonding and electronic structure. The review should
thus serve to complement other recent reviews which
have dealt with electron-transfer kinetics on a broader
basis.2348,5

The remainder of the paper is organized as follows.
A brief sketch of the kinetic and spectroscopic back-
ground is given in section II so as to provide a focused
context for the electronic structural considerations. In
section III a number of theories for donor/acceptor
coupling are presented in terms of suitably defined
electronic states and their constituent orbitals. The
various direct and indirect coupling pathways are dis-
cussed in terms of many-electron or effective one-par-
ticles (“electron” or “hole”) models. Specific aspects of
computational implementation are dealt with in section
IV. Results for a set of illustrative applications are
given in section V, and conclusions are summarized in
section VL.

I1. Kinetic and Spectroscopic Contéxt

Electron-transfer processes are conveniently discussed
in terms of suitable electronic wave functions, ¥, (X)),
within the Born-Oppenheimer framework, in which the
wave functions and corresponding electronic Hamilto-
nian, H,({X,}), depend parametrically on the nuclear
coordinates, {X }.23%42 We consider the transition be-
tween an initial electronic state of a system, y;, in which
an electron can be said to be lacalized in a donor region
(D), and a final state, Yy, in which an electron has in
effect been transferred from the donor region to a
spatially distinct “acceptor” region (A). We defer until
the next section the question as to how literally such
a process can be taken as an actual “one-electron
process” (i.e., one in which all but one of the electrons
in the whole system are passive in the course of the
process). The various contributions to the transfer
dynamics from the nuclear and electronic degrees of
freedom may be described by suitable classical, semi-
classical, or quantum mechanical theories.235:6258 Far
electron-transfer processes occurring in dissipative
condensed-phase media, the dynamics can often be cast
as a chemical kinetic process characterized by a rate
constant, k,,,2%? ag in eq 1

Newton
kigtre
—B-A —— D-B-A- (1a)

inter
L + L'-A — D"-LenL/~-A —— D-L.-L/-A- —
D-L + L'~A- (1b)

Equation 1 distinguishes schematically two types of
electron-transfer process: an intramolecular (or uni-
molecular) process in which the reacting sites are con-
sidered to be chemically bound (generally through co-
valent links to an intervening bridge, B), and an in-
termolecular (or bimolecular) process in which separate
reactants come into contact, forming a bimolecular
encounter complex, which then reacts, eventually
yielding separate product species. In arder to facilitate
comparison of the two types of pracess, we represent
each reactant in the bimolecular case as having a
localized D or A site and a complementary moiety, L
or L’ (the notation L and L’ is employed in a very
general and schematic sense, although in the case of
transition-metal complexes, one may make the obvious
identification with “ligand”).

In spite of the superficially sharp distinction between
the processes of eqs la and 1b, the differences in
practice may tend to be blurred. Effective electronic
overlap between D and A does not necessarily require
covalent bonding between reactants,**# and superex-
change models of the TB type may be applied to more
general situations pravided that the space between
donor and acceptor sites is spanned by sequences of
overlapping orbitals. Furthermore, the multiplicity of
approach geometries expected in a bimolecular process
can have its counterpart in the intramolecular process,
if the molecule has accessible low-frequency confor-
mational degrees of freedom.?¢545 A unified view of
eqs la and 1b is possible if the encounter complex is
taken as a “supermolecule”, in which case the Le.L’
aggregate corresponds formally to the bridge B.

The kinetic bottleneck in eq 1 may or may not involve
the electron hop from D to A, depending on the com-
petition between the dynamics of the electronic ma-
nifold and that of the nuclear modes (e.g., translational
or orientational diffusion involving the solute or solvent
molecules).® Thus a comprehensive treatment of the
kinetics must involve the dynamics of all the manifolds.
Nevertheless, for the purpose of illustrating the role of
the electronic coupling of donor and acceptor we first
consider thermally activated electron transfer and adopt
a conventional transition-state model?3578

Rey = vegtkeiT' €Xp(-E* /kpT) (2)

where the three prefactors denote, respectively, the
effective frequency for mation along the reaction co-
ordinate (Q), the electronic transmission factor, and the
nuclear tunneling factor, and where E* is the activation
energy. In the case of an intermolecular process (eq 1b),
it is generally assumed (in the absence of diffusional
bottlenecks) that the concentration of the encounter
complex, D—L-.L’-A, is related to that of the separate
reactants by a preequilibrium constant.3

The quantities appearing in eq 2 may be understood
in terms of the energy profiles presented in Figure 1.
We adopt a standard diabatic representation in which
the initial and final electronic states are by construction
taken as the valence band structures corresponding,
respectively, to the reactants and products of the re-
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Figure 1. Diabatic energy profiles for y; (V)), ¢ (Vy), and an
intermediate charge-transfer state (V¢r), a8 a function of the
electron-transfer reaction coordinate @. The equilibrium values
of Q for y; and yf, and the transition state for thermal electron
transfer are given, respectively, by @f, Qf, and Q*. The reorg-
anization energy, E,, is the sum of the reaction energy AE (taken
as positive for an exothermic process), and the optical (IT) ex-
citation energy, E}r. The diabatic activation energy for thermal
electron transfer is E*, and the vertical separation between V;
= Vyand Ver at Q* is E&r. The corresponding vertical charge-
transfer energies at @} are Ebp (from V)) and Ebp (from V).

action.24# The diabatic representation is not diagonal
with respect to the electronic Hamiltonian; i.e., in
general

Hy = (WHal¥o = ViHapedr #0  (3)

(where we introduce standard bra and ket notation), in
contrast to the adiabatic representation, where by
definition, H,; is diagonal (in the remainder of this re-
view, the subscript el is suppressed). For arthogonal
¥; and ¥, where

Sie = (Yilve) = 0 4)

Hj; is the so-called electron-transfer integral (the more
general case, 2530384356 where S, = 0 is dealt with in
section III).

Each diabatic state has an associated potential energy
function for nuclear motion:

VilXe) = (X DIHW,(X D) s=if (5

In the simplest diabatic model the {X } dependence of
v, is suppressed and ¥, (s = i or f) is evaluated for some
convenient set of {X}, (e.g., the equilibrium values). A
coordinate of particular significance in the present
discussion is the reaction coordinate @ which connects
the minima of the reactant (V;) and product (V) wells.
In the case illustrated in Figure 1,2378 the intersection
of V; and V; at Q* defines the diabatic activation energy
E* for thermal electron transfer. More complex situa-
tions may arise, of course, in the case of multidimen-
sional confi%uration spaces (e.g., gated control of the
kinetics).5®

The occurrence of thermal electron transfer at the
diabatic crossing is a manifestation of Franck—Condon
control of electronic processes (the nuclear kinetic en-
ergy is the same before and after the transition).”® For
optical electron transfer, generally referred to as in-
tervalence transfer (IT), the same Franck-Condon
control causes the most probable process to be the
vertical one corresponding to E§y and occurring at the
equilibrium geometry (Q?) of y; (see Figure 1).8257 In
general, the reaction coordinate @ has contributions
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Figure 2. Schematic depiction of the limits of (a) weak (nona-
diabatic) and (b) strong (adiabatic) coupling, illustrated for the
case of intramolecular electron transfer (eq 1a). The assignment
of nonadiabatic and adiabatic limits is based on the assumption
of no dynamical involvement of solvent in the rate-determining
step (cf. ref 40).

from vibrational modes of the reactants and also from
the polarization models of the surrounding medium.”#%

The transfer integral (Hj) is of central importance
in the present review, providing a compact link between
the electronic structural details of the donor/acceptor
interactions and the overall rate (for thermal) or in-
tensity (for optical) of the electron-transfer process.2358
In the diabatic representation adopted here, we assume
that the magnitude of H;; dominates that of the elec-
tronic matrix elements assaciated with the nuclear
momentum and kinetic energy operators (the nonadi-
abatic coupling terms).2 This situation usually pertains,
if as described above, y; and y; are chosen to correspond
to single valence bond structures which by their nature
are little affected by changes in nuclear coordinates (the
nuclear operators of course, yield zero matrix elements
in the limit where the |, are defined to be totally in-
dependent of {X}). In cases where Hj in the diabatic
representation does turn out to be very small or zero
(e.g., because of symmetry), then one must include the
nonadiabatic coupling terms.5®

In cases of weakly interacting systems, the diabatic
representation provides a very convenient zeroth-order
basis set. However, in general it is also useful to ex-
amine the energies in the adiabatic representation, in
which H is diagonal 254344 The avoided crossing relative
to the diabatic crossing (at @*) becomes increasingly
pranounced as the magnitude of H;; increases. As de-
picted in Figure 2, we find a transition from “sudden”
electron transfer in the nonadiabatic Franck—-Condon
regime (where the coupling is weak) to the adiabatic
regime in which the electron transfer occurs more
“gradually” with progress along the reaction coordinate.
The “cuspy” nature.of the energy curves tends to convey
a distinctive character to electron-transfer reactions in
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weakly interacting systems, whereas for stronger cou-
pling, the smooth profile of the adiabatic energy curve
for electron transfer resembles that for ather classes of
thermal reactions.t3d

The avoided crossing leads to a correction to the
diabatic estimate for the activation energy. In a simple
harmonic model, the correction is simply —|Hj.>®
However, when the solvent dominates the reaction co-
ordinate, the correction is expected to have a mare
complex form and to be smaller in magnitude if the
influence of the electronic polarization respanse of the
solvent and the transfer integral H;; are included in a
fully self-consistent manner. In this approach, intro-
duced recently by Kim and Hynes,® the wave functions
are allowed to vary with @ in contrast to the traditional
approximate model based on fixed diabatic wave
functions. A related approach has been advocated by
Knapp and Fischer.5®

Useful insight into the role of the transfer integral in
thermal electron transfer in cases where nuclear tun-
neling may be neglected is provided by the semiclassical
Landau-Zener model,® in which the electronic trans-
mission coefficient «,; is given as®%58

Kel = 2P0/(1 + Po) (6)

where the probability P, for a transition from the initial
state (V) to the final state (V) diabatic energy surface
on a single passage of the system through the crossing
region is given by

Py = 1 - exp(-27y) (7)

and where in the harmonic limit where V(@) and V{(Q)
have the same curvature

27y = |Hif?*n1%/% /hv gy kg TE,]'/? (8)

The quantity E, in eq 8 is the reorganization energy,>"®
which is equal to the sum of Ef; and the exothermicity
AE (see Figure 1). For a thermoneutral exchange pro-
cess (AE = 0), we have23553

Ex ~ 4E* (9)

The treatment of Kim and Hynes® leads to more com-
plex relationships between E, and E* and also has im-
plications for the formulation of the surface hopping
probability, P,.

When Hj is sufficiently small in magnitude, the ex-
ponential of eq 5 can be expanded and truncated after
the linear term, yielding the nonadiabatic limit in which
Ke; 18 proportional ta

Ket = 2|Hif|2"3/2/h"eff[kBTE>‘]l/2 (10)

In the other limit, in which 27y > 1, then «, ~ 1, and
the reaction becomes adiabatic. In this limit, in cases
where solvent polarization dominates the reaction co-
ordinate, the dynamical bottleneck controlling the rate
constant may switch from the inertial crossing of the
barrier (as in the transition-state model) to the diffu-
sional dynamics of the solvent motion.# The transfer
integral also plays a key rale in more complicated sit-
uations in which electron-transfer dynamics cannot
necessarily be characterized by a conventional rate
constant, as discussed, for example, by Joachim,28
Reimers and Hush,? and Kosloff and Ratner.?® These
analyses have yielded a number of interesting predic-
tions which await experimental confirmation in suitably
designed materials.

Newton

We have discussed the manner in which the transfer
integral H;; helps to control the thermal electron-
transfer rate constant, k.. In favorable situations,
values of H; may accordingly be inferred from exper-
imental values for k235 In a similar vein, the intensity
of the optical electron transfer process (the vertical
excitation characterized as Efy in Figure 1) can be re-
lated to the magnitude of H; in terms of the transition
moment, ji% = (Y}|z|y5), where ji is the electronic dipole
operator.®” An approximate expression for 7i°?, based
on first-order perturbation theory (and thus restricted
to small ratios, H/E}y), is given by®®

IRopl = eF|Hl / Efy (11

where 7 is the effective donor/acceptor separation
distance, assumed to be related to dipole moment ex-
pectation values by

F = |b;— Bel/en (12)

and where e is the electronic charge and n is the number
of electrons in the system. Hush has derived the fol-
lowing expression, consistent with eq 11, which allows
Hy to be estimated directly from optical data:®

Hid (cm™) = [(2.06 X 102) /Fl{émarPmaz APy o2 (13)

where F is in angstroms, where ¢,,, is the molar ex-
tinction coefficient, and 7,; and Ap, 5 (in cm™) are the
maximum frequency and half-width of the optical ab-
sorption spectrum.

As noted above, a number of additional spectroscopic
probes of the transfer integral H are available, and we
shall make specific reference to these in the remainder
of the review.

III. Theoretical Models for the Transfer
Integral

A. Characterization of States

In section II, adogting a conventional two-state
Landau-Zener model,® we have seen the central kinetic
role played by the electron-transfer integral, Hy;, which
couples initial (¢;) and final (y;) diabatic states. Here
we pursue the detailed formulation of models for Hj;.
After first reviewing expressions defined in terms of
generic states, we shall then turn to the specific char-
acterization of the states so as to understand the man-
ner in which Hj; captures the electronic details of donor
and acceptor interactions, as mediated by the presence
of maolecular “bridges” (see eq 1). In the two-state
model, it is assumed that all the dynamics may be
satisfactorily treated by a single pair of electronic states
over the relevant range of coordinate values (of course,
for an adiabatic process a single (adiabatic) state
suffices by definition). Of particular importance is the
range of the reaction coordinates @ between @f and Q¢
(Figure 1). However, variations with respect to other
nuclear coordinates (orthogonal to Q) must frequently
be considered as discussed below. Within the two-state
framework one may, of course, employ as large an
auxiliary basis set as necessary to yield appropriate
representation of the two-state space of interest. This
space may be expressed either in terms of a stationary
(adiabatic) or nonstationary (diabatic) pair of states.
While the Landau-Zener model in eqs 7 and 8 is dis-
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played in a diabatic two-state basis, one should note
that it can equally well be represented in the corre-
sponding adiabatic basis.2

We adopt the following notation for the two-state
model. The diabatic states (the valence bond structures
correspondindg to reactants and products) are denoted
¥4 = ¢ and y§ = ¢, while the adiabatic states are labeled
V4§ and y4. The two bases are related by the transfor-
mation p

Vi = Z\bgpsu u=1or2 (14)
§

¥4 and V4 are orthonormal, whereas Y4 and y4 are not

orthogonal in general. The basis for expanding diabatic

functions is denoted {x]}

W= xC{ s=1lor2 (15)
7

Correspondingly, the adiabatic functions are given in

this basis by the transformation

C=Ch (16)

The set {x} is taken as orthonormal and its members are
assumed to correspond to fixed charge distributions
(i.e., independent of nuclear coordinates, {x,}). However,
it is impartant to note that y4 and y4 (and hence also
H;;) may depend on {X,} through the {X} dependence
of the mixing coefficients C3. We also note that y} and
v depend on {X } through the {X } dependence of both
the C% and the p,,.

For clarity below, we reserve the fixed subscripts i
and f for the diabatic states, whereas j,s and u are
variable subscripts. Furthermore, we note that the
Schraodinger Hamiltonian and the associated wave
functions (¥'s and x's) involve in general the full num-
ber of electrons (n) in the reactive system. As a first
approximation, the x;’s defined above may be taken as
a set related by various one-particle excitations (electron
or hole, as discussed below). In more general situations
one might allow many-electron relaxation to accompany
the primitive one-particle transfers, e.g., by including
virtual many-particle excitations or by adopting distinct
basis sets (say, {x}} and {x}) to reflect state-specific re-
laxation effects associated with the initial (¢;) and final
(yp diabatic states. Distinct bases might also be
adopted if one employed different zeroth-order Ham-
iltonians (channel Hamiltonians, H! and Hf)598! ta de-
fine y; and ;. The use of “one-particle” language in-
troduced above suggests that effective one-particle
models may be projected out of the full n-electron
model, a subject dealt with in section IILD.

