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Abstract

The effects of changes in the shapes and intersections of the reactant and product
free-energy surfaces on the vertical reorganization parameter and the free energy of activa-
tion for an electron self-exchange reaction are considered. Parabolic free energy surfaces
provide a very good description of the inner-shell reorganization process even when the
stretching foree constanis for the oxidized and reduced forms of the redox couple differ by
a factor of two. The activation energy depends on the reorganization criterion and the
contributions of the individuat reaciants to the inner-shell barrier are quate sensitive to the
model used. Optical charge transfers and the consequences of reactant, product, and
transition state stabilization in weakly interacting and very strongly interacting systems are
also considered. Relationships between the equilibrium constant for the compropertionation
reaction forming the mixed-valence complex and the optical charge transfer parameters are
presented. © 1999 Elsevier Science S.A. All rights reserved.

Kevwords: Electron transfer: Energy surfaces; Reorgamization encrgies; Electronic coupling elements

1. Introduction

The potential energies of the initial and final states of an eleciron transfer
reaction {the reactanis plus surrounding medium and the products plus surrounding
medium} can be represented by muliidimensional surfaces in nuclear configuration
space [1-5]. These energy surfaces will have minima corresponding to the more
stable nuclear configurations of the reactants and products and will intersect where
the reactants and products have the same configurations and energies. In common
with ordinary chemical reactions, an electron transfer reaction can then be de-
scribed 1a terms of the motion of the system from the reactant minmimum (initial
state) to the product minimum (final state) on the lowest energy surface.

A detailed description of the electron transfer process can be obtained through
the use of statistical mechanics [1,2]. Marcus showed that, provided a hypothetical
change in charge on the reactants produces a proportional change in the dielectric
polarization of the surrounding medium, the many-dimensional potential energy
surface for the reactants and products can be reduced to harmonic free energy
curves that are a function of a single reaction coordinate. Marcus further assumed
that the free energy curves describing the distortions of ithe reaciants and products
from their equilibrium configurations also were harmonic with ideatical force
constants [4].

The free energy of the close-contact reactanis plus surrounding medium (Curve
Gy} and the free energy of the close-coniaci producis plus suirounding medium
(Curve G,) are plotied versus the reaction coordinate in Fig. 1 [3]). Electroaic
interaction of the redox orbitals of the reactanis gives rise to the sphiting of the
energy curves {noncrossing) at their intersection. This splitting is equal to 2H,,,
where H ., is the elecironic coupling matrix element. (We will treat H,,, as a positive
quaniity.) The minima of the noninteracting (zero-order or diabatic} parabolas are
separated by (2//f)' * where f is the reduced force constant for the parabolas and
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4, the reorganization parameter, is the veriical difference between the free energies
of the noninteracting reactants and products at the reactanis’ equilibsium configu-
ration for an electron transfer reaction with zero standard free enmergy change.
Denoting the separation of the minima of the noninteracting reactant and product
parabolas by «, and the displacement along the reaction coordinate by x, a
dimensioniess reaction coordinate X may be defined as x/a,: X varies from 0 to 1
as the reaction proceeds and is hinearly related to the difference between the free
energies of the reactants plus the surrounding medium ¢Gy) and the products plus
the surrounding medium (Gp).

Gy = fx2 = iX° (1a)
Gp=ftx —a. )2+ AG® = X = 1 + AG® (1b)
(Go— Go) = (i + AG®) — 24X (ic)

At the transition state for the reaction, G = G} and X*=(/. + AG°Y/2/ where
AG®, the standard free energy change for the electron transfer, is negative for an
exergenic reaction. Since (Gp — Gyu} and X are linearly related, the difference

Free Energy

(2n/fy2

EORCT

Reaction Coordinate

Fig. |. Piot of the free energy of the close-contact reactants plus surrcunding medium {Gy) and the free
energy of the close-contact products plus surrounding medium (G} vs. the reaction coordinate for a
self-exchange reaction (AG® =0} Note that the reactant and product curves have identical force
constants.
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between the free energies of the reactants and products also affords a measure of
the progress of the reaction [6,7).

The progress of the electron transfer reaction can also be described in terms of
the mixing of the wave funciions for the diabatic states. If ¥, and ¥, denote the
wave functions of the zero-order initial (reactant) and final (product) states, their
interaction gives rise io two linear combinations (the adiabatic states). The lower
energy state, ¥, = ¢, + c,¥, corresponds to the ground state and the upper,
W. = ¢, — oW 10 the excited state when the overlap integral §,, is neglected, {or
is zero by construction [8]), and the mixing coefficients are normalized, ie.
c2+ci=1. Since cg, the square of the coefficient of the product wave function.
equals the charge transferred to the electron acceptor, the value of ¢f also affords
a measure of the progress of the reaction. Consequently ¢; also provides an
alternative reaction coordinate [5].

In this article we discuss the relationship between the reorganization parameter
and the free energy of activation for the electron transfer and examine the effect of
changes in the shapes and intersections of the reactant and product curves on these
energies. We also consider optical eleciron transfer and the consequences of
reactant, product, and transition state stabilization in weakly interacting and
strongly interacting systems. A number of comimon misconceptions are discussed.

