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Abstract

The cffcets 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 clectron self-exchange reaction are considered. Parabolic free energy surfaces
provide a very good description of the inner-shell reorgunization process even when the
stretching force constants For the oxidized and reduced forms of the redox couple ditter by
a factor of two. The activation energy depends on the reorganization criterion and the
contributions of the individual reactants o the inner-shell barrier are quite sensitive 1o the
model used. Optical charge transfers und the consequences of reactant, product. and
transition state stabilization in weakly ineracting and very strongly inleraciing systems are
also considered. Relationships between the equilibrium constant for the comproportionation
reaction forming the mixed-valence complex and the optical charge transter parameters are
presented. ¢ 1999 Elsevier Scignce S.A. All rights reserved.

Kevwordy: Electron transter: Energy surfuces: Reorganization energics: Electronic coupling elements

1. Introduction

The potential energies of the initial and final states of an ¢lectron transfer
reaction (the reactants plus surrounding medium and the products plus surrounding
medium) can be represented by muludimensional surfaces in nuclear conhguration
spalce [1-5]. These energy surfaces will huve minima corresponding to the more
stable nuelear configurations of the reactants and products and will intersect where
the reactants and products bave the same conligurations and energies. In common
with ordmary chemical reactions, an electron transfer reaction can then be de-
seribed in termis of the motion ol the system (rom the reactant minimum (initial
stale) to the product minimum (fnal state) on the lowest energy surface.

A detailed deseription of the electron transfer process ¢an 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 medinm, the many-dimensional potential energy
surface for the reactants and products can be reduced 1o harmonie free energy
curves that ave a function of a single reaction coordinate. Mareus further assumed
that the lree energy curves deseribing the distortions of the reactunts and products
from their equilibrium configurations also were harmome with identical force
constants [4],

The Tree energy of the close-contact reactants plus surrounding medium (Curve
(g} und the free energy of the close-comact products plus surrounding medium
(Curve Gp) are plotted versus the reaction coordinate in Fig. 1 [3). Electronie
mieraction of the redox orbitals of the reactants gives rise 1w the sphitting of the
cnergy curves (noncrossing) at their intersection. This splitting is equal o 247,
where £, 1s the electronic coupling matrix element. {We will treat H, as a positive
quantity.) The minima of the noninteracting (zero-order or diabatic) parabolas are
separated by (24 137 where fis the reduced force constant for the parabolas and
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/. the reorganization parameier, is the vertical difference between the free energies
of the noninteracting reactants and products at the reactants’ equilibrium configu-
ration for an electron transfer reaction with zero standard free energy 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
dimensionless reaction coordinate X may be defined as x/e: X varies from 0 to 1
as the reaction proceeds and is lincarly related to the difference between the free
energies of the reactants plus the surrounding medium (G,) and the products plus
the surrounding medium (Gp).

G = 3> 2= 2X° (1a}
Gp=flx —a )2 +AG = A(X — 1Y + AG® (1b)
(1Cp=GR) =4+ AG =2.X (1¢)

Al the transttion state lor the reaction. Gf = GF and X* = (2 + AG®) 2. where
AG®, the standard free energy change for the elu.tron transter, 1s negative Lor an
exergonic reaction. Since (G, — €) and X are linearly related, the difference

Iree Energy

l’?}u 'll 2

()

| z*@ U*)\iﬂ

Reaction Coordinate

Fig. 1. Plot af the free eaerpy of the close-contaet reactants plus surrounding medium (Gy) and the free
energy of the close-contact products plus surrounding medivm (Gpl vs. the reaction coordinate for a
sell-exchange reaction (AG? =0). Note that the reactant and product curves have adentical foree
constants.
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between the free energies of the reactants and producis also atfords 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 funclions for the diabatic states. If ¥, and ¢, denote the
wave functions of the zero-order inititl (reactant) and final (product) stutes, their
mteraction gives rise to two lincar combinations (the adiabatic states). The lower
energy state. W, = b, + ath,. corresponds 1o the ground state and the upper,
o= ¢ i, — o 1o the excated state when the overlap ntegral &, is neglected, (or
15 zero by construction 81, and the mixing coeflicients are normalized, i.e.
7+ = boSinee ¢f. the square of the coeflicient 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 ¢f, also provides an
alternative reaction coordinate [5).

in this article we discuss the relationship between the reovganization parameter
and the free energy of activation for the electres 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 clectron transfer and the consequences of
reactant, product, and transition state stabthzation in weakly interacting and
strongly interacting systems. A number of common misconceptions are discussed.