In employing the two-state model, one assumes that
the diabatic and adiabatic states essentially coincide in
the vicinity of the initial (§) and final (§}) equilibrium
configurations:

wi=y=y;, Q=@ (17a)
“i~yYi=y; Q~&§ (17b)

While this is generally a reasonable assumption for
ground-state thermal processes,? it may not be for
photoinitiated processes in which one may prepare in-
itial states which are superpositions of two or more
adiabatic states, over and above whatever adiabatic
state (aor states) may be necessary to characterize the
final state of the process.®*3 [In this situation, or in the
general case where a high density of molecular elec-
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tronic states renders a two-state model inadequate, one
must have recourse to more general dynamical models
than the Landau-Zener model. The reader is referred
to a number of discussions of such models in the lit-
erature #682824282 An obvious example of a multistate
effect is provided by the situation in which some in-
termediate diabatic state is sufficiently low in energy
that the kinetic process involves a residence of finite
duration in this state in the course of the overall elec-
tron transfer.2622:36bc42 When energy separations are
large relative to off-diagonal coupling elements and
reorganization energies, then intermediate states enter
only as virtual states (x;) which contribute to the overall
electron transfer integral, Hy. Vibronic effects associ-
ated with such states may be eliminated by the use of
the Condon approximation and the closure relation for
vibrational wave functions*? (see also ref 27d).

The formulation of a discrete electronic model re-
quires the definition of a “system” in terms of a mo-
lecular or supermolecular species (as depicted in eq 1)
whase electrons are treated explicitly. For condensed-
phase processes, the energetic and dynamical influence
of the longer range environment may be simulated by
a variety of devices, 242533414981 gome of which are
discussed below. It is notewarthy that statistical me-
chanical treatments emplaying path integral techniques
are now capable of treating the long-range influence of
a thermally disordered medium on electronic structure
in a self-consistent manner, although so far the appli-
cations are limited to a single electronic degree of
freedom.®

One has great flexibility in defining the components
of the molecule or supermolecule representing the re-
active system. The intervening material between the
donor (D) and acceptor (A) sites may be characterized
by a single aggregate bridge (B) or may be subdivided
into a number of subunits, B,,. This decomposition is
especially useful when the “bridge” is actually composed
of nonbonded units in contact (e.g., the L and L’ units
in eq 1b)*d or when it consists of a number of chemi-
cally meaningful moieties linked by covalent bonds (e.g.,
methylene groups in an alkyl chain).22-#3132 [t is often
convenient to identify the index of a basis function, x;,
with a particular site in situations where the overaﬁ
electron transfer from donor to acceptor sites is ana-
lyzed in terms of a sequence of virtual intermediate
states. In this approach (the essence of superexchange
coupling), basis states x;, x;+1 § = 1 to m), and x+2
may, for example, represent zeroth-order (virtual) states
in which an electron is located, respectively on the do-
nor site (x;), the j*h of m bridge sites (x;4+;), and the
acceptor site (x,,+2), with the remaining efectrons con-
fined to an (n — 1)-electron core. An analogous notation
may be employed for the complementary superex-
change process in which a hole passes from the acceptor
site to the donor site. These ideas will be elaborated
below, after establishing the correspondence between
many-electron states and one-electran orbitals.

B. Two-State Modeis

We review a number of relationships within the
two-state framework, which will be employed in sub-
sequent sections. The correspondence between diabatic
and adiabatic two-state models arises from the secular
determinant (with the assumption that S;; = 0):



772 Chemical Reviews, 1981, Vol. 91, No. 5

H-E1 =0 (18)

Hy Hy
= 9
xe ()
and where E® is the energy eigenvalue and 1 is the unit
matrix. Except as noted, all quantities are assumed to

refer to an arbitrary value of §. We also assume real
quantities. If the transformation p (eq 16) is expressed

where

as
- ( c?sn —sin 'n) (20)
sinn cosn
then the adiabatic eigenvalues are given by
E‘I‘ = Hii + Hif tan 7 (218)
E; = Hff - Hif tan g (21b)
and
tan 217 = 2Hif/(Hii - Hff) (22)

(note that eq 2 of ref 24f should involve tan 7 instead
of cot 7).

These equations allow the parameters of the adiabatic
representation (p, E}, and E,) to be specified in terms
of the elements of the diabatic Hamiltonian.5%#¢ Con-
versely, the elements of H (eq 19) may be obtained from
the adiabatic quantities; e.g., we find that

Hi¢ = (1/2)(Ej - EY) sin 29 (23)

where sin 27 is given by —2(p,;) (p;9).2*P (We denote the
adiabatic splitting by Ag® = E} - E§). This equation,
which is exact for a two-state problem, also offers a
useful device for approximating an effective transfer
integral in situations where two adiabatic states are
dominated by two basis functions and are well sepa-
rated from other adiabatic states.?%?® In this case, the
coefficients of the dominant functions may be used to
approximate the value of 7 according to eq 20 after any
necessary orthogonalization and renormalization have
been carried out.

If S;; # 0 (cf. eq 4) then the effective Hamiltonian
matrix, H’, for the two-state dynamical process is re-
placed by

H; - S Hy Hy—S;H,
o _S‘z ) ii if44fi if if 44 24
H ( Y-S <Hﬁ —SeH;y Hg—SeHi 24

This matrix may be derived as a generalization of the
orthogonal two-state model employed by Zener.®® It
may also be derived in a dynamic context, where the
time-dependent Schroedinger equation is represented
by a nonorthogonal two-state basis.%! If in addition, ;
and Y, are defined as eigenfunctions of zeroth-order
channel Hamiltonians H' and HF, respectively, then the
elements of H' may be written in terms of the aperators
Vi and V¥, which are defined by

H=H+V =H+V (25)

The off-diagonal elements of the overlap-adapted H
matrix (i.e., H’) have the proper invariance with respect
to the zero of energy.43® However, H’ is seen to be
non-Hermitian for Hy # Hy. In a more general vibronic
framewark, any discrepancy in electronic energy for a

Newton

radiationless process would be compensated by energy
flow between electronic and vibrational manifolds.
Within a purely electronic framework, the desired
Hermitian behavior (necessary to satisfy the require-
ments of detailed balance) may be achieved by various
devices, including orthogonalization of y; and y;, or
simply replacing H; and Hy in Hg and Hy, respectively,
by an average value®* (e.g., the arithmetic or geometric
mean or the value at the crossing). In the limit of small
S, symmetric (Lowdin)® orthogonalization yields (via
Taylor expansion)

Hy = Hy =~ Hy - Sy(H; + Hy) /2 (26)

accurate through second order in off-diagonal elements
(Si¢ and Hy). Hj is the generalized transfer integral for
the case of nonorthogonal diabatic states. In the re-
mainder of the paper the “prime” on H’ will be included
only when the distinction between H and H’ is of spe-
cific interest.

Equations 18-23 give the exact (variational) two-state
results. When |H;; — Hy > |Hiq (or equivalently, sin
7 =~ n and tan 27 ~ 24) then the adiabatic energies and
coefficients are well approximated, respectively, by
second- and first-order Rayleigh-Schrodinger pertur-
bation theory (RSPT):

Vi =¥+ (Hy/(H; - He) ¥ (27)

Vi = ¥y + (Hy/(Hy - Hy) ¥ (28)

The optical transition moment between these two states
H$8 = (VAlale) (29)

is then equivalent to eq 11, under the assumption that
Hie = (VilE|y¢) may be neglected (the form of eq 11 is,
of course, applicable to any value of @ such that the
requirements of perturbation theory are satisfied). The
effective donor/acceptor separation 7 (eq 11) may be
evaluated by a suitable interatomic distance, based on
the atomic coordinates of the reactive system.

With the exact two-state model fully specified, we
now turn to the more challenging task of defining an
effective two-state model and a corresponding two-state
H matrix, projected on a space of m + 2 zeroth arder
basis functions, x;. If good zeroth order candidates for
¥, and ¥ are identified (say x; =~ ¥; and x,+3 = ¥y), then
a number of methods based either on time-independent
or time-dependent perturbation theory may be em-
ployed to calculate effective values of H;.26%* These
results are generally valid when the energies of the
“intermediate states”, x;+; (j = 1-m), are well separated
from those of states x; and x,+2 (i.e., by gaps large
relative to the coupling elements Hj,, j # k).

Joachim has attempted to define an effective two-
state Hamiltonian using a nonperturbative time-de-
pendent procedure applicable in cases where the adia-
batic states are dominated by two basis functions (say
x; and x,,+3, as discussed abave):?®

Y = Cuxa + CovgaXmez + o (30a)

V8 = Cigxa + Crvg2Xmez + o (30b)
When these coefficients form a nearly orthonormal pair
of vectors; i.e.

CiuCjy = 0y uyv=1or?2 (31)

J=1and m+2
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Joachim’s effective (2 X 2)-Hamiltonian matrix ap-
proaches that defined by Larsson (e.g., see the ex-
pression for Hy in eq 23) for use in situations where the
two-state approximation is valid. However, when in-
termediate states begin to come into near resonance
with x; or x,.+2, then discontinuities may arise in Joa-
chim’s procedure.?? Reimers and Hush have argued
that no effective two-state model is valid in this case
and have offered an alternative definition of the ef-
fective transfer integral.”® (One should carefully dis-
tinguish two different senses in which the term
“resonance” is emplayed here: resonance between donor
and acceptor levels (at the crossing, H; = Hy) and
resonance between donor (or acceptor) levels and in-
termediate (“bridge”) levels. This usage differs some-
what from the dynamically based definition of reso-
nance adopted by Joachim). Further perspective on the
two-state model has been obtained by Kosloff and
Ratner through a comparison of results based on
time-independent and time-dependent perturbation
theory, and also nonperturbative time-dependent dy-
namics involving a four-state model with provision for
damping.28

C. Perturbative Approaches

We now consider specific results for effective two-
state transfer integrals based on perturbation theory
(RSPT) and related techniques. A superscript “(n)”
denotes n-th order quantities (i.e., those including terms
through n-th order in the coupling elements H;, =
(x;jHIxz), j # k, where H is the full system Hamilto-
nian). For simplicity we assume initially that the cou-
pling among m + 2 zeroth-order functions, x;, is gov-
erned by a tight-binding approximation; i.e., only
nearest neighbor coupling elements have non-zero
values, where j = k £+ 1 (see comments about the def-
inition of basis states at the end of section II.A). The
tight-binding assumption, of course, includes neglect of
“direct” coupling, i.e., H) y+2 = 0 for m 2 1). The as-
sumption that bridge-mediated superexchange coupling
will always dominate direct coupling is not always
justified, and in general it is of interest to ascertain how
the two types of coupling interfere with each other3%:32
(i.e., constructively or destructively). These matters are
considered below. Finally, we define E® = (x;|H|x;)
(i.e., if the x; are taken as eigenfunctions of some ef-
fective H'?, then the first-order energies HYY are zero,
where H = HO® 4+ H®),

1. A Single Bridge State (m = 1)

a. Resonant Case. We first consider resonant elec-
tron transfer (EY = EQ), with |H;5/(E® - EQ)| « 1,
= 1 and 3), and employ RSPT, obtaining the following
first-order approximations for y; and 4

WY = x; + (Hyp/AED)x, (32a)
Y = x3 + (Hyy/AEO)x, (32b)

where AEQ = EQ - EQ) = EQ) - EQ) = -E& (Figure 1).
Accordingly, we find

H@ = (2H,,H3,/AE®)(1 + EP /2AE®)  (33)
H}lo) = Hg» = EiO) (34)
and
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SP = Hy3Hgy /(AE©)? (35)
Hence from eq 24 we obtain
(Hgf)z = H12H32/AE(0) (36)

Note that this derivation for the resonant case does not
require H,; = Hj. Note also that the leading (i.e.,
second-order) term in H ;; involves only the zeroth-order
diagonal elements of H,, (HY and HY).

An alternate route to the result in eq 36 is to obtain
the adiabatic states y§ and Y3 by using degenerate
second-order perturbation theory. For a symmetric
situation, where H,, = Hy; and H,; = Hgy,, we may write

W3)© = (x; £ x9)/V2 (37)

Adding the first-order correction due to x, yields a
splitting of the second-order adiabatic energies:

(AE!)(z) = 2(H12H32/AE(°)) (38)
and
HP = (AE®)?/2 = H\;H;3y/ AE® (39)

In the case where H,; # Hg,, eqs 37-39 still describe
the effective two-state model at the point of minimum
energy separation, but this point does not coincide with
the crossing paint of the diabatic surfaces, H;; and Hg.
This distinction also arises in the context of the par-
titioning method,’ which is closely related to the
present RSPT approach, as seen below in section II-
I.C.2.

b. Nonresonant Case. We now consider the nonre-
sonant situation, where all three zeroth-order energies
are well separated relative to the magnitudes of H,3 and
Hy;. Second-order RSPT yields approximate adiabatic
states:

(\Vl‘)(z) =x + (le/AEQ)Xz + (leHm/AEi?AEE%))X:;
40a

V@ =
X3 + (Hyy/AEQ)xo ~ (HpoHg) / (AEYAER)x, (40b)

where
AE§2) = E;o) - E®

In terms of Figure 1, AE(}, AE{}, and AE) correspond,
respectively, to ~Eby, AE, and —E&q. It is straightfor-
wardly demonstrated that, as required for adiabatic
states, H2, = ((y2)@|H|(y5)®) and the corresponding
83, are exactly zero, based on the present model. We
obtain the effective value of Hj by evaluating the aptical
transition moment

i = (WDPE|(y) @) (41)

and equating it to the two-state result in eq 11, re-
placing E§ = —(H;; — Hy) there by ~AEY. Equations
40 and 41 yield (through second order), aside from a
phase factor of £1,

AE( + AES) )
2(AER)(AEQR)(AER)

where F = |fig3 — fiy)|/ne (we take i, = 0 for j # k, where
Bjx = (X|E|xe)). In obtaining eq 42 we also assume for
simplicity (see below) that fg = (1/2)(f;; + #iss).

($8)@)| = elezHaz[
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Equating the right hand sides of eqs 11 and 42, and also
equating the 7 in each equation, we obtain

Hiff = H = H\pHy[(1/2)(1/AEQ + 1/AED)] =
HyoHgy/AER (43)

where
AEQY = 2(AEQAER) /(AEY + AES))  (43a)

Thus AEQ has the standard form of a reduced energy
difference. Although the present derivation is not valid
for the resonant or near-resonant case, we note, nev-
ertheless, that AEY becomes e%ual to AE© for the re-
sonant case (see eq 32) when E{” and E{ are equated.
If the constraint of (i), + figs)/2 = fig is relaxed, but
with the assumption that the three centroids, &;;/ne,
J = 1t0 3, are collinear (with fiy;/ne lying between the
other two), then 1/AEQ) may be generalized as

AE(f, + AEQfs,
AEQAEY

where the weighting factors are given by fi; = |iigs —
Bnl/neF and fsg = |figs — Higg)/neF (note that fip + foo =
1). The result given in eq 43a for m = 1 may be
straightforwardly generalized to higher m; e.g., for m
= 2, assuming that the z,, form a colinear grid of
uniformly spaced points, we find

3AEAE jAE pAE 3
AEAE 3 + AE3AE; + AEGAE

If the nonorthogonal first-order expressions for y; and
V¢ (obtained by truncating the second-order terms in
eq 37) are applied to the present nonresonant case, then
the result given by eq 43 is obtained provided that the
SieHg and SgH; terms in eq 24 are replaced by the mean
value Si(Hy; + Hy)/2, which in the present context is
given by Sy(E{® + Eg‘”) /2.