2. Rate constant expressions

In terms of the classical treatment outlined above, the first-order rate constant
for intramolecular electron transfer or for electron transfer within the precursor
complex formed from the reactants in a bimolecular reaction is given by Eq. {2}

ko = Kav, expl — AG*/RT} (2}

In this expression K, is the electronic transmission coefficient, v, is the nuclear
vibration frequency that takes the system through the intersection region and AG*
is the free energy of activaiion for the electron transfer [3].

The electronic transmission coefficient is the probability that electron transfer
will occur once the sysiem has reached the intersection region (transition state).
Provided that the electronic interaction of the reactants is sufficiently strong, x, = 1
and the electron transfer will occur with near umit probability in the intersection
region: the electron transfer reaction is adigbatic with the system remaining on the
lower energy surface on passing through the intersection region. Under these
conditions &, is given by

kqg=rv,exp{ —AG*/RT) (3)

On the other hand, for a nronadiabatic reaction, x,« 1, wyv, =v,, and the rate
constant is given by Eq. {4) where v, is the electron hopping frequency in the
activated complex. The Landau—Zener treatment yields Eq. (5) for v, [9,10].

ke = vy exp{ — AG*/RT) {4
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vy = (ZH WA ART)' 2 (5)

In effect, the adiabatic and nonadiabatic limits of the transition state formalism
correspond to v, » ¥, and v, « v,, respectively.
The free energy of activation for the electron transfer is given by

AG* = G‘I':‘. - Gnlin.R (6}

where G} and G, » are the free energies of the reactanis at their transition state
configuration and at their equilibrium configurations, respectively. The weakly
interacting, intersecting parabola model leads to Egs. {7a) and (7b) for AG*,

AG* = A(X*) {7a)
=il + AG®/AY 14 {76)

The 4 in these equations is the reorganization parameter introduced above, The free
energy of activation for a self-exchange reaction (AG® =0} is equal to £/4.

The reorganization parameter is usuvally broken down into inner-shell {vibra-
tional) and outer-shell (solvational) components.

4= an Ao {8)

The inner-shell reorganization energy depends upon the bond length changes and
force constants of the reactants and products and is usually determined from the
measured crystal or solution structures of the reactants and producis and from their
vibrational spectra. The distortions from the equilibrium configurations are gener-
ally treated within an harmonic approximation [11]. Although this approximation is
usually adequate, it breaks down when the bond length changes are very large and
it then becomes necessary to use a more elaborate force field. This is the case for
the Ci;/Cly couple. In favorable circumstances mode-specific reorganization ener-
gies can be obtained from resonance Raman mitensity measurements [12]. The
outer-shell reorganization energy depends upon the properties of the solvent. When
a coniinuum model for the solvent is used, 4, is a function of the dielectric
properties of the medium, the distance separating the donor and acceptor sites, and
the shape of the reactants. Various models for the solvent reorganization are
available [13].

3. Inner-shell reorganization; diabatic expressions

In this section we consider the inner-shell reorganization parameter in greater
detail and focus on the consequences of unegual reactant and product force
constants.

3.1. Vertical rearganization energies and activation energies

As shown in Fig. 1, the reorganization parameter is the vertical difference
between the (noninteracting} product and reactant free energies at the equilibrium
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configuration of the reactants for a reaction with zero driving force. Since the
parabolic curves in Fig. 1 have identical force constants, this energy difference is
also equal to the difference between the reactant and product free energies at the
equilibrium configuration of the products. In contrast, the activation energy is the
difference between the free energies of the reactanis (products) at their transition
state configuration and at the reactanis’ equilibrium configuration (Eq. {(6)). In
order to illusirate the relation between vertical reorganization energies and activa-
tion energies we consider ihe symmetrical stretching vibrations of the reactants and
products in the Fe(H,0), ~ —-Fe(H,0),* self-exchange reaction.

Fe(H,0);* + Fe(H,0); * = Fe(H.O), " + Fe(H;0% " (9

The inner-shell reorganization term is the sum of the reorganization parameters of
the individual reactanis, i.e.

The first term on the right hand side is the energy required to change the Fe-0O
distance in Fe(H,0);* from its equilibrium value d? to the equilibrium value d¥ in
Fe(H,O} *, and ihe second term is the energy required to change the Fe-O
distance in Fe(H.-O)R* from d% to d% Denoting (a9~ d%) by Ad”, the vertical
reorganization energy is given by Eqs. (11a} and (11b):

Ay = 6FAAdYY2 + 6f(Ad )12 (11a)
=3( fr + LAY {11}

Further, 4./, the ratio of the contributions of the individual reactants to the
veriical reorganization energy. is equal to f./f;. Evidently the contributions of the
FelH-O); = and Fe{H,O} = breathing modes to 4, are directly proportional to
their respective force constants.