2. Rate constant expressions

In terms of the classical treatment vutlined above. the first-order rate consiant
for mtramolecular electron transfer or for electron transfer within the precursor
complex formed [rem the reactants in a bimolecular reaction is given by Eq. (2).

ko = &b, eXpl ~ AG*RT) (2)

In this 2xpression w, is the electronic (ransmission coefficient, v, is the nuclear
vibration frequeney that takes the system through the intersection region and AG*
Is the lree energy of activation for the electron transfer [3].

The elecironic (ransmission coefficient is the probability that electron transfer
will occur once the system 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 accur with near unit probability in the intersection
region: the electron transfer reaction is «divhariv with the system remaining on the
tower energy surluce on passing through the intersection region. Under these
conditions & 15 given by

K=, exXpl— AGY RT) {3)

On the other hand. for a nonadiahaiie veaction, ry <« 1. Ky, =1, and the rate
constant is wven by Eq. i4) where v, is the clectron hopping trequency in the
activated complex. The Landau  Zener treatment vields Eq. (3) for v, {9.10).

kg =9y, expl — AGY'RT) i4)
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va=(2H  Ina' ARTY " (5

In cffect. the adiabatic und nenadiabatic hmits of the transition state formalism
correspond to v, » v, and v, < v, respectively,
The free energy of activation for the electron transfer is given by

AG* = (7,:{ - Glmn.R ‘6}

where Gf and G, are the free energies of the reactiants at their transition state
configuration and at their equilibrium configurations. respeciively. The weakhy
interacting. intersecting parabola model leads to Eqgs. {7a) and (7b) for AG*.

AG* = 2 (7a)
=0 + AG%iy 4 {7

The + in these equations 1s the reorganization parameter introduced above. The free
energy of activation lor a self-exchange reaction (AG® = () 1s equal 1o + 4.

The reorganization parameter 15 usually broken down into inper-shell {(vibra-
tional) and outer-shell (solvational) components,

A=At A (8)

The inner-shel! reorganization energy depends upon the bond length changes and
force constants of the reactants and products and is usuaily determined from the
measured crystal or solution structures of the reactants and products and from their
vibrational spectra. The distortions from the equilibrium coafigurations ate gener-
ally treated within an harmonic approximation [11]. Although this approximauon is
usually adequate. it breaks down when thz bond length changes are verv large and
1t then becomes neeessary 1o use a mere elaborate foree field. This 1s the case for
the Cl.'Cl, couple. In lavorable circumstances mode-specific reorganization ener-
gies can be obtained from resonance Raman intensity measurements {12} The
outer-shell reorganization energy depends upon the propesties of the solvent. When
a contmuum model for the solvent is used. <, 15 a tonction of ihe dielectric
properties of the medium. the distance separating the donor and acggptor sites. and
the shape of the reactants. Various models tor the solvent reorgamization are
available [i3].

3. inner-shell reorganization; diabatic cxpressions

In this section we consider the inner-shell reorganization parameter in greater
detiil and focus or  the consequences of unegual seactant and product foree
constants,

S Vertical reorgantization encrzies anid aoivdtion cHergies

As shown in Fig. 1. the reorgimization parameter s the vertical difference
between the (noninteracting) product and reactant free energics ai the equilibrium
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configuration of the reactants lor a reaction with zero driving force. Since the
parabolic curves in Fig. 1 have dentical force constanis, this energy ditference is
also equal o the difference between the reactant and product free energies at the
equilibrium configuration ol the preducts. In contrast, the activation energy is the
difTerence between the tree energies of the reactants (products) at their transition
stiate configuration and at the reactants’ equilibrium configuration (Eq. (6)). In
order to illustrate the relation between vertical reorganization energies and activa-
ton energies we consider the symmetrical stretehing vibrations of the reactants and
products in the Fe(H.0); 0 Fe(H.0) - self-exchange reaction.