As a final observation, we note that the second-order
adiabatic wave functions given in eq 42 yield the correct
effective Hy according to the prescription of Joachim
and Larsson (see eq 23 and the discussion in connection
with eqs 30 and 31) pravided that sin 27 ~ 27 is taken
as the arithmetic mean of the x3 coefficient in eq 40a
and the negative of the x, coefficient in eq 42b.

The results obtained in eqs 36, 39, and 43 are in
general agreement with those presented else-
where.22%-2 Some differences of a factor of 2 may be
attributed to the fact that the nonorthogonality effects
(S # 0), included in the present derivation, were not
included in the earlier analyses. The device of em-
ploying the adiabatic transition dipole to define H3f was
also employed in ref 27a, but nonorthogonality effects
were apparently neglected.

Note that the result for resonant transfer (eqs 36 and
39) refers to thermal transfer at Q*(H'}), whereas the
nonresonant result eq (43) would refer, for example, to
optical transfer occurring at @ or Q¥(HS). For a har-
monic thermoneutral system (AE = 0) where the CT
state has the same curvature as the diabatic curves and
is centered at Q* (see Figure 1), we find®

b H = E,/2 2<
¥/HP =1- Eor—E./2 <1 (45)

1/AEQ = (44)

(AEQ)® =

(43b)

This offers an interesting example of how H;; may vary

Newton

with @, although for typical energy parameters, the
effect is modest (i.e., the ratio is >0.9 for Eqcp > 2E,;
for simplicity here and in the following, we suppress the
double dagger in Ety (Figure 1)).

2. Lowdin Partitioning Method

Larsson?%?5 has employed the Lowdin partitioning
method® to rearrange the secular determinant for a
Hamiltonian matrix of dimension m+2

[H-E1 =0 (46)
(where E is the energy eigenvalue and 1 is the unit
matrix) to an equivalent form
H(E)-E H(E)

- - =0 47
Hg(E) Hy(E)-E

where H is an effective energy-dependent two-state
Hamiltonian matrix with respect to the two basis
functions of primary interest (here, x; and x,+2)-
Larsson has used this technique to define an effective
two-state Hamiltonian for a number of resonant elec-
tron-transfer processes. For example, taking the case
of a single bridge (m = 1), assigned the zeroth-order
state function x;, we have at resonance24®36b—

Hy(E) = Hy(E) = H; - (Hip)?/(Hy - E) =
Hg - (Hy)?/(Hyy — E) (48)
Hy(E) = -HgHy/(Hy, - E) (49)

It is apparent that the crossing of the effective surfaces,
H;; and Hyg, as in eq 48, does not coincide with the
crossing of the ariginal diabatic surfaces, H;; and Hyg,
unless H;y = H&, as noted in ref 36b.

If y{¥ and ¢{¥ (i.e., x; and x,) interact only weakly
(the direct interaction, H,3, is assumed negligible) and
are well separated from x, in energy (i.e., |H;j— Hyp| =
|Hg — Hyg| are large in comparison with H;; and Hg),
then we may to good approximation replace E in Hy(E)
and Hy(E) by its zeroth-order value H; = Hy or by a
mean value if H;; # Hy (see above). The E appearing
in H(E) may then be replaced either by H;; or H; (for
cases of weak coupling, the two choices are expected to
yield very similar values). The former choice yields an
expression equivalent to eqs 36 and 29 (recall that Hy;
- Hy, is equated to AEY;). Adopting the latter choice,
where the energy argument of H;; has in turn been as-
signed a zerath-order value, we obtain the following
effective transfer integral:

Hiff = Hy(Hy) = -HigHae/ (Hpp — Hy) (50)

Note that the sign as well as the magnitude of H;" is
significant since the sign controls the nature of the
interference when multiple coupling pathways are in-
volved. The sign of Hy; in the partitioning approach is
incorrect in some of the previous literature although no
canclusions are affected since interference effects were
not dealt with.

For the general resonant case involving m bridge
states (with the usual nearest neighbor tight-binding
approximation), Larsson obtains?® (with sign corrected)

Hiff = (Hu/AEa@)(:Ijl‘ (Hjarjra/ AEE,0) Hpatmad)
(51)
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where m = 2 and where a factor occurs far each of the
(m + 1) nearest neighbor interactions in the assumed
linear sequence and where it is assumed that each such
factor is small relative to unity. The same perturbation
result has been obtained by Beratan et al.?’ and by
Ratner,2® using, respectively, time-independent and
time-dependent (propagator) techniques. These tech-
niques are all straightforwardly extended to cases in
which each bridging unit has several electronic states,
thereby generalizing each factor in eq 51 into a super-
position of competing pathways (e.g., “electron” vs
“hole” transfer,2622% if a particular bridge has accessible
both accupied and unoccupied orbitals, as discussed
below). For simplicity, the energy denominators in eq
51 are based on zeroth-order energies. However, they
could also incorporate second-order energy corrections
by replacing E{” with the analogue of H; (see eqs 48 and
50).

In nonresonant cases (i.e., Hy # Hyg), the specification
of E in eq 47 involves additional ambiguities.?® We
have already seen (section II1.C.1) how the transition
dipole may be employed in defining effective energy
denominators in such situations.

3. The McConnell Model and Its Generalization®?®

An alternative to the above treatment of resonant
transfer in the m-bridge case was offered by McConnell.
In this approach, one considers the m-bridge unit to be
a single bridge possessmg m locally excited states x;.1,
J = 1 through m, reserving as usual, x; and x4 for the
donor and acceptor states. Diagonalization of the mxm
bridge block of the Hamiltonian matrix H, yields ei-
genfunctions (yB) and eigenvalues (EP)

(VB\HWEB) = 6,,EB (52)

m
v = _le,~+10,'2 s=1-m (53)
j-
(Larsson’s partitioning approach alsa employs the ei-
genfunctions of the bridge units.) Using standard
RSPT, we then obtain?? the following expressron for
the spllttmg of the adiabatic states (AE® = 2H%Y), ob-
tained from the mixing of the bridge eigenfunctions

with the zeroth-order adiabatic states x; = (1/v/ 2)(X1
+ Xm+2)

m (X H\LB)(\LBHXm )
AE‘=E‘.‘,_—EE=2Z l| |s s' | +2 (548)

= EP - EB

From the expansion in eq 53 we obtain the equivalent
expression

= 2(I:II2I:Im+1,m+2) %(C )I(C +1'3)’/(Eio) ESB)
(54b)

where EY is the energy of both x, and x. since direct
caoupling (H 1m+2) i8 assumed negllglble For uniformity
of notation in eq 54b we employ (CB ) = ,—1 o since the
CB matrix defined in eq 53 only involves the set x; to
Xm+1+

McConnell originally derived this expression for the
special case in which all bridge basis functions were
equivalent (differing only in spatial origin), with T =
le Hm+l.m+2’ with ¢t = H+1 +2,]-1t0m 1, andWlth
the constant (positive) exc1tatlon energy, D = -AE{"),,
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for j = 1-m. Far consistency with the notation defined
in Figure 1, we denote McConnell’s energy D by Ecr.
In the limit |t/ E¢cy| « 1, the result

T? t \™!
AE& = —_—
(‘ECT)(‘ECT) %%)

is obtained by expanding 1/(E? - EB) in a Taylor series
and collecting the leading terms arising under the
tight-binding approximation

1 = 1 =
(EQ - EB)  (-Ecp - EB)
El 2 (EB/Ecp)P(-1)° (56)
—L&CT

where the eigenvalues EB, s = 1 to m, are related to the
EB by a constant energy shift which references them to
the degenerate zeroth-order energy level of the bridge,
(B =EQ,j=1tom:

EB = EB - (EB)©® (56a)
In terms of Ecr, (EB)© may be reexpressed as
( EB)(O) = Ei(» + ECT (56b)

The simple form of eq 55, equivalent to the more
general expression eq 51 in the present limit of m
equivalent bridge orbitals, has a number of interesting
implications which we examine below. Here we point
out a generalization of eq 55 which immediately sug-
gests itself if one focuses an its derivation via eq 56.
Relaxing the requirement of tight binding among
equivalent bridge orbitals, we define a mean energy
denommator, Ec'r, on the basis of the (positive) quan-
tities ~AE{" J+1J = 1 to m. From the properties of the
Schrodinger matrix equation (eq 57), where HB =

HBECB = CBf® (567)

Hipyper,= kECT (j, k = 1 to m), and where the eigen-
values EB are defined analogously to eq 56a, with Ecy
replaced by Ecr, we find

z CR(EB)PC, = ((HB)P, (58)

with j, k = 1 to m. While for the tight-binding case the
first non-zero term corresponds to p = m — 1, in the
mare general case of coupling within the bridge, but
with the bridge still coupled to the donor and acceptor
groups only via the “terminal” states, xs and x4, Ye-
spectively, we have

HyHpgymea | = A
AE® = (1_2_2_L2) ¥ (-1)? Hifnan (59)

—Ecr p=0 (Ecr)?

where the coupling element, Hf),, is given by
H)., = {(HB)P),, (59a)

Equation 59 may be useful if the concept of a mean
energy denominator seems suitable (i.e., a relatlvegf
tlght cluster of excited states well separated from E{*

= EQ,,) and if convergence of the infinite series is rapld
The form of eq 59 readily lends itself to an interpre-
tation in terms of a superpaosition of paths which may
be displayed as the various terms arising from the ex-
pansion of (HEB)? over the range of p, thus yielding a
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Figure 3. Schematic orbital representation of bridge-mediated
superexchange of the “electron” (top, left to right) and “hole”
(bottom, right to left) type, illustrated for the case of intermo-
lecular electron transfer between two metal/ligand (M/L) com-
plexes (see eq 1b).

picture analogous to that developed by Ratner.26®
Equation 59 may be further generalized if the donor/
acceptor coupling to the bridge is not limited to the
terminal states x5 and x,,4;.

Alternative schemes for analyzing the contributions
to H;; (represented as the adiabatic energy splitting,
AE?®, in a one-electron model applied to photoelectron
spectra) have been implemented by Heilbronner and
Schmelzer® (an additive perturbative model) and
Paddon-Row, Wong, and Jordan (a nanperturbative,
procedure involving sequential “turning-on” of indi-
vidual coupling terms).% Other nonperturbative ap-
proaches are dealt with in refs 28 and 29.

D. Derlvation of One-Eiectron Modeis
1. Orbital Wave Functions

The expressions for H;; developed in the previous
section (IIL.C) are defined in terms of a generic set of
basis functions, x;, which in general may be taken as
many-electron states associated with the chosen en-
counter complex for the process of interest. Since we
are interested in “one electron (or hole) transfer
processes”, we anticipate that ultimately one can treat
the processes in terms of an effective one-particle
model, either an independent-particle madel or a
mean-field madel such as given by Hartree—Fock the-
ory. Here we establish some connections between the
many-electron and one-electron pictures, adopting for
ease of discussion, an independent-particle model. We
define the many-electron basis functions as antisym-
metrized n-electron configurations x; = a(IIj¢}); ie.,
Slater determinants generated by the aperation of the
antisymmetrizer, a, on orbital configurations, (II}¢}),
where the accupied orbital sets ¢} are based on the
following orbital space, assumed for simplicity to be
orthonormal: ¢p, donor; ¢,, acceptor; (¢, occupied
bridge orbitals, I = 1, n - 1; {¢;}, unoccupied bridge
orbitals, [ = 1, p. Superexchange is commonly subdi-
vided into processes corresponding to “electron”
transfer, in which an electron transfers from ¢p to ¢4
by making use of available unoccupied orbitals (¢;),
and “hole” transfer, in which a hole moves from ¢4 to
¢p by passing through the manifold of filled orbitals
({¢)), as illustrated in Figure 3). Even though bath
mechanisms can be cast as one-particle processes, it is
convenijent to treat them separately.

a. “Electron” Transfer. Using the above orbitals we
specify orthogonal basis states, x; as follows:

Newton
xi = WY = alépll6) (60a)
Xpra = O = a(éaT14) (60b)

Xi = a(¢;ﬁ 6) Jj=1ltop  (60c)

We then construct y; and y; as

p+2

v= _Zicfi)(j (61a)
j-
p+2

v= .ZiC,’/Xj (61b)
=

where the column vectors C{ and C} are assumed to be
orthogonal. Since all the x’s in eq 60 have a common
(n - 1)-electron core

o = a(tle) (62)

we may reexpress y{ and ¢ as single determinants in
which the occupied orbital outside the core is written,
respectively, as

14
oh = Ciop + Zlcyﬂ,i«bj* + Cpigids  (63a)
j.
and
14
¢5 = Cip + ,ZIC;ﬂ,«b,-* + Cpeoebs  (63b)
=

(note that (¢p|¢s) = 0). In the weakly interacting
systems of interest here, the effective donor (¢%) and
acceptor (¢%) orbitals are expected to be somewhat
delocalized versions of the zeroth-order orbitals (¢p and
¢4). Since ¥ and y§ are thus single determinants dif-
fering only in the occupation of a single arbital we may
write

(VIIHWE) = (oblhles) (64)

if H can be approximated as an independent-particle
aperator, H, = 3"2.,h(r,), where h is an effective one-
electron Hamiltonian.

b. Hole Transfer. The hole analysis is quite analo-
gous to that for electron transfer, with the same twa
primary basis functions

xi = Y0 = a(%ﬁ@) (650)
Xer = ¥ = a(s 16 (65b)

and with n — 1 “hole” basis functions
Xj+1 = a¢D¢A§j¢I Jj=1lton-1 (65c)

For convenience below we convert the basis functions
x; to “canonical form” by suitable orbital permutations.

his form is obtained by the following procedure.
Define a reference (n + 1)-electron state

x ") = a(¢D¢A§¢1) : (66)
and obtain the (n + 1) functions x; (differing by at most

a phase factor of -1 from the original x;’s) by cyclic
permutations of the orbitals in x**!) until the orbital
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in which the hole is to be created becomes the first
member of the antisymmetrized orbital product corre-
sponding to x™*V. In the x’ basis we then write

n+l

j.
n+1

¥ = 2.0hx; (67b)
j.

and once again, these multideterminantal expressions
may be recast as single-determinant states defined in
terms of sets (respectively, ¢} and ¢f, k = L ton + 1)
obtained as transformations of the original set of (n +
1) orbitals consisting of ¢p, ¢4, and {¢;}:

yh = a(kf1=1¢}.) (68a)
yi = a(ilﬁ) (68b)

Relative to x**D, each of these states is characterized
by a “hole” orbital defined as follows:

n-1

¢h® = iy = Chiga + .Zlcy"'l,i‘ﬁj + Chi¢p (69a)
j.

and
n-1

¢h0 = ¢f | = Chpp + Zlcjh+1,f¢j + Char 0D (69b)
j=

(note that the orbitals ¢; on the right hand sides of eq
69 are the hole orbitals by which the corresponding
Xi+1's on the right hand sides of eq 67 differ from x**).
if the column vectors C* and C? defined in eq 67 are
taken as orthonormal, then the hole orbitals ¢"? and
oM are also orthonormal. Since the ¢,’s are spin-or-
bitals, many of the C%,; and C%,  will be zera by spin
orthogonality; e.g., if the bridge contains m doubly filled
bridge orbitals (i.e., n — 1 = 2m) then only the m ¢;’s
of the same spin as ¢p and ¢, will yield non-zero
coefficients. In analogy with comments made regarding
the effective donor (¢9) and acceptor (¢4) orbitals for
electron transfer (eq 63), we observe that the effective
hole orbitals ¢"® and ¢*® are, respectively, the some-
what delocalized versions of the zerath-order hole or-
bitals of x, (i.e., ¢5) and x,4+; (i.e., ¢p).