Considering the activation process, energy conservation requires that the Fe-O
distances in the two reactants adjust to a common value {iransition-state configura-
tion} wheie G, = G, prior to the electron transfer. We denote this common distance
by d*. The energy required to reorganize the two reactants to the transition-state
configuration s then

AGH = 3fd) — d*V + 3fi(d* — dYy (12)

Minimizing the activation energy yields Eq. (13} and substitution into Eq. {12) gives
Egs. (14a) and (14b).

LY+ fd?
* =f~4—f~ +f - {13)
L1
AGY, E%{% (14a)
£2% (14b)

Jo+
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Since their breathing force constanis differ, the activaiion energies for reorganizing
the Fe(H,O); = and Fe(H.O); ™ ions are not equal. Substitution of 4* into Eq. {12)
and taking the ratio of the individual reorganization energies gives

AG:':I*(FC{HEO)(E» * } _é
AG*(Fe(H,0) "} f

In contrast to their contributions to 4, the ratio of the contributions of Fe(H,0); *
and Fe(H.O)}* 0o AGY are seen io be inversely proporticnal to their force
constanis. Since f; is larger than f,, the Fe{(H,0); ~ ion reorganizes more than the
Fe(H.0)% ' ion. Moreover, AGE < 4,,/4, ie. the activation energy is less than
one-quarter the reorganization term! The breakdown in the often used AGE = 4,/4
relation arises because the free energy surfaces are not, in general, harmonic along
the reaction coordinate. A measure of the anharmonicity 15 provided by the
fracticnal difference beitween one-quarter of the reorganizaiion term and the
activation energy {Eq. {10)}.

’Einf'fq’ - AG?;\ _ (fl _f\)?
AGY, T AL
For the Fe(H-Q} ~ —Fe{H.O); = self-exchange the difference amounts to about 5%
[10].
Considerable simplification results from constructing energy surfaces using a

common, reduced value f;, for the force constant of the Fe(H,0); * and Fe(H,0) ~
symmetrical stretching vibrations.

(15)

(16)

3. f.
S = (fif::_]m un
Under these conditions
={dy+ a2 (18a)
A= 67, (ALY (18h)
AGY = AGT, = 3, (Ad"Y 2 = A 74 {18¢)

and the two reactants reorganize to the same extent with AGY now equal to 4,/4.
Note that replacing f. and f, by f,, does not change the value of the activation
energy {i.e. AGY = AGE, Eq. (14a}) but does change the value of 4 (Eqs. (11b) and
(186)).

Horizontal sections through ihe energy wells defined by the stretching vibrations
of the reactanis and products are presented in Fig. 2. The well in the upper left of
the figure describes the energy of the reactants as a function of their nuclear
configurations while the well in the lower right shows the energy of the products as
a function of their configurations. The dashed line 15 the reaciion cocordinate,
generated by plotiing the projection of ihe (minimum energy) intersection of the
surfaces on the xv plane as the product minimum is displaced vertically. An
alternative, more rigorous, definition of the reaction coordinate has been given by
Warshell [6,7]. Warshell defines the reaction coordinate @ as equal to the potential
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Nuclear Config of Reactant 2 or Product 3

L] I
Nuclear Config of Reactant 3 or Product 2

Fig. 2. Contour plots of the [tee energy of the close-contact reactants (and products) plus surrounding
medium vs. a nuclear eoordinate of reactant 2, R,. fproduct 3, Py} and ¢ nuclear coordinate of reactant
3. R,, (product 2, P,.} for a self-exchange reaction (AG® = 0). In most cases of electron trunsfer between
symmelrical metal complexes the nuclear coordinate for the inner-shell reorganization will correspond to
a normal coordinate associated with the harmonic stretch of the metal-ligand bonds. The reaction path
isolid line. rp} and the reuction coordinate {dashed line. rc) ure also shown. The symbols *. x. and +
indicate the positions of the transition state. the crossing point. and the midpont. respectively. for the
free energy curves shown in Fig. 4.

energy difference between the precursos complex (the reactants plus their surround-
ing medium) and the successor complex. All configurations with the same potential
energy difference have the same value of Q. The free energy function at a given
value of @ is determined from the number of configurations of the system that
correspond to the particular potential energy difference, Gp(Q) = — RT In(p(2)),
where p(Q)g 15 the probability that the system will have a given value of Q. The
reaction coordinate defined 1n this manner is closely related to the reaction
coordinate X defined in Section 1 and the dashed line in Fig. 2 also shows the
configurations that contribute mosi to the free energy function. The sohd line n
Fig. 2 s the reaction path, defined as the path of steepest decent from the
intersection (activated cemplex} io the reactants’ and products’ energy minima.
Since the surfaces in Fig. 2 are not harmonic along the reaction coordinate, a plot
of the free energy along the reaction coordinate does not yield the parabolic energy
curves shown in Fig. 1. However, use of reduced force constants yields energy wells
with circular cross-sections and results in the curves shown in Fig. 1. The difference
between the energies along the reaction coordinate and the reaction path is
illustrated in Fig. 3 for the surfaces shown ia Fig. 2.