FetH.0);, 0 + Fe(H.0), = FetH.0) -+ Fe(H.O) (N

The imner-shell reerganization term 1s the sum of the reorganization parameters of
the individual reaciants, ie.

A= s )+ anldy = dll) (10

The first term on the right hand side is the energy required o change the Fe-0
distance in Fe(H.Q);, ~ from its equilibrium value Y to the equilibrium value d! in
Fe(H.0). . and the second term is the energy required to change the Fe-O
distance n Fe(H.0), " from oY to % Denoting (%~ %) by Ad". the vertical
reorganization energy is given by Eqs. {11a) and (11bi

oy = 0L ALY 2+ 6f LAdY) 2 (1a}
=3 f+ FHAY (11by

Further. 2, 2. the ratio of the contrtbutions of the individual reactants to the
vertical reorganization energy, is equat Lo f, foo Evidently the contributions of the
FetH.0),~ and Fe(H.O); = breathing modes 10 4, are dircetlv proportional to
their respective foree constants.

Considering the activation process. energy conservation requires that the Fe—-Q
distances in the two reactants adjust 1o a4 common value (transition-state configura-
tion) where G = Gp prior Lo the electron transfer, We denote this common distance
by (*. The energy required to reorganize the 1wo reactants o the transition-state
conhguration is then

AGE, = 3 = YV + Mdd* ) (12)

Minimizing the activation energy vields Eq. (13) and substitution into Eq. 112) gives
Egs. (14a) and (14b).

Sl bl
¥ :'f‘_'f A ;
B (13)
LAY
AGH, = D i
! f++ 1 e
ity
_ e (14h)

Ay
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Sinee their breathing force constants differ, the actvation encrgies tor reorgamzing
the Fe(H.0); - and Fe(H0). " ions are not equal. Substiution of ¢* imo Eg. 4§23
and taking the ratio of the individual reorganization energies gives

AG,M(FeHO¥ ) _
AG,*(Fe(H.OL )~ 1. (15

in contiast to their contnbutions to 2 the ratio of the contributions vi FeiH.Oy -
and Fe(H,0), " 1o AGY are seen to be nrerelr proportional to their foree
constants. Since /1 is Targer than f.. the Fe(H.0) © 1on reorgamizes more than the
FetH,0), ' ion. Moreoser. AG? = 2, 4, ie. the activation energy s bess than
one-quarter the reorgamization term! The breakdown in the often used AG? = 4 4
refation arises because the free energy surfaces are nol. in general, harmonic along
the reaction coordinate. A measure of the anharmonicuy is provided by the
fractional difference between one-quarter of the reorganization term and the
activation energy (Eg. (16M).

in A= AGH U

XL T Tw He)

For the Fe(H-0);,  -FeH.O),) selteeschanee the diterence amounts o ahout 3
1103 '

Considerable simplification results from constructing energy surfaces usmg a
common. reduced vadue 1 tor the toree constant ot the FetH Oy and FeH-.O, -
ssmmetrical stretchmg vibrations.

Under these conditions

= (dh = d') 2 ¢18as
’I;'ll = 6,’;!!(‘&"“): i\ESbh
AGE =AG* =3 (Ad'y 2=/ 4 118

and the two reactants reorganize 1o the sume extent with AG? now equal to 2, 4.
Note that replacing - and /, bv f, does not change the value of the activation
energy (i.e. AGE = AGE. Eq. (1dah but does change the value of 2 (Egs. (11b) and
(18b)).

Honmzontal secuons through the epergy wells dehined by the stretching vibrations
of the reactunts and products are presented m Fig. 2. The weli in the upper left of
the figure deseribes the energy of the reactants as o function of their nuclear
configurations while the well in the lower righi shows the energy of the producis as
A function of therr configurations. The dashed hae s the reaction coordinate,
generated by plotting the projecuion of the tmirimum energyy intersction of the
surfaces on the xv plane as the product minimum is displaced vertically, An
alternative, more rigorous, defimtion ol the reacuon coordinate has been given by
Warshell [6.7]. Warsheli defines the reaction coordinate € as equal to the potential
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Nuclear Conlig of Reactant 2 or Product 3