As in the case of y¢ and V¢, we see that since yF and
v} differ only by the lacation of a single hole orbital
(defined relative to x**?), we have the hole counterpart
of eq 64

(VRIHWE) = ("Djhie®) (70)

The fact that (according to the present model) ¢*® and
#MP are mutually orthogonal holes relative to the
function x"*! implies that there must be an (n - 1)-
electron core, ¢%;) common to both yf and y}. Thus
we may write

¥b = a(ehOyi) (71a)
and

W = a(eOyED) (71b)
revealing the important result that in hole transfer, the
hole orbital (relative to x**?) in one state (y? or y%) is
the occupied arbital (aver and above ¢{;Y) in the other

state. Thus for both the electron- and the hole-transfer
processes one may defined a one-electron model in
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which a passive (n — 1)-electron core is common to both
states.

The preceding analysis is, of course, dependent on the
assumption of a compact arthonormal basis of states
and orbitals common to both initial and final states, and
on the assumed orthogonality of the vectors Cf and C§
and the vectors C! and C!. The resulting single-de-
terminant form for y; and y; arises from the restriction
of x bases to sets whose members are related by one-
particle excitations. The question remains as to how
realistic these conditions are in practice. It may be
noted that they are obeyed exactly at the level of
Koopmans’ theorem®” (KT), when the n-electron system
is described in terms of the orbitals of the SCF func-
tions for the corresponding (n + 1)- or (n — 1)-electron
problem.32 We defer this topic until section IV.

Detailed studies of metallocene/metallocenium
electron-exchange systems*d in which the expansion
coefficients C in eqs 63, 68, and 69 are obtained by a
corresponding orbital analysis® of SCF calculations at
the INDO level,® give excellent quantitative support
for the validity the one-particle models inferred on the
basis of the above arguments. The effective electron
(eq 63) and hole (eq 69) orbitals were found to corre-
spond, respectively, to the canonical highest accupied
orbital (HOMO) of the reductant species and the can-
onical lowest unoccupied orbital (LUMO) of the oxidant
species in the reaction, as expected from the above
analysis. The corresponding orbital analysis also dem-
onstrated the near invariance (departures of less than
10%, based on overlap integrals as discussed in section
IILE.1) of the (n - 1)-electron cores (y;))) associated
with ¢; and y;. The ferrocene and cobaltocene systems
were found to correspond to essentially pure limiting
cases of electron and hole transfer, respectively. On the
other hand, in cases where both mechanisms are si-
multaneously operative, thereby invaolving electron/hale
pairs within the bridge manifold, then rigorous con-
densation of multideterminantal states to single-de-
terminant ones (the crux of the abave analysis) cannot
in general be carried out, and the validity of an effective
one-particle model is less clear. Nevertheless, in the
limit of weak coupling of ¢p and ¢, with bridge orbitals,
one may still to good approximation define single-de-
terminant initial and final states which can be parti-
tioned into an (n - 1)-electron core and an effective
donor/acceptor arbital pair, thus justifying the use of
a one-particle madel. In this case, the effective donor
and acceptor orbitals involve mixing of ¢p, and ¢, with
both occupied and unoccupied bridge orbitals. In terms
of the schematic pathways depicted in Figure 3, this
more general situation would entail hybrid virtual
transfers between the filled orbital of one ligand (L) and
the empty orbital of the other (i.e., the creation or de-
struction of electron/hole pairs).

2. McConnell's Superexchange Model

In McConnell’s model for electronic coupling,?? the
adiabatic energy splitting was given by second-order
RSPT (eq 54a), assuming at the outset a one-electron
model. We may arrive at his result, in somewhat more
general form, by first taking eq 54a as referring to a
many-electron representation involving the independ-
ent-particle Hamiltonian H, defined following eq 64.
If the x; are taken as the single-determinant basis
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functions defined in eq 60 or 65, we note that the bridge
eigenfunctions 2 (eq 53) are also single determinants.
(The reasoning is the same as that emplayed in section
[ILD.1.) We then obtain straightforwardly the following
orbital counterparts of eq 54a for the case of electron
and hole transfer

p | (plhle;)(¢jlhiea)

AE: =2 3 _ (72)
J=1 €D ~ €
n-1f —(¢plhle;)(@hlda)

AEf‘ =9 Zl D' | j j' | A (73)
j=1 —(€D - €j)

where the ¢; and ¢; are the eigenvalues (with respect to
the operator h) of the bridge orbitals, ¢; and ¢;, re-
spectively, and where ¢p = (¢plhl¢p) = ¢4 and €; > ¢p
> ¢;. To emphasize the importance of signs we include
separately, the two compensating minus signs which
appear, respectively, in the numerator and denominator,
when eq 73 is derived from eq 54a. The minus sign in
the numerator arises from the permutational symmetry
of the single-determinant wave functions, as noted by
Richardson and Taube.!® Given the definition of H,,
the arbital energy denominators in eqs 72 and 73 are
equivalent to the many-electron quantities E{® — E® in
eq 54. Note that E? — E{¥ is a positive excitation en-
ergy, for bath the “hole” and “electron” cases, and the
minus sign in the denominator of eq 73 arises since ¢p

> €.

'fhe relative signs of AE? and AEf] depend on the
details of the orbitals. Let us consider, for example, a
bridge consisting of a sequence of m equivalent bridging
units, B;, k = 1 to m, each possessing a bonding (»,) and
an antibonding (n;) orbital. Models based on such local
bonding and/or antibonding orbitals have been em-
ployed in a number of previous studies of bridge-me-
diated coupling.!327832a The orbital eigenfunctions of
the bridge, {¢;} and {¢;}, are expanded, respectively, in
the n and n* bases. We consider initially the case where
either the electron or hole pathway is dominant, and
neglect mixing between {n} and {n*} sets. Adopting the
usual tight-binding approximation, and proceeding
analogously to McConnell,??® we obtain

hin® :nh m~1
B - 2(<¢Dl i) o w)( o ) -

—€cr —€cr
h mh m-1
Ay = 2(<¢Dl In) (1l |¢A>)( t ) 4t
€cT €cr

where t* = (n|h|nk+1) and ¢ = (nylhlmesr), k = 1tom
-1, and where the positive orbital excitation energies
are given by eor = (milhin:) — ep and ecr = ep— (mulhn),
k =1 to m. Because of the assumed equivalence of the
bridge sites, the parameters ¢, t*, eor, and eop are in-
dependent of k.

In order to understand the expected sign behavior of
AE® as m is varied we must now consider the nodal
structure of the orbitals (¢p, ¢4, {n}. and {#*}) and adopt
a phase convention. In McConnell’s original applica-
tion,?? the coupling corresponded to superexchange of
the “electron” type (AE®), and each virtual orbital 7;
was taken as a 3dé orbital (i.e., one symmetric with
respect to reflection in the xy plane through its origin,

Newton

SCHEME I

0.0 O 0.0

¢p i m M N
SCHEME II

O.0 O 0.0

%p M M M 6
SCHEME III

0.0 0 0.0

¢p Nk-1 Mk Mk +1 6a

where the 2 axis coincides with the D/A vector). Thus
for the purpose of displaying local orbital symmetry
with respect to the z axis, the orbitals may be repre-
sented schematically as in Scheme . Note that Scheme
I and also Schemes II and III employ a common phase
convention for the local orbitals: The nodeless orbitals
are all assigned positive phase, while for the anti-sym-
metric n* functions in Scheme II, the right-most lobes
are taken as positive. These phases, which are of course
arbitrary, do not imply particular linear combinations
of the local orbitals. They are chosen solely to facilitate
the following discussion. Since all orbitals in Scheme
I have the same phase, it is reasonable to assume that
all the finite coupling elements (i.e., off-diagonal matrix
elements of h) are negative. However, in the present
case, in contrast to McConnell's example, the chosen
antibonding nature of the n* functions is consistent
with to the nodal structure in Scheme II. For the
situation represented by Scheme II, eq 74a may be
rewritten as

2 m~1
AE;=2(T*) (—ti) (-1)m! (75)

L] .

€cT €cT

where t* is assumed to be positive, since the overlap-
ping lobes of adjacent orbitals have oppasite phases,
and T* = (n,|hl¢a) = —(¢plhin).

Turning now to the case of “hale™type superex-
change, involving localized bridge orbitals which are
bonding in character, in Scheme III, we adopt the same
modal structure and orbital phases as in Scheme I. All
coupling elements consistent with Scheme III are ex-
pected to be negative, since they involve averlap of
lobes with the same phase, and accordingly we obtain
from eq 74b:

m-1
AER = o (—'tl) (-1)m-1 (76)
€cr

€CcT

The salient result of the foregoing analysis is that
bath AE? and AE} have the same sign (all the sign in-
formation is contained in the common factor, (-1)™"1).

We emphasize once again that the orbital phases in
Schemes [-III were assigned arbitrarily. However, our
conclusions are of course independent of convention
adopted.

a. Interference between Electron and Hole Path-
ways. We now consider the simultaneous presence of
electron and hole coupling (see also the earlier discus-
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sion in section II1.D.1).2627 For the case of a single
bridge unit (m = 1), we have

L]

2
AE®* = AE: + AE} = 2((7‘*) + E) 77
€cT fcr

Thus the two pathways are seen to interfere construc-
tively. For a consistent treatment when m > 1, one
must take account of 7—* mixing (i.e., (nu|h|ns1) a8
well as mixing within the n and 7* manifolds). A de-
tailed analysis has been carried out by Onuchic and
Beratan,?” demonstrating that the splitting (AE,) may
still be represented as an overall product of factors
arising from each “in series” link in the sequence, but
now each of the (m - 1) factors (c.f., eqs 75 and 76) has
the “parallel” structure of eq 77.

b. Dependence on m. When the bridge units are
defined as abave in terms of local bonding or anti-
bonding units, we find that both the electron (eq 75)
and the hole (eq 76) pathways predict an alternation
of sign with m, consistent with the trends predicted
earlier by Paddon-Row!® and Verhoeven and Pasman™
on the basis of HOMO and LUMO arguments, which
are generally found to track the trends given by the full
bonding or antibonding manifolds provided that per-
turbation theory is applicable. Note that these sign
effects are observables and not a manifestation of ar-
bitrary phase factors (i.e., the energy of the symmetric
state (E%, eq 54a lies, respectively, below or above that
of the antisymmetric state E?, for m even or odd).

A notable feature of eqs 75 and 76 is the exponential
decay of the magnitude, irrespective of whether or not
sign alternation occurs.?® Pronounced departures from
this behavior (e.g., fall-off as an inverse power of
m)4a:272871 are expected as bridge states begin to ap-
proach the donor/acceptor levels (in contrast to the
assumptions, | T*|, |t*| < ec, |T), |t] < ecp, which un-
derlie the derivation of eqs 75 and 76 and their various
generalizations). Departures from simple exponential
behavior may also accur in cases where the tight-bind-
ing approximation must be relaxed.

When a single pathway is dominant (i.e., either
electron or hole), the decay of AE®* magnitude per
bridging unit, denated ¢ (employing the notation of ref
27, not to be confused with the subscripted ¢’s demoting
eigenvalues in the preceding discussion), may be written
according to eqs 76 and 77 as

€ = |t* /eyl (78a)
or
€h = |t/5CT| (78b)

(in the more general case, a decay parameter of the type
€ = ¢ + ¢ may be defined?®). These may be converted
into measures of distance dependence of Hy; = AE?/2
provided one can define an effective donor/acceptor
separation r (e.g., as in eqs 11-13) as a function of bridge
size. For example, we may define r = ry + mAr, where
ro is a nearest neighbor contact distance of donor and
acceptor in the absence of the bridge, and Ar is the
effective size of each bridge unit. While Ar may be
equated with the projection of the “length” of the bridge
unit onto the straight-line vector between donor and
acceptor, it may sometimes be more meaningful (con-
sidering the “through-bond” (TB) nature of superex-
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change coupling) to define Ar in terms of the actual
bond lengths for the TB sequence pertinent ta the
pathway being modeled. At any rate we may write

Hy(r) = Hy(ry) exp[-(8/2) (r — ry)] (79)
where
B8/2 = —(lne) /Ar (80)

and where ¢ denotes either ¢ or ¢® (eq 78). The notation
B/2 reflects the fact that distance dependence is fre-
quently defined in terms of H%, which is proportional
to the nonadiabatic rate constant? (see section II).

Beratan and Hopfield’? have suggested that the use
of purely electronic expressions like eqs 75 and 76 may
be problematical for very long distance transfer since
the validity of the separation of nuclear and electronic
degrees of freedom which underlies the Born-Oppen-
heimer!®? approximation may be questionable in this
limit. However, Freed™ has noted difficulties with their
ailal%sis (sée related dynamical studies of Kotler et
al.).

3. Direct vs Superexchange Pathways

It is generally assumed that bridge electronic mani-
folds are sufficiently accessible to render nearest
neighbor (tight-binding) superexchange pathways com-
petitive with more direct pathways. On the other hand,
in the most general situation (e.g., as represented by eq
59), one may consider a superposition of all passible
m-th order pathways, summed over all values of m,
where m is the number of virtual transfers involving
bridge states. For this purpose one may generalize the
transfer integrals, T and ¢, from fixed, nearest neighbor
quantities (as in eq 55), to the variable quantities ¢(r)
and T(r). Assuming for simplicity that t(r) and T(r)
are identical, and that ro = Ar (cf., eqs 79 and 80), and
writing

t(r) = t(Ar) exp(-(84/2)(r - Ar)) (81)

where 39/2 refers to direct, through-space (TS) averlap,
we find that superexchange (as given by eq 55) domi-
nates direct exchange provided®4®

t(Ar)/Ecr > exp(-(84/2)(Ar)) (82)

The original quantities t and T (e.g., as in eq 55) are
given by t = t(Ar) and T = T(Ar) in this simplified
illustrative model. In a similar fashion, the T'S coupling
of ¢p and ¢, may be represented by an equation
analogous to eq 81.

4. Use of Koopmans' Theorem

Going beyond the naive independent particle model,
a more sophisticated approach for defining a one-par-
ticle model is provided by Koopman’s Theorem (KT),¥
which involves self-consistent field (SCF) approxima-
tions to the many-electron problem. According to KT,
the one-electron energies of the occupied orbitals of an
n-electron system provide the ionization energies in the
frozen orbital limit (i.e., not allowing final state relax-
ation of the ions). This approach is also applicable to
cases of electron attachment, in which case the orbital
energies of the unaccupied orbitals give the electron
affinities in the same frozen orbital limit. Accordingly,
in the case of symmetric systems (at @*), the splittings
(AE®) of the adiabatic energies, E3 and E* (see eq 54a)
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for the corresponding (n — 1)- and (n + 1)-electron
systems may be approximated by the splittings of the
appropriate one-electran energies obtained from the
n-electron SCF calculations. Paddon-Row and Jordan
have exploited this device in ab initio studies of a wide
variety of spacer groups.32 In applications to PES and
ETS analysis, calculations are generally based on the
equilibrium structure of the neutral system. However,
when the focus is on electron-transfer processes, the
calculations could just as well be executed at the tran-
sition state structure (@*). At any rate, Hy;, is not ex-
pected in general to depend strongly on @, (examples
are noted in section IV.B).

E. Many-Electron Effects

So far we have considered direct and superexchange

coupling primarily in a ane-electron framework; i.e., we .

have defined the many-electron matrix elements, Hy; in
terms of orbital matrix elements with respect to an
independent-particle Hamiltonian or the frozen-orbital
equivalent implicit in the use of Koopmans’ theorem.®
We note here some specific consequences of full
many-electron behavior.