B.8. Brunschwig, N. Sutin ; Coordination Chemistry Reviews 187 (1999) 233_254 241
3.2, Individual reactant recrganization energies

We have seen that when the symmetrical breathing modes of the reactants and
products of a self-exchange reaction are considered, the aciivation energy for the
inner-shell reorganization is given by Eqs. (ida) and (14b). Further, when the
breathing modes for the oxidized and reduced forms of a couple have different
force constants, the two reactants in a self-exchange reaction reorganize to different
extents. Within the Marcus framework the activation energy is obtained by locating
the minimum on the ‘line’ where G, = Gp. Another way of describing the reorgani-
zation process is through the use of separate free-energy curves for the individual
reactants and products. For a self-exchange reaction the two redox patrs are the
same so that only a single pair of energy curves is needed [14]. Since we only
consider distortions of the reactants and products from their equilibrium configura-
tions, the misuma of the energy curves for the redox partners are drawn at the same
energy. The individual curves are shown in Fig. 4. The activation energy is the sum
AGY + AGY. Note that the transition state configuration, d*, does not occur ai the
intersection of the individual energy curves. In this section we consider the effect of
different assumptions for the reorganization condition that are sometimes made.

3.2.1. The reactunts reorganize to the midpoint defined by d,,, = (d5+dD/2 (¢f.
Eyg. (18a}}

The inner-shell reorganization energy required to reach this configuration is given
by Eq. (19).

AG,.n = 3 f1 + LA 12) (19)

raction pathigoardingde

/

reduLed I0TCe constanis

Free Energy

0 0.5 1.0
Reaction Path or Reaction Coordinate

Fig. 3. Plot of the free energy of the reactunts and products along the reaction path and the reaction
coordinate vs. the reaction path and/or reaction coordinate normalized o unit length. Also shown is the
free energy of the reactants and products calculated with reduced force constants, corresponding to the
traditional Marcus energy surfaces. In the latter description the straighi line connecting the reactant and
product mintma constitutes both the reaction path and the reaclion coordinate,
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AG P = AG,%P

Free Energy

: Ht 7
a0 ddcdmp d,°

Metal-ligand Coordinate

Fig. 4. Plot of the free energies of the individual reactants (R and R} vs. their metal - ligand coordinate.
R, is shown on the left and R, is shown on the right. The energy minima of the curves zre assumed
equal and the seactant energies required 10 attain the transition state, the crossing poinat. and the
midpoint configurations are shown,

The vertical energy difference does not change and AG,, is equal to /4. It can
readily be seen that AG}, <AG,,,. Note that the contribution of each reactant te
the energy at the midpoint configuration is propertional to its streiching force

constant. This is inverse to its contribution to the transition state energy (Eq. {15)).

3.2.2. The reactanis reorganize 1o the intersection of the individual reactant
parabolas where d at the crossing point is given by Eq. (20)

S+ S
4, =t———t-" {20)
NN/

Eq. (20) is the same as Eq. (13) excepi that \/f replaces /. The reorganization
energies of the iwo reaciants are identical, i.e. AGSP = AGY, and the inner-shell
reorganization energy is given by



B.S. Brunschwig, N. Sutin / Coordination Chemistry Reviews [87 (1999) 233_254 243

AG. = &L SAd%Y

o= 21
W ASN/A

where 2{ f; + f3) in the denominator of Eq. (142} has been replaced by (\/fz + \/f_‘):.
The positions of d,,, and d_, on the energy surfaces are shown in Figs. 2 and 4 and
the various reorganization expressions are summarized in Table 1.

In conirast to homogeneous exchange reactions, only a single redox pair is
involved in electron exchange at an electrode. Consequently, in the elecirochemical
case the energy conservation requirement also defines the minimum reorganization
energy and d* for electron exchange at an electrode is rigorously given by Eq. (20).
Thus AG? is equal to /A L2+ VfiF for the Fe(H, 08" —Fe(H,0%~
exchange at an electrode, ie. one-half AG,, calculated from Eq. (21) for the
homogeneous seif-exchange reaction. The same relationship between the homoge-
neous and electrochemical reorgamization energies obtains if a common reduced
force constant is used for the individual reactants and products [135].

The coniributions of the individual reactants to the reorganization energy are
llustrated 1n Fig. 4 for the case where the force constants of the two reactants differ
by a factor of two. Although AGY and AG,, are similar, the contributions of the
individual reactants are quite sensitive to the model used. Fig. 5 shows the
difference between AG}, AG,, and AG,, as a function of fo/f1. It is apparent that
AG,, s close to AG], for f5{fi > 0.5. Moreover, AGY,, AG,,, and AG,, are equal
when fiff, = 1, where d* = d,,, = d.,. Note that AG}, AG,,,, and AG,, as well as d*,
d,. and 4, become increasingly different when f, « /..