)

u 1
Nuclear Config of Reactant 3 or Product 2

Fig. 2. Comour plots of the frae enerpy of the close-contact reactants fand produets) plus surrounding
meditm vi. s nuelear coordinare of reactant 2, R, (product 3, Py and a nuclear courdinate of reactant
1 R, {product 2. PO for a sell-exchange reaction (1AG® = 03 In most cases of electron transfer between
symmetrical metal complexes the nuclear coordinate for the inner-shell reorpanization will correspond to
& nonmal coordinate associated with the harmonic streteh of the metal-ligand bonds. The reaction path
solid fes rprand the reaction coordinine (dashed fine. rer are aiso shown. The svimbols * x, and -+
indicate the positions of the uunsition stite, the crossing point. and the midposat, respectively, for the
free enerpy cuives shown in g, 5

energy difference between the precursor complex (the reactants plus their surround-
ing medinm} and the successor complex. All configurations with the same potential
energy difference have the same value of (. 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(@)y).
where ptQ)y is the probability that the system will have a given value of Q. The
reaction coordinate Jdefined in this manner is closely related to the reaction
coordinate .V defined in Section | and the dashed line in Fig. 2 also shows the
configurations that contribute most to the “ee energy function. The solid line in
Fig, 2 15 the reaction path, defined as the path of steepest decent from the
ntersection (activated complex) to the reactants’ and products’ energy minima,
Since the surlaces in Fig. 2 are not harmonic along the reaction coordinate. a plot
of the free erergy along the reaciion coordinate does not yield the parabolic energy
curves shown n Fig. 1. However, use of reduced force constants vields energy wells
with cireular cross-sections and results in the curves shown in Fig. 1. The difference
between the energics along the reaction coordinate and the reaction path is
Hlustrated in Fig. 3 for the surfaces shown in Fig. 2.



B.S. Brunschwie, N. Sutin . Coovdination Chemisiry Reriews 187 (1999) 233 254 241
3.2 Individual reqetant reovganization energies

We have seen that when the symmetrical breathing modes of the reactants and
products of a self-exchange reaction are considered, the activation energy for the
inner-shell reorgamization 1s given by Eqs. (14a) 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 s obtained by locating
the minimum on the 'line” where (7, = (. 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 seli-exchange reacuoen the two redox pairs are the
same so that only a single pair of energy curves 15 needed [14]. Since we only
consider distortions of the reactants and products from their equilibrium configura-
tions, the minima 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
AG¥* + AG¥. Note that the transition state configuration, «*, does not occur at the
intersection of the individual energy curves. In this section we consider the eftect of
diffevent assumptions for the reorganization condition that are sometimes made.

3.2.1. The reactants reorganize to the midpoint defined by . = (d5+d%) 2 (ol
Eq. (18a))

The inner-shell reorganization energy ~equired to reach this configuration is given
by Eqg. (19).

AG,,. = 3t + XA 2 (19)

reaction path. coordinake

/

reduced foroe consLadly

Free Lnergy

i) (3 Iy
heaction Path or Reaction Coordinate

Fig. 3. Plot of the free enerpy of the reactants and piaducts along the reuction path and the reachon
enordimile v, the reaction path and or reaction coordinate normalized o unit length Alse shown ts the
free energy of the reactants and products calculited with reduced tforee con: tants. corresponding to the
traditional Marcus energy surfaces. En the latter description the straight ne connecting the reactant and
product minima constitules both the reuction path and the reaction coordinate,
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| .
| R, R
4
=, mp
AG,™
FoAG = A
:’7 N ) -
ey
—
-
=
£
Y AG, 4| ag
= N
\ o
[ i
1 N f
|
T
dM dddmp d,"
(Wl -

Metal igand Coordinate

Fig 4 Plot of the free energies of the individual reactants (R. and Ry s their metal lgand coordinate.
B shiown onthe ket and Ryoas shown on the vizht, The energy minima of the curves are assumed
cyual and the reactant enereies required 10 atnm e fransition state, the crossing point, and the

midpoint onimurations are shows,

The vertical energy difference does not change and AG,, is equal to &4, [t can
readily be seen that AGY, < AG,,.. Note that the contribution of each reactant o
the energy at the midpoim configuration is proportional o its stretehing force
constant, This s mverse 1o its contribution to the transitton state energy (Eg. (15)).