1. Electronic Relaxation Effects

Fully flexible models for y; and y; would include
charge-state-specific relaxation effects which would
take one beyond the limited framework (section IIL.D.1)
in which a single compact set of occupied and unoccu-
pied orbitals was used to describe both initial and final
states. An example of this is provided by the Har-
tree~Fack model. Because of the nonlinear structure
of the Hartree-Fock effective Schridinger equation,
distinct, symmetry-broken solutions are obtained for
¥; and ; in weakly coupled systems, even when the
nuclear framework for the transition state reflects
symmetry equivalent of the donor and acceptor moie-
ties. 3088434456 [n such a situation, one may attempt to
“soak up” the many-electron effects in an electronic
Franck-Condon factor, S$V, which reflects the de-
parture of the (n — 1)-electron cores of y; and ¢, from
rigorous invariance under the y; — y; pracess.43d:4475
Thus one may generalize the form of eqs 64 and 70 ta
read

Hy = hpaSiY (83)

Studies by Newton et al.43%4 have shown that S¢V is
typically close to unity (generally >0.9), as noted in
section III.D.1.

The electronic relaxation inherent in the symmetry-
broken solutions (relative to the symmetry-constrained
SCF level) may be considered to be a physically
meaningful electron correlation effect, which is typical
of many weakly interacting systems. We emphasize
that Hy as obtained from symmetry-broken wave
functions corresponds to an energy splitting AE® based
on 2-configuration (adiabatic) wave functions. While
such 2-configuration wave functions may be obtained
directly in a fully self-consistent manner,*® taking due
account of nonorthogonality,#® applications to date for
electron-transfer processes have obtained y; and y; from
independent SCF calculations.

As a final cautionary comment, we note that sym-
metry breaking may be viewed as an artifact of the SCF
model, and one must recognize that for some molecular
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situations (including cases of relatively strong coupling),
it may not provide a physically useful representation.™

It would of course, be desirable, to incorporate more
electron correlation into ; and y;, especially when the
calculations involve very weak coupling of donor and
acceptor. However, recognition of the fact that H;; may
be expressed as the energy splitting (AE®) of two states
which to a reasonable approximation differ by a one-
electron excitation may help to explain why SCF cal-
culations have been so useful in evaluating Hy. At-
tempts to incorporate electron correlation into sym-
metry-broken SCF wave functions using a multico-
nfiguration SCF approach have recently been reported
by Braga, Broo, and Larsson.24

2. Direct vs Double Exchange

Even in the absence of the type of state-specific re-
laxation noted above, it is still of interest to examine
the consequences of the two-electron part of the Ham-
iltonian. Thus if we write

n n
H = Zh(ry) + L e/[F, - 7y (84)
q q<q’
the “direct” matrix element is given by

n-1
Hi* = (YAHWE) = (éplhloa)+ ZII{(DA)III) - (D))
(85)

where ¢{¥ and ¢{¥ are the single determinant states
introduced in eqs 60a and 60b based on orthonormal
orbitals ¢p, ¢4, and occupied bridge orbitals ¢;, | = 1
to n — 1, and where in standard notation

(abled) = [ 63(Deu(1)(1/m12)65(2)04(2)  (86)

Thus in addition to the ane-electron TS term we also
find a two-electron contribution. The first two-electron
term can be neglected if direct ¢p/¢, overlap is neg-
ligible. However, the second term, 3" }"1(DI|IA), is es-
sentially the same as the “double exchange” term,
Hgeuble discussed by Halpern and Orgel?® and others.!
Like the direct term, it involves no virtual intermediate
states. It can be described!2? as a mechanism in-
volving a superposition of concerted processes assaci-
ated with each accupied orbital of the bridge. The /th
such process involves an electron being passed from ¢p
to ¢; in concert with anather electron being passed from
¢, to ¢,. A more transparent expression for Hi%Pe jg
obtained by expanding the ¢; in a localized basis of p
atomic orbitals, 7, (analogous to what was done in
connection with eq 74),

14

o = %:’Ykmk (87a)
14
Hgouble ~ E(Dk|k’A) Pk (87b)
~ (D1jpA)py, (87¢)
and

n-1

Pri = Z[:’Ykn’m (87d)

where it is assumed that (D1|pA) is the dominant
two-electron integral, involving the terminal atomic
orbitals of the bridge, 7, and 7,.
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Thus the double exchange is approximately given by
a Coulombic integral whose fall-off with distance r is
expected to go as 1/r*, where x depends on the multi-
polar nature of the nearest neighbor charge distribu-
tions, (¢p)(m) and (ny)(#,), and the bond order between
the bridge termini (expected to fall off as 1/r). While
for some electronic structure models, the neglect of
Hiuble may be justified (e.g., in the context of the
semiempirical INDO method),* it is not at all clear in
general under what circumstances the magnitude of the
double exchange term will be negligible compared to
that of the superexchange terms. Even if Hi*“*® is not
negligible, it may still be possible to cast Hy as an ef-
fective one-electron matrix element. At any rate, one
should note the qualitative distinction between (#p|-
h|¢a) and Hiwle: the former involves long-range TS
overlap, while the long-range TS coupling in the latter
involves Coulombic interaction between local charge
distributions.

In an interesting analysis of long-range coupling,
Bertrand has shown” that additional exchange con-
tributions (denoted as “multiple exchange” terms) arise
from the one-electron part of H (eq 84) if the arbitals
¢, are nat mutually orthonormal.

3. Relationship of One- and Two-Electron Exchange

The general formulation of superexchange coupling
of donor and acceptor sites provides a number of com-
pact relationships between the one-electron coupling
of interest in electron transfer kinetics and the two-
electran coupling of localized unpaired spins (i.e., the
Heisenberg exchange coupling, generally denoted by the
coefficient J;,, where a and b are the orbitals containing
the coupled electrons).>7 These relationships provide
important self-consistency tests which are of consid-
erable importance, since experimental one- and two-
electron exchange data is available for several systems
of interest; e.g., comparisons of electron transfer and
triplet energy transfer;!%* and comparisons of photoin-
itiated electron transfer in bacterial photosynthetic
systems, and related splitting of final singlet and triplet
states.?648 Far example, consider the following scheme
invalving orbitals ¢,, ¢, and ¢,

G2BUB0 —> BLpLe0 —> Hlohe] (88)
W %) (W)
We find (when RSPT is valid) that
tg.
gy = —=—J, 89
* T (AE? ®)

where 2J,, and 2J,, give the singlet/triplet splittings
for the ab and ac orbital pairs in ¥; and y, respectively,
where ¢, governs the ane-electron superexchange cou-
pling of orbitals b and ¢, AE,, is the mean energy
change far the electron transfer occurring in the singlet
and triplet manifolds. Using the partitioning method,®
Marcus has obtained®c the following refinement of eq
89:

- tﬁc Jab
('AE,) CAE,)

where distinct singlet and triplet AE,, values are now
incorpaorated. We note that the mechanisms implicit
in eqs 89 and 90 ignore the possibility of “hole” path-

Jac (90)
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ways invalving occupied orbitals of the acceptor species
in the electron-transfer process. Redi and Hapfield
have suggested™ that the two-electron superexchange
might be dominated by ¢, (i.e., direct coupling of ¢, and
¢.) instead of the indirect coupling of ¢, and ¢, via ¢,
which is involved in eqs 89 and 90. However, this latter
coupling seems more likely to predominate.

1V. Computational Aspects

We summarize the various computational electronic
structure approaches employed in evaluating the elec-
tron-transfer integral, Hy, and in analyzing the calcu-
lated results.

A. One-Electron Modeis

There are several one-electron models for evaluating
Hj;, each of which is capable of including the long-range
influence of the medium.

1. Orbital Approaches

Studies along the lines initiated by Kuznetsov et al.4
and based on 1s-type donor and acceptor orbitals in-
teracting with a paint charge in a dielectric continuum,
have suggested the possibility of an appreciable Q-de-
pendent modulation of donor and acceptor wave func-
tions arising from the orientational polarization of the
solvent, an effect which becomes increasingly significant
as the donor/acceptor separation is extended. This
effect is likely to be quite modest if the relevant charged
species in the model are surrounded by finite cavities
of low dielectric constant. The recent model of Kim and
Hynes, which includes the influence of electronic as
well as orientational polarization, suggests rather small
($20%) modulation of H; by the medium for short-
range electron transfer when realistic cavities are em-
ployed.

2. Path Integral Approaches

Generalized free-energy computer simulations based
on discretized Feynman path integral techniques have
been used to evaluate H; (from energy splittings, AE®)
for a ruthenium-modified myoglobin system, assuming
a frozen geometry for the environment®® and for the
thermally equilibrated aqueous Fe?*/Fe3* exchange
reaction (in the latter work, similar results were also
obtained by using a discrete basis set).51bd

3. Phenomenological Tunneling Models

Finally, we note a number of ﬁg)henomenological
one-electron tunneling models,>!+38 including a recent
approach by Brooks et al.,?? in which calculated (KT)
electron affinities of amino acid units are employed in
modeling the effective potential for electron tunneling
in protein systems.

B. Many-Eiectron Models
1. Independent-Particle Models

Tight-binding models have been employed in study-
ing the electron transmission capabilities of various
hydrocarbon spacer groups.!32%° Beratan and co-
workers have combined this approach with the impo-
sition of periodic potentials and the specification of
donor and acceptor sites by suitable boundary condi-
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tions to investigate the dependence of transfer integral
on the number of bridging units in the limit when donor
and acceptor coupling with the bridge is weak.?’ They
have obtained a number of closed form expressions
comparing different types of bridging unit (including
multiple-path interference effects)?’® and find inter-
esting qualitative trends which invite maore qualitative
follow-up studies. The approach generally yields Hj
directly in terms of diabatic states (characterized as
one-electron arbital states), although the energy split-
ting of adiabatic states may also be obtained.?™® The
direct evaluation of H;; may be implemented either for
thermal (resonant) or optical electron transfer.2’

Extended Huckel theory (EHT)® has been employed
by Larsson,24:258¢45 Joachim,28>%%¢ and Siddarth and
Marcus3™ in evaluating H;; from energy splittings for
a number of organic, inorganic, and bioinorganic sys-
tems. The use of EHT with the partitioning approach®
in many of these applications is advantageous for very
large systems since the effective transfer integrals of
small magnitude may be abtained with greater precision
in comparison with results obtained from the solution
of the full secular equation. However, there may be loss
of accuracy due to the perturbative nature of the ap-
proach.

In solving the EHT secular equation (whether exactly
or via the partitioning method®), the full overlap matrix
is generally retained. <3781 In Larsson’s applications,
the overlap integrals are employed as usual in evalu-
ating the off-diagonal Hamiltonian matrix elements;®
however, the overlap matrix appearing in the secular
equation has generally been replaced by the unit ma-
trix.24a,b,25a,e,45a

It is important to recognize that the independent-
particle models discussed here are generic ones which
do not offer a unique prescription for the specification
of parameters. Hence when assessing the various ap-
plications it is difficult to ascertain what controls the
location of donor and acceptor levels relative to bridge
levels. The necessary parameters are not in general
fitted to data directly related to the electron-transfer
systems of interest, and are based primarily on em-
pirical values for atomic ar molecular transition ener-
gies. These comments apply also to the CNDO/S® and
INDQ?33b:83¢,3469 methads discussed later.

2. Self-Consistent Field Methods

a. Semiempirical Methods. The semiempirical
CNDO/S8 and INDOQ,3b:c348 gand related??d:3335
methods have been exploited by several groups in es-
timating Izﬁ,g,seither from evaluating adiabatic energy
splittings, 4c25b-e29440d or from direct calculations based
on symmetry-broken SCF calculations for y; and v 4t
Comparisons between H;; values based on INDO and
ab initio results for a set of model redox systems in-
dicate agreement to within ~20%.4%¢ The INDO ap-
proach® has also been employed by Richardson and
Taube!® in evaluating H for optical (IT) processes in
mixed-valence inorganic binuclear complexes.

b. Ab Initio Models. Ab initio SCF techniques have
been used to evaluate Hy for electron transfer in a
number of ionic 2i!)ecies, including metal diatomics,
organic systems,24d:30:38 gnd transition-metal complex-
es®43 and other inorganic systems.*” These studies all
exploited the properties of symmetry-broken SCF so-
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lutions for weakly coupled systems although compari-
sons were also made with results based on delocalized
representations and on isolated fragment wave func-
tions. The computational consequences of nonorthog-
onality associated with symmetry-broken SCF models
for ¥; and Y, were dealt with through the use of bior-
thogonal transformations of the occupied orbitals in y;
and \bf.ss’sa

For positively charged systems, the basis-set depen-
dence of the calculated Hj; values is found to be modest
if reasonably flexible molecular valence basis sets are
employed (i.e., of at least split valence quality). For the
case of radical anions,34" gensitivity of H;; magnitude
to basis set can be appreciable,® both for through-space
(TS) and through-bond (TB) components, and it is
generally desirable to include spatially diffuse functions
in the basis (such functions may also be significant for
TS coupling in positively charged systems).

Caution is necessary in dealing with model anion
species within the Hartree-Fock framework, since their
energies may lie above those of the corresponding
neutral systems (in contrast to the situation for the
actual condensed-phase anionic systems which are being
modeled). In such cases, unlimited expansion of the
basis set would cause the excess electron to leak away
if an unrestricted Hartree—Fock (UHF) wave function
is employed. Similar problems have been dealt with in
molecular orbital treatments of resonances in electron
transmission spectroscopy (ETS).%

Paddon-Row and Jordan have evaluated energy
splittings for n-electron hydrocarbon radical ions using
Koopmans’ theorem, based on the corresponding (n £
1)-electron closed-shell neutral systems (see section
I11.D.4).33 The comments above regarding basis set
sensitivity also apply to the KT results, especially in
cast;i of unbound anions (i.e., negative electron affini-
ty).

Mikkelsen and co-workers*! have developed an ab
initio approach which includes the influence of a self-
consistently polarized dielectric continuum on Hy.
Solvent modulation effects are modest when realistic
cavities are employed for the discrete supermalecular
species. These results, which are based on equilibrium
solvent polarization, also suggest that Hy; will not vary
strongly with the solvent component of the reaction
coardinate, @, at least for the types of supermalecule
clusters dealt with in reported applications. Hi¢ has also
been found rather insensitive to variations in intramo-
lecular components of Q.3%4% Pronounced sensitivity
is abserved with respect to certain other coordinates
(those “perpendicular” to §), as discussed in section V.

Aside from problems of accuracy associated with
basis set or electron carrelation effects in the applica-
tions of many-electron SCF methods, there are prob-
lems of precision due to numerical differencing, which
become increasingly significant with increasing size of
the system and weakness of the coupling. (This applies
both to energy splittings (AE®) and to direct evaluation
of Hy from symmetry-broken y; and y; wave functions.)
Thus numerically reliable evaluation of couplings
strength for systems with, say, 50-100 electrons be-
comes extremely demanding computationally when H
magnitudes are $10 cm™.

Finally, we note successful applications of discrete
variable local exchange techniques (DV-X¢) in calcu-
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lating =—7 energy splittings in “molecular metals”.%
3. Excited-State Electron Transfer

The definition of excited diabatic initial (;) and final
() states involves a judicious mixture of physical
criteria and intuitive input.®® For ground-state pro-
cesses the SCF madel generally yields satisfactory re-
sults, either directly through charge-localized solutions
or indirectly through calculated energy splittings based
on delocalized solutions. For excited-state processes,
the SCF approach is not generally applicable unless the
state of interest happens to be the orthogonal by virtue
of symmetry or otherwise weakly coupled to lower-lying
states. An alternative is to obtain H;; from energy
splittings based on configuration interaction (CI) esti-
mates for adiabatic states®® or to obtain ¥; and y; by
suitable constrained CI calculations.33%% For example,
in the case of porphyrin systems, this might involve CI
calculations of excited diabatic states based on the
4-orbital frontier model® in which excitations are lim-
ited to specified local or charge-transfer contributions.?