[ Crossing Point!

e e Te

% Error in Barrier Height
Fn
=

R

0.2 0.4 0.6 0.8
Force Constant Ratio, f;/f;

Fig. 5. Bar graph showing the difference between AG*, the inner-shell activation energy given by Eq.
(14a}, and either AG,,,, the inncr-shell energy required to reach the configuration crossing point shown
in Fig. 4 and given by Eq. {21), or AG,,. the inner-shell energy required to reach the midpoint
configuration shown in Fig. 4 and given by Eq. {19).
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4. Reactant, product and transition state stabilization; adiabatic expressions

The electron traasfer formalisms discussed above assume thai ihe barrier low-
ering as a consequence of the elecironic interaction of the reactants may be
neglecied. As H,, lacreases, the reactants and products are stabilized and the
splitting at the intersection of the reactant and product curves becomes larger,
These factors combine 1o lower the reorganizaiion energy and ultimately to
delocalize the system.

4.1. Svrunetrical systenis

The splitting at the intersection of the diabatic energy curves for a symmetrical
systermn lowers the barrier by H,, (Fig. 1}). Further, as H,, increases, the reactant
and product minima move closer together and the minima are lowered by H- /4
relative to the diabatic minima [5]. The minima in a symmetrical doubie-well
systemn are located at X =1 +(1 —4H;./4))' )2) for H,, > 4/2 and the transi-
tion state is at X' = 1/2. For H,, > 4/2 there is a smgle minimum at X'=1/2. In
view of these energy changes the free energy of activation for a self-exchange
reaction with appreciable coupling of the reactants is given by

AG* = ;4 — H o+ HW /i (22a)
= Al —2H, i V4 (22b)

The second and third terms on the right hand side of Eq. {22a) are due to the
lowering of the barrier and the stabilization of the reactants, respectively. Eqgs.
{22a) and {22b) are valid as long as the system is described by a double well
potential, 1.e. as long as the system remains valence trapped or localized (H,, <
A12). The parallel role of —2H,, and + AG® in Egs. (22b} and (7b), respec-
tively, is noteworthy.

Three classes of symmetrical systems may be distinguished depending on the
magnitude of the elecironic coupling of the donor and acceptor sites [16]). In
Class 1 systems the coupling is very weak (dashed line, Fig. 1}, either because
the sites are far apart or because their interaction is symmetry or spin forbidden.
The properties of Class | systems are essentially those of the separate reactants.
Activated electron transfer either does not occur at all or it ocgcurs only very
slowly (because of its high nonadiabaticity) with AG* = ./4. Class II systems
(0 < H,, < 4/2, solid line, Fig. 1) possess new optical and electronic properties in
addition to those of the separate reactants. They remain valence trapped or
charge localized: the electron transfers range from nonadiabatic (H,, < 10 cm ")
to sirongly adiabatic (H,, > 200 cm ~') with AG* given by Egs. (22a) and (22b).
In Class 111 systems the interaction of the donor and acceptor siies has become
0 large that two separate minima are no longer discernible and ihe lower energy
surface features a single well. This is the delocalized case which occurs when
H., > Af2. The latter condition for delocalization follows readily from the zero
barrier hmit {(AG* = 0) of Eqgs. (22a) and (22b).
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4.2, Unsymmetrical svstems

The above classification also applies to unsymmetrical binuclear systems. As in
the case of symmeirical systems, the properties of an unsymmetrical Class I
system are essentially those of the separate reaciants. Although Class 11 systems
remain valence trapped, sufficiently endergonic reactions exhibit a single mini-
mum. The minimum, however, occurs very close to the noninteracting reaciant
minimum. Provided that H,, <{i+AG°)/2 and |AG®| < 4, the positions of the
reactant and product minima are given by Egqs. (23a) and (23b), the location of
the transition staic is given by Eq. {23¢),

-+

Koo e = m‘(’;—) {23a)

Xoinr=1— (Tjﬂ (23b)

ARSI @50
and the free energy of activation is given by Eq. {24a)

A== 489 (MG _ RS {24a)

a2 Taa—2Hy TG AGY

where AG® 15 the driving force in the noninteracting (H,, =0) system. The driv-
ing force corrected for the donor—acceptor interaction, ie. the actual driving
force for the adiabatic reaction, is given by Eq. (24b).

e _ o . 2H:\h
AGS, = AG [1 (2+AG°){/‘.—AG°J (24b)

The reorganization parameter modified for eleciron delocalization is given by Eq.
{24c) where the (1 — 2cg) factor, with ¢f = X,... allows for the reduction in the
charge transferred [17].

i= (1 — 203 = z(l - “fr;"'*’) {24¢)
=

Note that the parameter A" used here corresponds 0 A, introduced earlier [17].
Finally, in order for X, to approach the value of 1/2 characteristic of a Class
Il system, the electronic interaction in an unsymmetrical system has to be large
encugh to overcome the free energy difference between the initial and final
states. This is difficult to accomplish if |AG?| is large. For example, the minimum
for an exergonic reaction is located at X =04 when H, 2 (i+ 5AG/2. As
above, AG® and / are defined by the diabatic surfaces.
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S. Optical charge transfer

In addition to thermal activation, electron transfer between the donor and
acceptor sites can also be effecied by the absorption of light. As a consequence, 4
and H,, can be obtained from speciroscopic properties.