3

222 The yreactious reorgunize to the inrersection of the individucd reaciant
purabotus where d ar the crossing poine ix given by Ey. (20)

]

hH"

flS o el
SR SS A A (20}
N v" - N, ,f:
Eyg. 1200 15 the sume as Eq. (13) except that | f replaces f. The reorganization
energics of the two reactants wre identical, e, AGY = AGY", and the inner-shell
FCOTZANIZALION eneryy 1s given by
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_ Bf A

(\,IZ + %.,f‘J.):
where 2{ £5 + f3) in the denominator of Ea. (14a) has been replaced by ( \-g}'; S
The positions of d,,, and d,, on the energy surfaces are shown in Figs. 2 and 4 and
the various rcorganization expressions are summarized in Table 1.

In contrast to homogeneous exchange reactions, only a single redox pair 1s
involved in electron exchange at an electrode. Consequently, in the electrochemical
case the energy conservation requirement ziso defines the minimum reorganization
energy and d* tor electron exchanyge at an clectrode is rigorously given by Eq. (20).
Thus AG% is equal to 3AA(AAF (fs+ 5 for the Fe(HO) ~ -FetH.0),
exchange at an electrode, ie. one-half AG, calenlated from Eq. (21) for the
homogeneous self-exchange reaction. The same relationship between the homoge-
neous and electrochemical reorganization energies obtains if a common reduced
force constant is used for the individual reactants and products {13).

The contributions of the individual reactants to the reorganizalion energy are
illustrated in Fig. 4 for the case where the force constants of the two reactants diller
by a factor of two. Aithough AGH and AG,, are similar, the contributicns of the
individuai reactants are quite sensitive to the model used. Fig. 5 shows the
difference between AGY, AG,,, and AG, as a function of f~:f:. 1L 1s apparent that
AG,, is close 10 AGY for fo1 > 0.5, Moreover. AGY. AG,,, and AG,, are equal
when fo/fy = 1, where * = d,,, = d_,. Note that AGY, AG,, and AG
d,. and ¢, become ncreasingly different when /_ « f..

AG,

[ E‘l
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Fig, 3. Bar graph showing the difference between AG™. tiwe inner-shelt activation energy given by Ty,
L0, and either AG | the inner-shell eneray required 1o reach the configuration crossing point shown
in Fig. 4 and given by Ly. 21, or AG,,. the ner-shell energy required to reach the midpoint
configuration shown m Fig. 4 and given by Ly, (191,
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4. Reactant, product and transition state stabilization; adiabatic expressions

The electron transfer formalisms discussed above assume that the barrier low-
ering as a consequence of the clectronic interaction of the reactants may be
neglected. As H,, increases, the reactants and products are stabilized and the
splitting at the intersection of the reactant and product curves becomes larger,
These factors combine to lower the reorganization encrgy and ultimately to
delocalize the system.

4.1. Svmmnetvical systems

The splitting at the intersection of the diabatic energy curves lor a symmetrical
system lowers the barrier bv H,, (Fig. 1). Further, as H,, increases, the reactant
and product minima move closer together and the minima are lowered by H;,./4
relative 1o the diabatic minima |5} The minima in a symmetrical double-well
system are located at X=[1+(1 - 4K, 49" 7]2) for H,, 242 and the transi-

tion state is at X=12. For F,, = .2 there 15 » single minimum at X'=1/2. In

view of these :nergy changes the frec cnergy oi activation for a sell-exchange

reaction with apprectable coupng of the reactants is given by
AG*:t;v"i“H_‘h*‘ Hih -‘; {1"”

=4l —2H,, iV 4 (221

The second and third terms on the right hand side ol Eq. (220 are due to the
lowering of the barrier and the stabilization of the reactanis, respectively. Eqs.
(220) and (22b) are valid as long as the sysiem s deseribed by a double well
potential, 1.€, as long as the system remains valence trapped or localized (M, <
4!2). The parallel role of —2H,, and +AG® in Egs. (22b) and (7b), respee-
tively. is noteworthy,