Another consideration in the formulation of initial
and final excited states relates to the dynamics of the
medium surrounding the molecular aggregate. Whereas
in the isolated aggregate, a charge-transfer component,
for example, might be coherently coupled to some other
component of an initial state, if the charge-transfer
component were sufficiently strongly coupled to the
medium, this would render the coupling incoherent,
thus effectively eliminating it as a component of the
initial state.33

A number of model studies of photoinitiated electron
transfer among the chramophores in the bacteria pho-
tosynthetic (BPS) system have been carried out on the
basis of orbital wave functions obtained at the 7-only
(PPP) or all-valence (CNDO or INDO) levels.260,33-36
Estimates of H;; between pairs of chromophores have
been abtained from one-electron matrix elements based
on localized highest occupied and lowest unaccupied
molecular orbitals of the respective chromophores. 3334
Plato et al. exploited the assumed proportionality be-
tween overlap (S;) and coupling element (Hj).3¢
Scherer and Fisher employed configuration interaction
calculations for the excited states of the photosynthetic
hexamer (i.e., the six primary porphyrin-based chro-
mophores) in inferring H;¢ values.3*¢ In this study, ef-
fective localized orbitals and states were inferred from
the delocalized orbitals and states obtained in the full
hexamer calculations.

Larsson has attempted to estimate Hi for the BPS
system as an energy splitting based directly on calcu-
lated CNDO/S CI energies.?® He has also employed
similar CNDO/S-based CI techniques to characterize
the coupling for photoinitiated electron transfer in-
volving w-electron donor and acceptor interactions
mediated by norbornyl bridging units.# As discussed
by Larsson®¥* and also Reimers et al.,®® there is some
uncertainty as to the roles of electronic as apposed to
nuclear momentum coupling in these electron-transfer
pracesses.

C. Caicuiation of Energy Spiittings

The evaluation of Hj; as one-half the adiabatic energy
splitting (AE®) presupposes that one is laocated at the
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transition state (where @ = @*); i.e., on the surface of
intersection of the diabatic energy surfaces in the ef-
fective two-state model (see comment following eqs 39
and 49), or alternatively, at the region of closest ap-
proach of the corresponding adiabatic energy surfaces.
A symmetry relation between donor and acceptor will
define the transition surface, but one generally desires
the minimum energy point on this “seam”. Koga and
Morokuma have developed a gradient-based scheme for
locating such a point.8” Alternatively, one may abtain
an approximate result by interpolating between initial
(Q%) and final (Q%) equilibrium structures.’%

In the absence of symmetry one may still be able ta
approach the minimum energy point on the @* surface
if enough information about the potential energy sur-
faces is available, (e.g., by using a full gradient me-
thod).?” If the energy as a function of location on the
transition surface (Q*) is quite flat, then configurational
averaging of Hj; aver this surface may be necessary.?*

If one happens not to be located on the transition
surface (@ = QF), for some assumed structure of the
supermolecule employed in the calculation, then one
may attempt to move to @*, by varying judiciously
chosen coordinates of the supermolecule.2#b2% A related
approach is to add external perturbations, e.g., an
electric field simulated by paint charges, thereby in-
carporating in effect the contributions of the sur-
rounding medium to the reaction coordinate, @, and to
the relative energies of the states with respect to Q.22
These external degrees of freedom can be “tuned” until
the vertical energy separation of the two adiabatic states
v% and ¥ is minimized. In this sense the desired
avoided crossing is attained. While an ad hoc procedure
of this type is often a useful computational device, it
may be expected to be susceptible to artifacts in cases
where H;; is quite sensitive to electric field effects (e.g.,
by maodulation of the contributions of “hole” and
“electron” superexchange). Available tests suggest that
such sensitivity may frequently be minor.3%41 A final
device, easily implemented when using independent-
particle models, is to artificially alter the values of the
diagonal matrix elements (¢pjh|¢p) and (Palh|o,) until
the desired avoided crossing of orbital energy is
achieved. 2#4:28b,37

If @ = Q*, but close enough so that the two-state
model is valid, then AE®(@), and hence H(Q), may be
evaluated by exploiting the approach discussed in sec-
tion IIL.B, in connection with eqs 23 and 30.2%28 QOne
may also calculate H; directly from y; and y, for @ =
Q*,%8 but then one must deal with ambiguities in the
definition of Hy;, as discussed following eq 24.

D. Degenerate or Nearly Degenerate States

While most kinetic models for electron transfer are
based on the assumption of a two-state model, in
practice one is frequently dealing with a two-level
system involving degenerate or nearly degenerate states.
The degeneracy may arise from spatial or spin coor-
dinates.43d43 While such situations potentially raise
questions about quantum interference effects, in prac-
tice the kinetics is often treated as the superposition
of all the various state-to-state processes arising from
the twa levels.43d4488 Alternatively, for weak-coupling
situations, one may define an effective two-state model,
employing, for example, an rms value of Hj; based on
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all the E)ossible processes.*4% Kestner, Logan, and
Jortner®? have discussed the requirements on state
widths and separations for maintaining the validity of
the “golden rule” rate constant.

E. Analysis of Caiculated Transfer Integrais

Evaluationm of Hy; from orbital wave functions gen-
erally obscures the role of individual direct, double, and
superexchange contributions.2543# This information
is implicitly contained in the degree of deloacalization
of the calculated y; and ¢;, and the MO’s which com-
prise them. A number of ab hoc techniques have been
introduced in attempts to decompose the calculated
overall transfer integrals. For energy splitting ap-
proaches which by construction employ one-electron
models (e.g., an independent-particle model or the
Koopmans’ theorem®” approach), one procedure has
been to transform the effective one-electron Hamilto-
nian to a symmetrized basis of local bonding, anti-
bonding, and lone pair orbitals. If donaor and acceptor
levels are well separated from bridge levels, then sec-
ond-order RSPT allows an additive partitioning of
bridge orbital contributions to AE®, and hence, to H;.%
In an alternative, nonperturbative approach, the cou-
pling elements between local bridge and donar/acceptor
levels may be “turned on” in a sequential manner, re-
vealing the evalution of the value of the splitting at each
stage of the sequence.®® This approach may yield useful
insight, although it does not provide a unique additive
decomposition since the results can depend appreciably
on the order in which contributions are “turned on”.

In more general situations, in which a one-electron
model is not strictly imposed, an effective one-electron
model may nevertheless be obtained*¥ by subjecting
v; and y; to corresponding orbital transformations.®
This simultaneously leads to the definition of effective
donor and acceptor orbitals, ¢y, and ¢,, and a maximally
invariant core (see eq 83), as discussed specifically in
connecting with metallocene systems in section III.D.1.
This analysis is free of any preconceived notions about
the nature of ¢r, ﬁé’ and the core, yielding an essentially
variational result* from an unbiased application of the
corresponding orbital method® to the entire occupied
n-electron manifold of ¥; and ¥;. The carresponding
orbital method thus plays a crucial role both in the
evaluation and in the interpretive analysis of Hy.

V. Computational Results

The preceding sections have dealt with a number of
theoretical models for danor/acceptor coupling and
with various computational approaches for imple-
menting these models so as to provide numerical results
which may be used either to test the simple theories or
to make direct comparison with experimentally deter-
mined transfer integrals. We illustrate some of these
results, focusing on studies which help to characterize
the dependence of transfer integral magnitude on geo-
metrical and electronic structural factors.

A. Varlation of H, with D/A Separation

Among the geometrical factors which control the
magnitude of the transfer integral, the most critical are
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expected ta be those which affect the distance sepa-
rating donor and acceptor groups, either the direct
through-space (T'S) distance, or the effective distance
involving indirect through-bond (TB) coupling, and the
dependence of the transfer integral on such distances
provides a particularly interesting point of contact be-
tween theory and experiment. We emphasize that there
are in general a number of sources of distance depen-
dence in the electron-transfer process.®!® Thus the
distance dependence of Hy, dealt with here, is distinct
from that of the overall rate constant k., (e.g., eq 2) or
oscillator strengths (for optical transfer), or even from
that «, (eq 10), as a result of the distance dependence
of the reorganization energy, E, (see Figure 1).

1. Intramolecular Transfer

In considering the donor-bridge-acceptor complex,
DB, A, where the bridge is taken as a sequence of m
subunits, we note that when simple superexchange
models (e.g., eq 55) are valid, the overall coupling is
conveniently factored into contributions involving the
coupling of the bridge with D and A (7%/D) and other
contributions involving coupling within the bridge (¢/
Ecr). Of course, these latter contributions also reflect
the influence of D and A through the energy gap, Ecr.
Furthermore, the donor and acceptor orbitals on D and
A, respectively, determine which portion of the bridge
electronic manifold is involved in the transfer. Nev-
ertheless, we may expect that the variation of transfer
integral with bridge length will not depend strongly on
many of the details of the D and A groups, with the
most important factors being the properties local to the
points of attachment to the bridge. This situation is
particularly useful in theoretical studies, since it allows
complicated D and A groups of interest to be mean-
ingfully replaced by smaller model groups, provided
that these groups do not appreciably alter the energetics
or ather aspects of the electronic manifolds primarily
responsible for coupling with the bridge.

We consider the distance dependence associated with
five different homologous bridge types, as displayed in
Table I. Even though the coupling in all five cases is
dominated by TB interactions, it is still convenient to
characterize the variation with number of bridge units
in terms of the direct, center-to-center D/A separation
distance (r,) since in all cases, the DB, A sequences are
roughly linear in shape. In Table I the dependence of
Hi on r, is expressed in terms of mean exponential
decay parameters 8, where 3 is defined by the best fit
to the form given by eq 79. Tao within estimated un-
certainty, the experimentally based H;; values exhibit
pure expanential decay. While the calculated H; values
conform reasonably well to the exponential form, we
note that they exhibit modest systematic departures
from this limiting behavior. Defining a local decay
parameter, 3(r.), which by construction yields the exact
Hj; results according to eq 79, we find 8(r,) for the EHT
data of ref 37a generally to increase with r, (variations
of up ta ~30% relative to the mean) over the range of
r. values dealt with, while the ab initio data for the
norbornyl spacers (see also Table II) yields a small
decrease in 3(r,) (within 10% of the mean).

One could undertake an alternative analysis in terms
of the number of bonds (n) linking D and A in the
shortest TB path.!1b42b32 The decay parameter defined
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TABLE I. Distance Dependence of H),

BA
bridging groups observed calculated dr./dny, A?
Saturated Bridge
edge-fused cyclohexyl rings® 1.0 (th)¢ 0.9 (th,EHT)* 1.2
spiro-linked cyclobutyl rings (1({))/ 0.8 (op)* 0.9 (th,EHT)* 1.1
) ) 1.3 (op,th)*

peptide-linked proline groups’ 0.6 (thy 0.7 (th,EHT)** 1.0
edge-fused norbornyl groups (2(I))} 0.6 (op)™ 0.5 (th,EHT)® 1.3

1.0 (th,SCF/KT)"

1.0 (th,CNDO/SCI)°

Unsaturated Bridge

trans-linked olefin groups (polyene)? 0.2 (op)? 0.2 (th,EHT)" 1.2

0.3 (op,CNDO)*
0.3-0.4 (th,CNDO)’

¢The distance dependence of Hy is characterized by the mean decay coefficient B, defined in terms of the effective center-to-center
separation, r,, of the D and A groups, and evaluated by fitting H;; values to the exponential form given by eq 79. The listed B values are

based on the indicated dr./dn,, values together with the appropriate experimental or calculated Hj, values. Due to some uncertainty in the
determination of 7, (and hence also, dr./dny), some of the 3 values given here differ slightly from the original literature values (the uncer-
tainty is especially pronounced in the case of norbornyl spacers, as indicated by a consideration of refs 14, 24¢, and 32a); th and op denote,
respectively, thermal and optical electron transfer. The calculated th and op results are based, respectively, on energy splittings (AE*) and
transition moments. ®The quantity dr./dn;, is the mean change in 7, per change in number (n,) of framework bonds, where n,, is counted
along the most direct covalent sequence connecting donor and acceptor. ¢D = 4-biphenylyl anion radical, A = 2-naphthyl. 4Reference 11b.
¢Extended Hickel theory (EHT)®! results from ref 37a. The partitioning technique® yielded the same 3 values as the results from full
diagonalization, except for the cyclohexyl case, where the respective results are 1.0 and 0.9. /D = Ru(NH;)2*, A = Ru(NH;)3*. Here n, = 2
+ 2I. #Reference 9a. "“tb” here stands for the tight-binding method of ref 27a, which employed a periodic bridge potential. ‘D = Os-
(NHg)3*-isonicotinyl, A = Ru(NH;)}*. /Reference 18. *A value of 1.1 A™! based on EHT calculations for a peptide-linked bridge was
reported in refs 25a and 25¢ for the thermal electron-transfer process, but apparently? for the case of a g-electron donor, in contrast to the
=-type donors (see footnote i) dealt with in refs 18 and 37a. According to ref 25a, transfer is much more facile for =-type donors, but no 3
value was presented for the x case. ‘D = edge-fused dimethoxynapththyl anion radical; A = dicyanovinyl. Here n, = 2 + 2. ™Reference
14. "Ab initio KT results®?3% based on a neutral closed shell with the same type of norbornyl bridge as employed in the experimental
study, but with edge-fused ethylenic D and A groups. The KT splittings are based on the ethylenic x* orbitals and employed an STO-3G
basis (see Table I1).* °Based on thermal electron-transfer process occurring between excited states of the neutral system.?d PD = Ru-

(NHg)#*-pyridyl; A = Ru(NH,)}*-pyridyl. Reference 21. "Reference 28¢c. *Reference 29c.

in this manner, 3, , would be related to 3 through the
expression

Ba, = (B)(dr./dny)

when the quantities given in the last column of Table
I are used.

The overall agreement between observed and calcu-
lated results in Table I is reasonably good (of course,
the analysis of the experimental data alsa involves
theory, since it requires a detailed model for the rate
constant). While the decay parameter for the unsatu-
rated bridge is significantly smaller than those for the
saturated bridges, we also find considerable variation
in B amang the four different examples of the latter
type. Similar trends are found in terms of B,,h (see

above) since the various dr./dn, values cover a rather
small range (~1.0 to 1.3 A per bond).

The variation in B values among the saturated bridges
in part reflects corresponding variations in the effective
energy denominators (see eq 55); e.g., with the exception
of the cyclohexyl bridge case, the EHT 3 values decrease
monotonically with the mean energy denominators
given in ref 37a. Variations among the saturated
bridges are hardly surprising, since they represent
considerable diversity in bonding, including angle strain,
topology, and even degree of ¢ bond character, if the
partial double bond character associated with the amide
linkages in the polyproline bridges is taken into account
(furthermore, the peptide carbonyl groups provide
relatively low-lying excited bridge states).

The finite, albeit small, value of 8 found for the
palyene bridge reflects the influence of bond length
alternation and can be contrasted with the asymptotic

value of zero inferred in ref 28c when the bond alter-
nation is suppressed.2

All the data in Table I pertains to transfer of r-type
electrons; i.e., the donor and acceptor orbitals have =
symmetry, defined with respect to the bond vectors
associated with the bonds linking the D and A groups
to the bridge. For twa cases closely related to those of
Table I, Larsson has compared TB transfer integrals
for o- and 7-type electron transfer. For NH, groups
linked by trans-staggered alkane chains, he obtains at
the EHT level 3 = 1.2 A1 for = transfer (cf., 8 = 0.9 A!
for the cyclohexyl systems in Table I), while a much
weaker decay is found for ¢ transfer (3 = 0.4 A™1).24d
Similar trends were found at the CNDO/S and ab initio
levels. Treating the polyglycine spacer at the EHT
level, Larsson found facile w-electron transfer (no 8
value was presented), compared with less efficient ¢
transfer, which was characterized by 3 ~ 1.1 A-1.25.25¢

According to the McConnell model (see discussion in
section II1.D.2), where m may be identified with n, in
the present discussion, one expects an alternation in the
sign or H;; (or equivalently, AE®) as the number of
bonds (n,) changes from odd to even. This effect has
been referred to as the “parity rule”.!® Sign alternation
consistent with the parity rule has been observed by
Larsson for the alkane chains referred to above. How-
ever, in ref 37a, no occurrence of such alternation is
evident in the cases where both even and odd numbers
of bonds are involved (i.e., the cyclohexyl and the
polyproline spacers).