3.1 Symmetrical svstems

The energy of the light-induced charge transfer transition in a symmetrical
double-well system is given by Eq. (25) [18,19].

rl“&l.‘ = )' (25)

The band maximum for a symmeirical localized system is independent of H,, and
Eq. (25) holds throughout the double well regime [8]. Although the repulsion of the
reactant and product curves increases with increasing H,,, this is compensated for
by the reactant and product minima moving closer together. The net effect of these
changes is that the energy difference at the {adiabatic) reactant or product mini-
mum (v, .} remains equal to 4 indepeadent of the coupling. Further insight into the
relationship between v, and A’ can be gained by considering the difference
between adiabatic and diabatic energy differences. The adiabatic and diabatic
energy differences at a particular nuclear configuration are related by Eq. {26a)

(Gc - Gg}2 = {GP - GR)E + 4H-:h (263)

where G, and G, are the energies of the upper (excited) and lower {ground)
adiabatic energy surfaces, respectively. The optical transition occurs from X, the
reactant minimum of the adiabatic energy surface. At this minimum, (G, — G,) is
equal to 4 and (G, — Gy) Is equal to /(1 — 2¢{). Substitution into Eq. {26a) gives

7= = 2eR) + 4H, (269

Dividing through by Z and substituting v, =4 and 2" = A[(1 — 2¢{)) gives Eq.
(26¢). The latier is equivaleni o Eq. (24c).

Veux = A+ AH L/ {26¢)

The first term on the right hand side of Eq. (26¢) is the coniribution to the adiabatic
energy difference {iransition energy) from the delocalization-modified reactant and
solvent recrganization energies and the second term is a further contribution to the
adiabatic energy difference from electron delocalization. As noted above, their sum
is simply equal io the diabatic energy difference at the diabatic minimum.

5.2, Unsymmetrical systems

The energy of the charge transfer transiiion in an unsymmeirical double-well
sysiem is given by
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2, AG®(4i + AG®) (27a)

"m:;x.Rl +

provided that F, <(l+ AG°)2. In this case terms in H?, contribute to the

transition energy. When the H;, coniribution may be neglected, the energy of the
charge transfer transition 1s given by the familiar Eq. {27b).

Yok = 4 + AG® {27b)

The various coordinate and energy expressions discussed above, with terms through
H3, included, are summarized in Table 2.

Using the Mulliken formalism, Hush [18] showed that the electronic couphing
element is related to the intensity of the charge transfer iransition by

Huh = 206 x 10 - :( YenasxEmax Avi E)I :Jf'r:!h (283)

where v, and Av, , are the band maximum and width in wave pumbers, ry, is the
distance separating the donor and acceptor charge centroids in Angstroms, and the
band 15 Gaussian shaped [8]). The Mulliken—Hush equation has been applied to
outer-sphere [20] and, more extensively, to bridged [21-26] systems. i is exact
within a two-state model and is applicable to symmeirical and unsymmetrical Class
Il and Class 1T systems [8]. Within the constraints of a iwo-state model, the
coupling clemeat for a symmetrical Class 11 sysiem is also given by Eg. (28b)

Huh = "m::xf’z (zsb)

so that H,, for symmetrical Class [il compiexes can also be obtaned directly from
the energy of the optical iransiiion [18]. Noie that the optical transition in a Class
IIT complex no longer involves charge transfer: the transition occurs beiween
delocalized molecular orbitals of the symmetrical complex and i1s not accompanied
by a net dipole-moment change.

Eqs. (28a) and {28b} are particular forms of the more general equation [8,27

H:!b = Ipmux#gcrf(.uh - Ju:l)l (293)
(o — 1) = [(tte — 7 + 312 F]'° (29b)

In these equations . Is the transition dipole moment and (4, — 1.} is the difference
between the dipole moments of the localized initial and final states. The latter
dipole-moment difference is related to the measured dipole-moment change (g, —
#,) by Eq. (29b) [28]. Eq. (28a) follows from Eq. (292} by noting that r,, = |(#, —
,uﬂ)fe| and that the transition dipole moment is given by Egs. (30a) and (30b)

Moo = [0 (1.08 x 10~ %y, 32 (30a)
fo: = 461 x lo_qgmux A"i.l (30b)

where f, ts the oscillator strength for the transition [8,27). Eq. (28b) is obtained by
noting that (g, — u.) is zero for a delocalized system and therefore, from Eq. (29b),
(¢, — #,) = 2p,,. The relevani dipole-moment changes can be obtained from elec-
troabsorption (Stark) spectroscopy and Eq. {29b) [27).
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The metal—metal coupling elements in weakly coupled ligand-bridged mixed-va-
lence systems can be related to the corresponding metai-ligand coupling elemenis
using a superexchange formalism. For example, in MMCT transitions in diruthe-
nium decaammine systems in which the Ru-Ru coupling is provided by mixing
with an MLCT state, H,,,, is given by Eqs. (31a) and (31b) where H,, is the
metal-ligand coupling element for {NH,}.Ru''L at the Ru"-N equilibrium configu-
ration, Hy 15 the corresponding quantity for a (NH,):Ru"L at the Ru''-N
geometry, and AEy, is the effective metal-ligand energy gap [8].