Three classes of symmetrical systems may be distinguished depending on the
magnitude of the eiectronic 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 1 systems are essentially those of the separale renctunts,
Activated electron transfer cither does not occur at afl or it oceurs only very
slowly (because of its high nonadiabaticity) with AG* = 24, Class U systems
(0 < H, < 42 solid line, Fig. 1) possess new optical and clectronic propertics in
addition to those of the separate reactants, They remain valence trapped or
charge localized: the clectron transfers range from nonadiabatic (4, < 10 em ')
1o strongly adiabatic (H,, > 200 cm ) with AG* given by Eqs. {22a) and (2.
In Class 11 systems the interaction ol the donor and acceptor sites has becone
so large that two separate minima are ne longer discernible and the fower encrpy
surface features a single well. This is the delocalized case which oceurs when
M, > 472 The latter condition for delocalization follows readily from the zere
barrier limit (AG* =0) of Egs. {22a) and (22b).
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4.2, Unsymmetrical systems

The above classification also applics to unsymmetrical binuclear systems. As in
the case ol symmetrical systems. the properties of an unsymmetrnical Class 1
svstem are essentially those of the separate reactants. Although Class 11 sysiems
remain valence trapped. sulficiently endergonic reactions exhibit a single mini-
mum. The minimum. however, occurs very close to the noninteracting reactant
minimum. Provided that H,, < (£ +AG")2 and |AG®| < 4, the positions of the
reactant and product minima are given by Eqs. (23a) and {(23b), the location of
the transition state s given by Eg. (23¢).

v i W (231)
i = ',/ "'A(TG) =2
Hzlh
“l.'nm P = ! - k;“:“ A 23h
I {r— AGY l )
- {/ +AG°—-2H,)
¥ = , 23c
33K (=3l
and the free energy of activation is given by Eq. (24a)
. AGS AGOY -
AGF =S54 (o] Hoy o+t (24a)

372 T =20 TG AGY)

where AG® 1 the driving Torce in the noninteracting (H = 0) svstem. The driv-
ing force corrected for the donor-acceptor interaction, ie. the actual driving
force for the adiabatic reaction. 1y given by Eq. (2db),

A o A(‘{l 2, ” b
e 1 (7 + AG°N, - AGT) -

Fhe reorganization parameter modified tor electron delocalization is given by Eq.
(24¢) where the (1 - 2¢0) factor. with ¢ = X, allows for the reduction in the
charge transferred [17].

N 4Hl,,
== 200y :/(I (24}

,“ 2

Note that the parameter » used here correspond: to 4., introduced earlier [17].
Finally, in order for .Y, to approach the value of 12 characteristic of a Class
HE system. the electronic interaction tn an unsymmetrical system has to be targe
cnough o overcome the free energy dif Loace between the inttial and final
states, This is ditfieult 1o accomplish if [AG®| is large. For example, the minimum
for an exergonic reaction is located at X =04 when H, >/ +! SAG 2. As
above, AGT and 2 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 effected by the absorption of light. As a consequence, 4
and f,,, can be obtained from spectroscopic properties,

5.1 Symunerrical systeni

The energy of the hght-induced charge transter transition in a symmetrical
double-well system is given by Eq. (25) [18.19].

l'l’llil\. = ,: (25)

The band maximum for a symmetrical localized system is independem of M., and
Eq. (23) holds throughout the double well vegime [8]. Although the repulsion of the
reactant and product curves increases with increasing H,,,. this s compensated lor
by the reactant and product minima moving closer 1ogether. The net effect of these
changes is that the energy difference at the (adiabatic) reactant or product mini-
mum (»,,,.) remains equal to £ independent of the couphng. Further insight into the
relationship between v, and 47 can be gained by considering the ditference
between adiabatic and diabatic cnergy differences. The adinbatic and diabatic
energy dilferences ar a particular nuclear configuration are related by Eq. (26a}

(G, - €)= (G — G + SH, (260)
where € and G, are the energies of the upper (excited) and lower (ground)
adiabatic energy surfaces, respectively, The optical transttion oceurs from X, the
reactant minimum of the adiabatic energy surface. At this minimum, (G, - G s
equal to 4 and (G- Gy is equal 1o A0 = 200, Substitution inte Lyg. (26a) gives

/-‘ ) = [fll e :("E)l‘ + 4]'!:|\ Llhh)

Divihing through by and substituting v, o« and # 2tE 200 mves By,
{26¢). The latter is equivilent to Eq. (24ch