Except for the cyclohexyl- and proline-based bridges,
the experimental decay parameters are based on optical
(IT) transfer integrals, whereas most of the calculated
results are for thermal transfer integrals, being based
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on energy splittings (AE®*). The results for the unsat-
urated bridge, obtained from a CNDO-based electronic
structure model, indicate similar decay parameters for
the thermal and optical processes.? This similarity
reflects the fact that, barring specific instances of
near-resonance between D/A and B levels, transfer in-
tegrals are not expected to vary appreciably with
progress along the reaction coordinate Q. This result
may be understood in terms of eq 45. Other examples
of minor @ dependence of Hi; have been noted, both for
short-range molecular®®43® and longer range solvent
components of Q.5

The extended Hiickel theory (EHT)®! calculations®
reported in Table I yield very similar results, whether
from the solution of the full secular equation or from
the perturbative partitioning method,® indicating that
the D and A levels are reasonably well separated from
bridge levels relative to the magnitudes of local coupling
elements. The EHT transfer integrals are dominated
by the unoccupied bridge orbitals (mean gaps with re-
spect to its D and A levels being ~2 eV), thus implying
a predominant superexchange mechanism of the
“electron” type.?” For the case of the dithia spiro-linked
cyclobutyl ring bridges (1(1)), this result is opposite to
the conclusion of a study based on the assumption of
tight binding and a periodic bridge potential, which
yielded coupling dominated by “hole” transfer.?’®

(NHa)sRuz*_ s® §— 3*Ru(NH3)5
=13

!

1(1)

These divergent results from rather similar independent
particle maodels underscore the importance of striving
for systematic and objective criteria for selecting critical
parameters in generic semiempirical orbital methods,
especially for cases of transition-metal ions where pa-
rameters controlling D/A-bridge gaps may be quite
sensitive to oxidation state.

Another critical feature of the spiro bridge system is
the stereoelectronic aspect of the D/A-bridge linkage,
as discussed below.

While simple theories seem capable of accounting for
the decay of transfer integrals with distance in a rea-
sonably quantitative manner, it should be noted that
the absolute magnitudes of the calculated transfer in-
tegrals (reflecting the influence of D- and A-bridge
coupling as well as intrabridge coupling), are in rather
erratic agreement with observed values, varying from
the latter by factors ranging from ~0.2 to ~50.

For the case of the norbornyl spacer, we provide more
detailed information in Table II, comparing H; esti-
mates inferred from the experimental optical data!4 for
the radical anion system 2(!) with experimental and
thearetical AE®/2 values for the radical anion states of
the related norbornyl-bridged diene systems.32b32

OMe A A
o)
©©‘I‘\‘~ N
! CN
oM
¢ =13

2(¢)
Comparison with the corresponding radical cation states

Newton

TABLE I1I. Comparison of Koopmans’ Theorem (KT)
Energy Splittings and Observed Transfer Integrals for
Norbornyl Spacers®

AE*/2, eV?
electron
number of ¢ attachment ionization

bonds in TB path (n)?  Hy, eV® KT* obs/ KT* obsf

4 {0.30 £ 0.04) 0.42 0.40 049 0.44

6 (0.11 £ 0.02) 0.11 0.13 0.17 0.16

8 (0.06 £ 0.02) 0.033 0.065

10 0.0095 0.032

12 0.0029 0.015

B, A1k ) 0.6 £ 0.2 1.0 09 07 0.8

8(10, 12)/8(4, 6) 0.9 0.8

°See footnote n of Table I ?Refers to the number of ¢ bonds in
the shortest through-bond (TB) path connecting D and A groups.
For compound 2(/), this number is given by 2 + 2l. ¢Inferred from
optical data for 2(!).1* For purposes of comparison with calculated
results for related norbornyl systems,® we have arbitrarily scaled
the original datal* to give an exact match for n;, = 6. The unscaled
values are 0.16 £ 0.02, 0.06 £ 0.01, and 0.03 = 0.01 eV, respective-
ly. 4 AE* is the energy splitting of the symmetric and antisymme-
tric ion states obtained from the neutral diene by electron attach-
ment or ionization. ¢KT splittings’®* based on orbitals of pre-
dominantly =* (electron attachment) and = (ionization) character.
/Reference 97. #Reference 98. » B is a mean value over the whole
range of n,, values. Note that B as defined here is distinct from,
but essentially proportional to, the 8’s defined in ref 32. ‘This ra-
tio gives a measure of the gradual decrease of local 8 values (3(r,))
over the range ny, = 4 to ny, = 12 (8(i, j) is based on the splittings
from ny, = i and n,, = j); 8(i, { + 2) appears to have converged at n,,
~ 10.3% Because of experimental uncertainty, no meaningful 8
variation can be inferred from the optical Hy data.

is pravided as well. The theoretical results are KT
estimates based on ab initio (STO-3G®) SCF results for
the associated neutral closed-shell systems. The ob-
served and calculated AE®/2 values are in good agree-
ment for both the radical anions and cations. The 3
values based on observed and calculated AE® values are
in good agreement, with values for the radical anions
somewhat larger than those for the radical cations.
Recent experimental data for the cyclohexyl bridge
system (Table I) has yielded 3’s for the radical cation
and radical anion pracesses that are nearly identical.
The B value based on the diene radical anion energy
splittings (AE®) is appreciably greater than the § value
inferred from the optical data for the 2(l) systems. The
local B(r,) values based on KT energies exhibit a modest
decrease with increasing bridge length over the range
np = 4 to n, = 12 (~10% and 20%, for the electron
attachment and ionization processes, respectively), and
appear to converge at ~n, = 10.5¢ Recent basis set
comparisons reveal that 8(r.) variations for the elec-
tron-attachment process are more pronounced with
more flexible basis sets (a decrease of ~30% far the
3-21G®! basis, compared with the 10% decrease noted
above for the STO-3G®* basis).3%

2. Calculated Through-Space Coupling

So as to pravide a paint of reference, we list in Table
III some calculated decay parameters (39, eq 81) for
D/A through-space (TS) coupling. As noted by Cave
et al.,5 the TS decay can be reliably estimated from a
knowledge of the asymptotic form of the donor orbital
involved in the process of interest:

¢D(r) =4 exp[—(2mElp/ hz)l/zr] (91)

where m is the electron mass and Ejp is the ionization
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TABLE III. Calculated Through-Space (TS) Distance
Dependence of the Transfer Integral

donor/acceptor fe, Ale

Fe?* /Fe 5.0, 5.3°
H,0/(H,0)"* 469, 4.8¢
group II M/M!* 2.5-3.2/

¢34 is the mean value of 3¢ obtained by fitting the calculated
data to the form given by eq 81. ®Reference 51b (one-electron ef-
fective potential model). °Newton, M. D. Unpublished material
(ab initio SCF). The corresponding TS value when ligands were
simulated by a point-charge crystal field is 4.2 A-1.4%b dReference
45a (ab initio SCF). The corresponding through-bond (TB) esti-
mate for B (where H,0 and H,0!* interact through a chain of H,0
molecules) is 2.4 A1 (ref 45a). °Reference 43b (ab initio SCF).
Here, the TS interacting H,0’s are complexed to Fe ions
(Fe?*(H,0)--(H,0)Fe?*). /Reference 56 (ab initio SCF).

energy associated with removal of an electron from ¢p.
Thus 84 is obtained as twice the coefficient of r in eq
91. The B’s dominated by TB coupling (Tables I and
II) are appreciably smaller than the sample presented
in Table III, demonstrating how electronic screening
due to bridge orbitals serves to reduce the effective
ionization energies associated with D and A orbitals.
For the case of the norbornyl spacer, even for the
shortest bridge studied (n, = 4), the TS contribution
to the transfer integral is estimated to be <2%.%% For
Hy0/H,0* coupling, the TS 34 value is seen to be ~2
times the “TB” value (the notation “TB” is used here
since significant overlap occurs between nearest neigh-
bor water molecules, even though no covalent links are
present).

B. Stereoelectronic Effects

Aside from the basic topology of the DBA system and
the effective D/A separation distance, there are a
number of structural degrees of freedom involving the
bridge, the D/A groups, or their linkage with the bridge,
whose variation can have an appreciable effect on or-
bital overlap, thereby leading to stereoelectronic mod-
ulation of Hj.

1. Trans vs Cis Bridge Configurations

In the case of saturated hydrocarbon spacers it has
been noted that trans configurations of D and A groups
with respect to the spacer yield larger coupling than for
isomeric situations involving cis configurations, as in-
ferred from the corresponding electron-transfer rate
constants.® The trends abserved for the rate constants
are reproduced by corresponding KT energy split-
tings;* e.g., for the 6-0-bond norbornyl-bridging system
(2(2)), the ratio of (AE®)2 for the all-trans case compared
with the case involving one cis linkage, is ~12, whereas
for the 8-0-bond case, comparing the all-trans structure
and one with twa cis linkages, the ratio is ~18. These
trends have been rationalized by Paddon-Row in terms
of the arbital coefficients of the terminal atomic orbitals
of the molecular orbitals of the bridge nearest ta the
band gap.!3

2. The Torslonal Mode of the 4,4-Bipyridine Bridge

The electronic coupling of Ru?* and Ru?* ions me-
diated by a 4,4-linked bipyridine (bpy) bridge is, not
surprisingly, quite sensitive to the torsion angle about
the C-C bond joining the two pyridyl groups. Some
results for planar and perpendicular conformations are
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TABLE IV. Calculated Torsion-Angle Dependence of H,
for the 4,4-Bipyridine (bpy) Bridge®

torsion symmetry Hy, cm!
angle, deg of ¢p and ¢, thermal® optical®
T { 4204 476¢
0 480/ 460 (obs)®

- 104
5 10/
90 o o &
204

sThe D/A groups, Ru(NH,)#*/**, are complexed to the pyridyl
nitrogen atoms, and these latter atoms and the Ru atoms are taken
as lying along the z axis. For the planar (D) case (0°), bpy lies in
the xz plane, whereas for the twisted (D,;) case, the pyridyl rings
lie respectively, in the xz and yz planes. The »-type Ru 4d orbitals
(xz and yz) are either parallel (x’) or perpendicular (7) to their
pyridyl ligands, while & corresponds to 4d,,. These symmetry des-
ignations are employed in classifying the orbital interaction types
for the planar and twisted conformations. ®Based on two-state
energy splitting (AE®). °Based on transition moment. 4Reference
28b (EHT). *Reference 29¢ (CNDO). Reference 29¢ also reports
estimated thermal Hj; values in the range 214-443 ¢cm™!, based on
various effective two-state and more general models for Hj.
/Reference 25d (CNDO). #References 21 and 29c.

given in Table IV. Far the planar conformation (0°),
the 7-type overlap is considerably more effective than
for the symmetries spanned by the other 4d t,, orbitals
(here 7 corresponds to 4d,,, if bpy lies in the xz plane,
with the Ru atoms aligned along the z axis). The cal-
culated optical H;; value®* is in good agreement with
the observed value?! (corrected®* for effects of non-
planarity). For the 90° twisted conformation, where the
twa pyridyl rings lie, respectively, in the xz (donor end)
and yz (acceptor end) planes, the local w-type 4d or-
bitals (respectively 4d,, and 4d,,) are orthogonal, and
the dominant pathway (which departs slightly from
being thermoneutral) involves coupling of two 4d,, Ru
orbitals, which are, respectively, of the = type (with
respect to the pyridine at the donor end) and 7’ type
(at the acceptor end). The notation 7’ denotes an in-
plane 7-type interaction with the pyridine ¢ orbitals.
In view of this invalvement of bridging o orbitals, it is
perhaps not surprising (cf. Table I), that the twisted
conformation yields much weaker superexchange cou-
pling than that found for the planar structure. How-
ever, there are other cases of 90° twisted bridges which
exhibit efficient superexchange coupling. We now cite
two examples invalving rigid spiro-linked spacers.

3. Bridge Based on Spirononane

Farazdel et al.®® considered symmetrical electron
exchange for a radical cation (3) formed by fusing two
pyrrole rings to the respective outer edges of spiro no-
nane (two spiro-linked cyclopentyl rings), and then
removing one electron from the resulting C,;3N,H,,
species, yielding charge-localized C,, equilibrium
structures (3a and 3b) which are related by a mirror
plane, and a Dy, transition-state structure.

In contrast to the above case of the twisted Ru-
bpy-Ru, where the two w-type orbitals are orthogonal,
the effective D and A orbitals in the present case both
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transform as b, in D,y symmetry (i.e., antisymmetric
in both planes containing the 2-fold axis), and a sub-
stantial transfer integral is obtained from diabatic SCF
wave functions obtained with either a minimal (STO-
3G)® basis (280 cm™) or an extended (3-21G)*! basis
(360 cm™). The large coupling is noteworthy since the
central atom has na basis functions tranforming as b,.
Hence, the superexchange pathways must involve direct
coupling between nonbonded methylene groups.

4. Spiro-Linked Cyclobutyl Bridges

In the spiro-linked cyclobutyl bridge systems (1(m)),
facile coupling is provided by the totally symmetric
manifold of the saturated bridge, both for odd and even
numbers of spacers. Previous models have assumed®2"
that the Ru atoms lie on the 2-fold axis of the bridge,
thereby leaving no mechanism for coupling of the active
Ru arbitals (w-type t,, 4d orbitals) and the totally
symmetric bridge orbitals. Recently, Hush et al.?2 have
pointed out that sulfur bonded to two alkyl groups and
a Ru ion has a strong preference for a local pyramidal
geometry,® and thus the two Ru atoms are expected to
lie well off the 2-fold axis in the complexes under
present discussion. This structural situation has the
impaortant stereoelectronic consequence of facilitating
effective coupling between the local 7 orbitals of Ru
(defined relative to the Ru-S axis) and the totally
symmetric orbitals of the bridge.

5. Linkage of D and A to Cyclohexane-Based Bridges

The first entry in Table I deals wtih aromatic D and
A groups bonded to cyclohexane-based bridging groups
by single equatorial C—C bonds. From examination of
the experimental rate constants for thermal electron
transfer in the radical axion systems,!!®® it is clear that
the strength of TB coupling depends on the configu-
ration of the D-B and D-A attachment (equatorial (eq)
vs axial (ax)) and on the conformation of the D and A
aromatic groups about the single-bond linkages to the
bridge. Model calculations® for the following process:

H2C-_CSH10 - CH2 g HzC—CsHlo_CHz- (92)

where CgH,, is a 1,4-substituted cyclohexane in the
chair conformation, have yielded the results summa-
rized in Figure 4 (see also the discussions in refs 12a and
12b). Figure 4 parts a and b refer, respectively, to cases
of diequatorial (eq,eq) and diaxial (ax,ax) CH, sub-
stituents, and display the tatal conformational energy
and the transfer integral for a range of torsional angles
associated with the transition-state “seam” (i.e., where
@ = Q*). The stereoelectronic effects are striking. For
the eq,eq configuration, the maximum in H;; (denoted
H{#*9) caincides with the conformational minimum in
the total energy, whereas for the ax,ax case, the maxi-
mum in the asymmetric H** curve coincides with the
conformational maximum energy. To obtain more re-
alistic conformational energetics, molecular mechanics
(MM) calculations were carried out® for cyclohexanes
1,4-substituted (eq,eq and ax,ax) with the actual aro-
matic D and A groups employed in the experiments
(respectively, 4-biphenylyl and 2-naphthyl groups). The
eq,eq minimum remained at 0,0 while the ax,ax mini-
mum was found at ~55°,£55°. These results are thus
in qualitative accord (on a relative basis) with the ex-
perimentally inferred H; magnitudes, which are found
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Figure 4. Calculated diabatic energy V (V = V; = V)) and transfer
integral Hy for 1,4-dimethylene cyclohexane radical anion at ¥,
as a function of the torsional angles (§) of the terminal methylene
groups (the cyclohexane ring has a chair conformation): (a)
diequatorial and (b) diaxial configuration. As indicated in the
conformational projection, § = 0 corresponds to coplanarity of
the terminal CH, group and the CH bond belonging to the ad-
jacent carbon atom (adapted from Figure 1 of ref 30; copyright
1986 American Chemical Society).

to yield ratios of ~1.2-1.7 for (H#*/HZ**)2, Theory
and experiment are also in accord in predicting less
effectggfe coupling for the hybrid (ax,eq) isomeric sys-
tems.