HMM:TEV,L {(3ia}

1 1 I 1
S - (31b}
Abn 2(AEM et AEvwicr — ABvmcr )

Recent caleulations have shown that Hy,, and H,, for (NH,);Ru"L complexes do
not differ significantly [29]. Indeed, the value of the metal-metal coupling element
for [(NH,).Ru"-44"-bpy-Ru'""{NH,}.J'*, calculated from Egs. {31a) and (31b)
with Hyy = Hy, is in satisfactory agreement with the value calculated from the
MMCT parameters using Eq. {28a) {17].

6. Compreportionation equilibria

The electronic nteraction is an important parameter determining the stability of
the binuclear complex formed in a comproportionation reaction [23-2530]. The
comproportionation reaciion for a Class I sysiem 1s

IT-1F + INI-111 = 2(ii- 111} (32a)
while the corresponding reaction for a Class 111 system is
(111 + [-111 = 2¢011/2-111/2) (32b)

The comproportionation constant K, and the fiee energy change for the compro-
portionation AG? are conveniently calculated from the difference in the III/II
reduction potentials of the oxidized complexes

-1+ e~ =U-1I1 {or W1/2-111/2} EY {33a)
-1 {or I13/2-111/2y 4+ ¢~ =11-11 £ (33b)
K =explAESFIRTY (34a)
AG? = — AECF {34b)

In these expressions AE? =(ES — E%), F 1s the Faraday constani and log{k.) =
16.9AE? at 25°C where £° is 1n volts. Since electron delocalization stabilizes the
mixed-valence form relative to both the 11-11 and the III-1I1 forms, AE? is
generally positive. The relationship between AFE? and the width of the intervalence
band in symmetrical and unsymmetrical binuclear systems has previously been
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considered [31]. Here we consider the connection between AE? and the energy and
intensity of the optical transition in a symmetrical system.

In order to explicitly consider the siabilization of the binuclear complex by the
I1-111 electronic interaction, we break the comproporticnation equilibrium inio
two reactions

-1+ -1 =2(11-11), K., AGS, (35a)
AI-T01), = 21-111) (or 2111/2-1112)) K, AG? {35b)
AG® = AG®, + AG® (36)

where (11-III), represents the zero-interaction (charge localized}) mixed-valence
complex. AGY, includes all the nonaresonance contributions to the overall free
energy change, namely: a statistical factor of 4, electrostatic interactions {which
favor 2(I11-111}, relative to (1111 + 111-1ii}}, metal-ligand backbonding {which
affects the stability of both II—11 and I1-111}, etc. These contributions are generally
small. AG? is the stabilization of fwo mofes of the Ciass Il or III complex by the
H -1 electronic interaction {delocalization) [24,25]. The stabilization of one mole
of a symmetrical Class J1 complex by the II-III electronic nteraction is equal to
HZ /% (see the discussion leading to Eq. (22a) and Table 2), so that AG? for a
symumetrical Class II complex is twice this value {Eqgs. {37a) and (37b}).

—AG? =2H ) (37a)
= ZHibJ'J"max (B?b)

The resonance stabilization of a symmetrical Class 111l complex is similarly equal to
the difference between the energies of iwo moles of the fully delocalized complex
and of the ponmteracting 11-1II complex.

- AG® = HH,,, — i/4) (382)
= Vrax — Af2 (38b)

In these expressions v, 18 the energy of the donor-io-acceptor charge transfer
transition 1 2 Class Il complex or the energy of the transition between the relevant
delocalized molecular orbitals of a Class 1l complex, Evidently — AG® = »_, /2 for
borderline Class III systems (H,, =~ 4/2), while —AG° v, for very strongly
coupled systems (H,, > 4/2}. For binuclear Ru{II)-Ru(l11} systems with predomi-
nantly ammine ligands it has been estimated that AGS, ~ — 500 ¢ ~ ', correspond-
ing to K, ~10 [24,2532). Thus, when K > 10" (AE°>180 mV), the
comproportionation constant is largely deiermined by the II-1I1 electronic 1nterac-
tion, t.e. AGY > AG? = — AEZF. If the interaction becomes sufficiently strong the
system will exhibit Class Il behavior. Provided all other factors are favorable,
Class 111 behavior 1s expected for a polyyne-bridged system of reasonable length
{33]. For example, comparison of AEJF (0.72 eV) and v, (0.94 eV) for a
butadiyne-bridged diferrocene derivative is consisient with the two iron centers
being strongly coupled and the system exhibiting iniermediate to strong Class 111
behavior {34].
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7. Conclusions

Parabolic energy surfaces for the reactants and products of a self-exchange
reaction provide a very good description of the inner-sheil reorganization process
even when the stretching force constants for the oxidized and reduced forms of the
redox couple differ by a factor two. Fusther, the intersection of the energy
parabolas for the oxidized and reduced forms of the couple also provides a good
estimaie of the reorganization barrier. Although the activation energy is not very
dependeni on the reorganization criterion, the contributions of the individual
reactants to the inner-shell barrier are quite sensitive to the model used.