Vi, P 4“‘:1\ ’; (:(\C:‘

The first term on the reht hand side of Eq. (20¢) 1s the contribution o the adiabatie
energy difference (transition energy) from the delocalization=modified reactnt and
solvent reorganization energies and the second term is a further contribution to the
adiabatic energy difference Trom clectron delovalizanon. As noted above, their sum
1 simply equal 1o the diabatic energy difference at the diabatic minimum,

520 Unsvinetrical svstems

The encrey of the charpe transter transition i an wsymmetreal double-well
svslem s given by



248 RS Brumychwia, N. Swtin Coopdination Chemiixtry Beviews 87 (1999) 233234
2} I . %

Pl + T AGRA + AGE) (274)
provided that M., < {s =+ AG®) 20 In this case terms in H, contribute Lo the
transition energy, Wher the H:, contribution may be neglected, the energy of the
charge transfer transition s piven by the familiar Eq. (27b).

ViR = - + AG® (27b}

The various coordinate and cnergy expressions discussed above, with terms through
2, included. are summartzed n Table 2.

Using the Mulliken formalism. Hush [18] showed thal the electronic coupling
clement 1s related to the intensity of the charge transtfer transition by

]i‘nh =206 = 10 :‘ LSS IO Al‘] Z)l : s (2851)

where v, and Av, - are the band maximun: and width in wave numbers. 7y, is the
distance sepirating the donor and aceeplor charge centroids in Angstroms, and the
band 1s Gaussiun shaped [8]. The Mulliken Hush equation has been applied to
outer-sphere {20] and. more extensively. to bridged [21-2b] systems. It is exact
within o twe-state mod-l and is applicable 10 symmetrical and unsymmetrical Class
Bl and Class [11 systems [8]. Within the constraints of a two-state model, the
coupling element for a svemmetrical Class TH system is also given by Eq. (28b)

1{.“1 =

i 2 (28‘3)

so that A, Tor symmetrical Class HI complexes can also he obtained directly from
the energy of the optical transition [I8]. Note that the optical transition in a Class
Il complex no longer involves charge transfer: the transitton occurs between
delocalized molecular orbitals of the symmetrical complex and is not accompanied
by a net dipole-imoment change.

Eqs. (Z84) and (28b) are particular forms of the more general equation [8.27]

H.m = "bm.m“;c (/‘h - p”..'l (2%)
(e = i) = [, = g0 — 4 )] (29b)

In these cquations g, is the transition dipole moment and (z, — g, is the ditference
between the dipole moments of the localized initial and final states. The latter
dipole-moment difference 1s related to the meusured dipole-moment change (4, —
#.) by Eq. (29b) [28]. Eq. (28a) follows [rom Eq. (29a) by noting that r,, = {(¢, —
1.,) e and that the transition dipole moment is given by Egs. {30a) and (30b)

fee = [£ (LOB x 100 v ] - (30a)
Fo=401 < 10 " Ay s (30b)

where /. 1s the oscillator strength for the 1 ansition [8,27). Eq. (28b) is obtained by
noting that (x, — .} is zero for i delocalized system and therefore, from Eq. (29b),
(e — g} = 2p,.. The relevant dipole-moment changes can be obtained from elec-
troibsorption (Stark) spectroseopy and Eq. 129b) [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 metal-ligand coupling elements
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, Hyy is given by Eqs. (3la) and (31b) where H,, is the
metal-ligand coupling element for (NH,):Ru"L at the Ru"-N equilibrium configu-
ration, ffy, is the corresponding quantity for a (NH,).Ru"L at the Ru'-N
geometry, and AEy,;, is the effective metal-ligand energy gap [8].

H\.Il H\I‘!
Hyy = ——— (3la)
M EAEML
1 1 | i
o= 1( - ) (31b)
AL\H. - AE?\IL("I' AE.\‘[L("I' - AEMM('T

Recent calculations 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;XRu"-44-bpy-Ru"(NH,).J" * . calculated [rom Egs. (3la) and (31b)
with Hy,, = Hy, .. 15 in satisfactory agreement with the value calculated from the
MMCT parameters using Eq. (28a) [17].