C. Control of Transfer Integrali Magnitude by
Ligand/Fieid Mixing

Electron exchange between transition-metal com-
plexes in contact may be analyzed in terms of a DBA
madel in which the metal ions take the role of the D
and A groups, and the set of ligands (L), or the subset
of them which occupy the region between the metal
ions, collectively constitute the bridge (B). In terms

ML + MLE#D* —~ ML + MLEY (93)

of the superexchange model represented by eq 55, we
expect the overall transfer integral to depend on both
the ligand/field mixing within each reactant (D/B and
A/B coupling) and on the coupling between contact
ligand/ligand pairs created when the two reactants
come together.

1. MLZ7 Systems

Stereoelectronic effects may lead to interesting cou-
pling between the D/B and A/B interactions and the
intrabridge interactions. For example, comparing the
two octahedral complexes, Fe(H,;0)3*/** and Co-
(NH,)3*/3*, we find*" on the basis of INDO SCF cal-
culations (employing the spectroscopic version devel-
oped by Zerner et al.®%d), that for =-type transfer (i.e.,
involving the t,; Fe 3d orbitals), the transfer integral
magnitude is greatest for an interpenetrating (face-to-
face) approach of the reactants along a common 3-fold
axis, whereas for o-type transfer (involving e, Co or-
bitals), H; is maximized for an apex-to-apex approach
along a common 4-fold axis. These results are illus-
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TABLE V. Calculated Dependence of Hy, on Encounter
Geometry in Bimolecular Electron Exchange®

orientation® Hy, cm™¢ I A9
=-Electron Exchange:* Fe(H,0)3*/3*
face-to-face 40 5.3
edge-to-edge 21 6.4
apex-to-apex 17 7.4
o-Electron Exchange Co(NHg)32*/3*
face-to-face 74 5.8
edge-to-edge 120 6.9
apex-to-apex 580 7.0

sReference 95. These RHF values (see footnote c), differ some-
what from earlier values“® based on the unrestricted Hartree Fock
(UHF) method. °The three indicated orientations correspond to
approach geometries in which the two octahedral reactants, have,
respectively, a common 3-, 2-, and 4-fold axis. ¢The Hj are ob-
tained from calculated splittigsd(AE') on the basis of restricted
Hartree Fock (RHF) INDO' SCF wave functions for the
{(MLg)**(MLg)3*] supermolecule complex. In general, a number of
low-lying supermolecule electronic configurations are possible due
to the spatial and spin degeneracy of the separate reactants. The
listed Hj values correspond to those supermolecule states which
yield H;; values of greatest magnitude. ©Metal/metal separations
for reactants at van der Waals contact for each orientation.
¢Exchange of a t;-type electron. /Exchange of an e -type electron,
based on low-spin states of Co?(’E;) and Co"“(‘Al:).

trated in Table V, which underscores the fact that the
donor/acceptor separation distance, is not a generally
reliable index of H;; magnitude.

a. Spin-Orbit Coupling Effects. There is another
twist to the story for the Co(NH;)2*/3* exchange. The
data in Table V refer to low-spin states of the two ox-
idation states, whereas the ground state of Co(NHj)2*
is high-spin. A recent study** based on ab initio es-
timates of high-spin/low-spin energy separations led to
the conclusion that the observed kinetics involves
spin/aorbit mixing in the ground electronic state. At-
tenuation due to this spin/orbit coupling reduces the
effective Hy; values by a factor of ~1072 (relative to the
low-spin values in Table V) and yields an estimate of
~107 for «,; (see eq 2). This latter estimate is within
2 orders of magnitude of estimates® based on experi-
mental data (x; 2 1072). The spin/orbit mixing just
discussed may be viewed as a key ingredient of a gen-
eralized superexchange mechanism in which initial and
final states with high-spin reductants (i.e., Co(NHj)¢2")
are coupled through a series of virtual excitations in-
volving not only local charge-transfer steps but also
high-spin/low-spin interconversions. The @ depen-
dence of the multiplet splitting energies, and hence of
the spin/orbit coupling strength, provides a modest but
inte;c:.sting contribution to non-Condon behavior of
Hy.

b. Charge-Transfer Pathways. It is found that the
charge-transfer superexchange mechanism for both
Co(NH,)2*/** and Fe(H;0)#"/** complexes is predom-
inantly of the “hole” type (Figure 3), since the H,O and
NH, ligands provide high-lying occupied orbitals, but
no accessible unoccupied orbitals. Ab initio studies for
a series of model ML2*...LM3* systems (M = Fe,Co,Ru;
L = H;0,NHj) in the “apex-to-apex” configuration have
demonstrated quantitatively the dominance of a hole
mechanism in terms of the cavalency parameter A which
defines the antibonding ligand/field mixing between M
and L orbitals.**d By using H; and A values based on
the ab initio SCF results (A was inferred from the
coefficients of the donar (¢p) and acceptor (¢,) orbit-
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als), the following expression was found to give an ex-
cellent fit to the calculated results:

Hi = Nhyy, (94)

where hy; is a mean effective intrabridge transfer in-
tegral coupling the ligands in contact, common to all
the systems studied and determined by least-squares
fitting to have a magnitude of 5000 cm™. Equation 94
is equivalent to the standard perturbation theory result,
e.g., eq 55, where A represents T/Eqr and hy;, corre-
sponds to t.

For an apex-to-apex approach of the model ML
reactants, the primary contact involves H~H interac-
tions, and the success of eq 93 in fitting the calculated
data suggests that the primary role of A is to specify the
degree of delocalization of ¢p and ¢, from the metal
center onto the ligand hydrogen atoms. In the case of
the face-to-face approach, however, where mode ab in-
itio studies employed an Fe(H,0)3*/Fe(H,0)3* super-
molecule cluster,*® the complexes are in much more
intimate contact (ryy = 5.8 A), and the above A cor-
relation (eq 94) only accounts for about half the total
H;; magnitude, thus implicating other superexchange
pathways, including O«H and O--O coupling, and
perhaps even some Fe.-O or Fe.Fe contributions.43
Unfortunately, there is no unique straightforward way
to decompose calculated transfer integrals based on
variational (SCF) many-electron wave functions into
individual direct and superexchange pathways. It is
true that comparable estimates of H;; were obtained
from calculations based on paint-charge crystal-field
madels*® (or in the limit when the ligands are totally
absent) and from calculations for the Fe(H,0)2* /Fe-
(H;0)3* supermolecules including all the ligand elec-
trons explicitly, thus indicating that in the absence of
the full influence of the ligand field, effective direct
(TS) coupling is possible. However, the available evi-
dence indicates that the Fe 3d orbitals (including radial
as well as angular extent) and the transfer integral
which depends on them, are strongly affected by lig-
and/field mixing (e.g., the magnitude of Hy is reduced
by a factor of ~3 when the madel Fe(H;0); reactants
are replaced by Fe(H30)g complexes),® and thus there
is no compelling evidence that direct Fe-Fe coupling
is a dominant factor when the full ligand manifold is
included.

The one-electron model of Chandler et al.,5'*4 em-
ploying a radial effective potential for the redox elec-
tron, and either a discrete basis or a thermally averaged
path-integral approach, has yielded a sizable transfer
integral for the aqueous Fe?* /Fe3* system (~120 cm™!
for a 5.5 A Fe-Fe separation), which is found to be
rather insensitive to the presence of solvent. This result
appears to imply an essentially direct coupling mech-
anism, in contrast to the results based on conventional
orbitals models (as discussed above). While the one-
electron model is in principle capable of including an
“electron” superexchange contribution (through delo-
calization of the redox orbitals), by its nature it pre-
cludes the possibility of the “hole” transfer found sa
impartant in the orbital models.

2. CpM°''t Systems

Electron exchange involving metallocene /metalloce-
nium redox pairs (Cp,M/(CpsM)**, where Cp = cyclo-
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TABLE VL Calculated and Experimental H;, Values for
Cp;M*/1* Electron Exchange

Hy, cm! -

M= Fe(&)" M= CO(T)b Kcal/ My

orientation® caled® exp caled® exp mol* X‘
Intermolecular

Dy, 135 ;920 ; 58 675

c, gof 3" Tooi 181 57 gs0

Ca 27 222 -38 529

Dy, 11 27 -17 592
Intramolecular

(/%% 1050 2600fF 2100 =21100¢ 5.14"

¢The four orientations listed for intermolecular exchange corre-
spond, respectively, to axial, perpendicular, size-by-side (dis-
placed), and side-by-side approach geometries (ref 44d). The one
intramolecular case corresponds to a trans conformation of the two
Cp;M moieties with respect to the covalent bond which links them.
b5 and « refer to the symmetry (in pseudodiatomic notation) of the
redox active orbital. ¢Calculated intermolecular energy, including
electrostatic, induction, and dispersion terms (ref 44d). ¢M/M
separation for reactants in contact. ¢Reference 44d. The compar-
ison with the observed values is based on orientations with lowest
intermolecular energies. /Reference 46 (based on thermal kinetic
data). #Reference 96 (based on optical (IT) data). *Based on the
trans-bimetallocenium structure, 44

pentadienyl) offers interesting contrasts in superex-
change coupling, as a result of the following “selection
rules”. Adopting a pseudodiatomic model for Cp,M,
where the 5-fold axis coincides with the z axis, and a
zeroth-order bonding model based on the M?* and
(Cp)% species, we may classify the metal d orbitals as
o (d,z), d,,.d,,), and 6g(d,,z_yz d,,), while the 2pm ma-
mfold ofF the dp rings yields a =, and a 4, pair (re-
spectively filled and empty for (Cp)g') Accordmgly, the
ligand /field mixing for M = Fe, where the redox active
arbital is of 5, symmetry can only yield “electron”-type
superexchange (involving the empty zeroth-order 4,

ligand orbitals), whereas for M = Co, the redox actlve
w4 orbital lead to a “hole™type mechanism. The results
for H; obtained*4 at the spectroscapic INDO level,#>4d
using charge-localized SCF diabatic states (see section
IV.B.2), are summarized in Table VI. Important points
to note are the following: (1) The H;; magnitudes vary
widely with approach geometry, spanning the nonadi-
abatic and adiabatic regimes, and in a manner not
correlated with the M-M separation. (2) The magni-
tudes of H; for M = Co, are uniformly greater than for
M = Fe, reflecting the difference in coupling mechanism
noted above and the more efficient M-L overlap in the
m, manifold compared with the 6, manifold. (3) The Hy
values associated with the lowest intermolecular ener-
gies bracket the values inferred from experimental
data.*® In addition, the calculated values for the co-
valently linked bimetallocene systems are consistent

with lower limits obtained from experimental optical
(IT) data.%

VI. Concluding Remarks

We have reviewed recent theoretical efforts to char-
acterize the nature of donor/acceptor interactions in
electron-transfer processes. When the energy levels of
the system make appropriate the identification of an
effective two-state model, the D/A coupling is com-
pactly represented by the transfer integral, H;;, which
couples the two states (initial and final) and which may
be related directly to the electronic transmission factor

Newton

governing the electron-transfer rate constant. In ad-
dition to its direct relationship to kinetics, Hy may also
be placed in a larger context of D/A interactions, which
includes the splitting of photoelectron and electron-
transmission spectroscaopy, and the two-electran cou-
pling associated with localized spins and triplet energy
transfer. This broader context provides greater insights
into the nature of Hy, and also offers important cross-
relations and self-consistency checks which help in the
evaluation and interpretation of H; magnitudes.

Several routes are available for formulating the
transfer integral. Perturbative techniques, when ap-
plicable (both stationary and dynamical), lead to a
number of compact analytical forms displaying the
breakdown of Hj; into various direct and indirect (i.e.,
superexchange) pathways. The overall pattern includes
linear superpositions of “parallel” pathways, which may
interfere with each other destructively or constructively,
together with sequential pathways involving primitive
hops “in series”. In spite of their great potential for
yielding interpretive insight, the perturbative ap-
proaches so far have been implemented with rather
primitive electronic structural models. In contrast,
sophisticated many-electron variational techniques
(SCF and CI) have been applied in calculating Hj
magnitudes for a number of complex molecular systems.
While such calculations seem capable of yielding results
with useful accuracy, a continuing disadvantage is that
the ease of interpreting the results decreases with in-
creasing sophistication of the electronic structure model.
Furthermore, due to the differencing inherent in most
of these approaches, numerical accuracy rapidly be-
comes a significant problem in cases of very weak cou-
pling.

We have noted various situations in which an effec-
tive one-electron madel for H;; emerges from a general
many-electron framework, so that the many-electron
transfer integral may be represented as the matrix el-
ement of an effective one-electron Hamiltonian which
couples a well-defined donor and acceptor orbital. In
a few cases, it has been possible to extract such a one-
electron model from many-electron SCF results, dem-
onstrating that all but one of the system electrons reside
in a nearly invariant core which serves both initial and
final states.

While large-scale SCF techniques are routinely being
used to define ground-state diabatic or adiabatic states,
the general situation from formulating initial and final
states governing excited-state electron-transfer reactions
(e.g., those initiated by photoexcitation) is much less
well under control, although a number of interesting
(but ad hoc) approaches based on configuration inter-
action have been employed.

Among areas deserving of concerted attention in the
future, we emphasize the need for a more systematic
formulation of the electronic states involved in ground-
and excited-state electron transfer (including an as-
sessment of the importance of electron correlation), and
for a more comprehensive perspective on the validity
of the Coandon approximation. The two goals are, of
course, interrelated. In establishing a computational
procedure for defining electronic states (e.g., in terms
of some discrete molecular cluster), it is essential to
know which degrees of freedom of the system (both
electronic and nuclear) are sufficiently important that
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they must be explicitly included in the initial Hamil-
tonian defining the system wave function, and which
may be safely ignored or included more indirectly (e.g.,
via reaction field terms arising from a polarizable di-
electric medium). In addition to understanding how
wave functions, and hence, Hy;, vary with the reaction
coardinate @ (necessary for meaningful compsrison of
thermal and optical data), it is important to explore the
sensitivity of results for a given value of @ (i.e., a hy-
persurface) ta values of the various coordinates
“perpendicular” to @, especially thase assaciated with
large-amplitude notion, which may therefore require
averaging of @ over these coordinates. With regard to
the electran correlation problem, the appropriateness
of using symmetry-broken SCF solutions to define
variationally the diabatic charge-localized states (}; and
¥s), required further investigation. The symmetry
breaking may be thought of as an aspect of electran
correlation (relative to the symmetric solutions) which
arises from legitimate physical sources (the predomi-
nance of local self-trapping (“solvation™) over delocal-
ization energy in situations of weak caupling. However,
SCF symmetry breaking in other contexts has unde-
sirable artifactual aspects. '

Clearly an important goal is to combine the comple-
mentary advantages of several promising avenues into
a unified approach for studying the energetics and dy-
namics of electron transfer in a complex polar medium.
These avenues include the many-electron electronic
structure techniques for molecular clusters, techniques
such as the path-integral method, which allow the de-
tailed modulation of the wave function by a disordered
electronic medium (but so far limited to one-electron
models), and a variety of dynamical maodels and simu-
lation techniques which can treat nonadiabatic as well
as adiabatic electronic processes and which give im-
portant perspective on the validity of simple kinetic
models based on effective two-state models.
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