The comproportionation constant for Class III systems can be relaied to the
energy of ihe characteristic optical transition. Provided that the binuclear com-
plexes are symmetrical and that the resonance iateraction provides the dominant
contribution to the comproportionation free energy, AEY = v, /2 for borderline
Class IIT sysiems and AE? x> v, for well defined Class 11l complexes.

Ackrowledgements

This research was carried out at Brookhaven National Laboratory under con-
tract DE-AC02-98CH 10886 with the US Department of Energy and supported by
its Division of Chemical Sciences, Office of Basic Energy Sciences.

References

(1] R.A. Marcus, §. Chem. Phys. 26 {1957) 867.

[2] R.A. Marcus, Discuss. Faraday. Soc. 29 {1560) 21.

3] R.A. Marcus, N. Sutin, Commeats [norg. Chem. 5 (1986) 119,

4] R.A. Marcus. Rev, Mod. Phys. 65 {1993) 599.

[5] N. Sutin, Prog. Inorg. Chem. 30 (1943) 44].

i6] J.-K. Hwang, A. Warshel, J. Am. Chem. Soc. 169 (1987 715.

7] G. King, A. Warshel, J. Chem. Phys. 93 (1990} 8682,

8] €. Creuiz, M.D>. Newton, N. Sutin, i. Photochem. Photobiol. A: Chem. 82 {1994) 4.

31 N. Sutin, in: G.L. Gunther {Ed.). Bivinorganic Chemistry, vol. 2, Elsevier, New York, 1973, pp.
611-653.

[10] B.S. Brunschwig, J. Logan, M.D. Newton, N. Sutin, J. Am. Chem. Soc. 102 (1980) 5798.

i'i] R.A. Marcus, Annu. Rev. Phys. Chem. 15 ¢1964) 155,

{12] A.B. Myers, Chem. Rev. 96 {1996) 511,

[13] B.5. Brunschwig, 5. Ekrenson, N. Sutin, J. Phys. Chem. 90 {1986} 3657

[i4] M. Sutin, C. Crentz, J. Chem. Educ. 60 {1983} 809

[15] R.A. Marcus, §. Phys. Chem. 67 {1963} 853,

[16] M.B. Robin, P. Day, Adv. inorg. Chem. Radiochem. 10 {1967) 247,

(i7] B.S. Brunschwig, C. Creutz, N. Sutin, Coord. Chem. Rev. 177 (1998) 61,

[18] N.S. Hush, Prog. Tnorg. Chem. & (1967} 391.

9] MN.S. Hush, Electrochim. Acta 13 (1968) 1005.

[20 J.C. Cartis, T.J. Meyer, Inorg. Chem. 21 {1982} 1562.

[21] D.E. Richardson, H. Taube, J. Am. Chem. Soe. 105 (1983 40.



254 B.8. Brunschwig, N. Sutin ; Coardination Chemistry Reviews 187 (1995) 233-254

[22] C. Creutz. H. Tanbe. §. Am. Chem. Soc. 95 {1973 1086,

[23] J.E. Sutton, H. Taube, Inorg. Chem. 20 {1981} 3125

[24] L.E. Sutton, P.M. Sutton, H. Taube. Inorg. Chem. 18 {1979} 1017,

[25]) C. Creutz. Prog. Inorg. Chem. 30 (1983 1.

{26] R.J. Crutchley, Adv. Inorg. Chem. 41 {1994} 273,

[27) Y.-g. K. Shin, B.S. Brunschwig, C. Creutz, N. Sutin, J. Phys. Chem. 100 (1995) 8157.

{281 R.J. Cave, M.D. Newton, Chem, Phys. Leit. 249 {1996; 15,

[29] Y.-g. Shin, D], Szalde, B.S. Brunschwig, C. Creutz. N. Sutin, Inorg. Chem. 36 (1997) 3190.

(30 D.E. Richardson, H. Tavbe. Coord. Chem. Rev. 60 {1984} 167.

[31] F. Salaymeh, 5. Berhane. R. Yusof. R. de la Rosa. EY. Fung, R. Matamoros, K.W. Lau, Q.
Zheng, E.M. Kober, J.C. Curtis. Inorg. Chem, 32 {1993) 3895,

[32] A.R. Rezvani. €. Bensimon, B, Cromp, C. Reber, J.E. Greedan, V.V, Kondratiev. R.J. Crutchley,
Inorg. Chem, 36 (1997) 3322

[33] N. Sutim, i JLR. Bolton, N. Mataga. G. McLendon (Eds.), Eleciron Transfer in Inorganic,
Organic, and Biological Systems, Advances in Chemistry 228, American Chemical Socicty, Wash-
mgton, DC, 1991, pp. 25 -43

[34) N. Le Narvor, L. Toupet. C. Lapinte, J. Am. Chem. Soc. 117 {1995) 7129,