6. Comproportionation equilibria

The electronic interaction is an iapostant parameter determining the stability ol
the binuclear complex lformed in a comproportionation reaction [23-23.30]. The
comproportionation reaction for a Class I system is

(-1 + HI-111 = 211 -1 (32)
while the corresponding reaction for a Class 1 system is
H-10 4+ 1101 = 201211 °2) {32b)

The comproportionation constant K, and the free energy change for the compro-
porticnation AG? are conveniently caleulated trom the difference in the V1L
reduction potentials of the oxwdized complexes

W-ME+ ¢ == (or L 2-101:2) By (33a)
-0 cor HE2-UE2DY ¢ =111 EY (33b)
K. =cxplAELF'RT) {3da)
AGE = — AESF (34b)

In these expressions AE? = (£9 - E9), F is the Faraday constant and log(K)) =
16.9AF2 at 25°C where £° is in volts, Since clectron delocalization stabilizes the
mixed-valence form relative o both the H-1T and the H-111 forms, AET is
generally positive. The relationship between AE? 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 1o explicitly consider the stabilization of the binuclear complex by the
=111 ¢lectronic interaction, we break the comproportionation equilibrium into
two 1gaetions

-6 1D = 201D, K. AGS, (354)
A1), = 01100 for 20112 112) K. AG® (35b)
AG? = AG®, + AG® (36)

where (I11-111), represents the zero-inleraction (charge localized) mixed-valence
complex. AGS, includes all the nonresonance coniributions to the overall free
cnergy change, namely: a statistical facror of 4, electrostatic interactions (which
favor (-1, relative to (I1-11 + 111111, metal-lgand backbonding (which
affects the stubility of both [ 11 and 11 111). ete. These contributions are generally
small. AGT 1s e stabilization of nvo moles of the Class 11 or 1T complex by the
H--TH electronic interaction (delocahzation) {24.25). The stabilization of one mole
of a symmetrical Class 1} complex by the 11-111 electronic interaction is equal to
17, % (see the discussion leading to Eq. ¢22a) and Table 2). so that AG® for a
svmmetnical Class 11 complex 15 twice this value (Eqgs. 1374 and (37bh.

CAGT =203 (37a)
= 2!!-111 Vanas (3?b)

The resonance stabilization of a symmetrical Class 11 complex is similarly equal to
the difference between the energies of two moles of the fully delocalized complex
and of the nomnteracting 10T complex.

AGE = H L ) (18a)

, N

,\ P (38b)

AR}

I these expressions v, is the energy of the donor-to-uceeptor churge transfer
transition i a Class [F complex or the energy of the transition between the relevant
delocalized molecutar orbitals of a Class T complex. Evidemtly — AG® x v, 2 for
hordertine Class 1L systems (M, = 2 2). while — AG? =y, for very strongly
voupled systems (H > 2 210 For binuclear Rutlh) - Rudlll systems with predomi-
nanty ammine ligands it has been estimated that AGS, =~ 500 em ', correspond-
mg o to AL x 100 [242532]0 Thus, when K> 100 (AE2 =180 mV),  the
comproportionation constant is largely determined by the {1 - 11 electronic interac-
ton. e AGY 2 AGY - - AESF B the interaction becomes sulliciently strong the
system will exhibit Class 1 behavior. Provided all other factors are favorable.
Class 11 behavior 13 expected for a polyyne-bridged system of reasonable length
[33 For example, compartson of AE2F (0.72 V) and v, (0.94 cV) for a
butadiyne-bridged dhferrocene derivative is consistent with the two iron centers
bemg strongly coupled and the system exhibiting intermediate to strong Class 111
E'\L"]]H\'ix!l‘ I:Jr]



B.S. Brumchwie, N Swiin Coordination Chemistry Revicws (87 (1999 233, 234 253
7. Conclusions

Parabolic energy surfaces for the reactants and products of a self-exchange
reaction provide a very good description of the inner-shell reorganization process
cven when the stretching force constants for the oxidieed and reduced forms of the
redox couple differ by a factor two. Further, the intersection of the energy
parabolas for the oxidized and reduced forms of the couple also provides a good
estimate of the reorganization barrier. Although the activation energy is not very
dependent 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 1'I systems can be related to the
energy of the characteristic optical transition. Provided that the binuclear com-
plexes are symmetrical and that the resonance interaction provides the dominant
contribution to the comproportionation Iree energy, AE® = v, /2 for borderline
Class T systems and AE? v, for well defined Class HI complexes.
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