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coupling elements in electron transfer 
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Abstract 

The cffems of changes in ~he shapes and intersections of the reactant and product 
~ee-energy smfaccs on the vertical reorgan~afion pammmer and the ~ee energy of a~iva- 
lion lbr an electron sd~exchange reaction are con~dered. Parabol~ ~ee energy surfaces 
provide a very good description of the inner~he~ reorgan~afion process even when the 
stretching l\wce constams for the oxid~ed and reduced tbrms of the redox couple differ by 
a l~ctor of two. The amivation energy depends on the reorganization criterion and the 
contributions of the individual reamants to the inne~shdl barrkr are quRe senMtive to the 
model used. Opt~al charge m m s ~  and the consequences of rea~ant, product, and 
~rans;~ion stale ~abil~ation in weakly imcm~ing ana very ~ron~y interacting sy~cms are 
also considered. Rela~onships between the equilibrium contain lbr the comproportionation 
reamion Ibrming the mixed-va~nce compkx and the optical charge transit parameters are 
presented. C 1999 Elsev~r Science S.A. A~ rights reserved, 

Kev.~,,~k: Electron tmnsl~r: Energy surl~tces: Reorganization energies: Electronic coupling demems 

1. Inlroducfion 

The potemial energ~s of the initial and final stales of an electron transfer 
reaction tthe reactants ptus surrounding medium and the products plus surrounding 
medium) can be represented by multidimensional surlhces in nuclear cow,figuration 
space [1--5]. These energy suflhces will have minima corresponding to the more 
stable nuclear configprations of the rcactan~ and producls and will intersect where 
~he rcactanls and products ha~e the same configural[ons and energies. In common 
with ordinary chcmi~d reamion~ an declron tmnsl)r reamion can then be de- 
scribed in terms of the motion of the system fi'om the reactant minimmn {initial 
state) to the product minimum/final statel on the lowest energy surface. 

A detaikd description of the electron transfer process ~m be obtained through 
the use of statistical methanes [I.2]. Marcus showed that, provided a hypothmical 
change in charge on the reactants produces at pa,portional change in the didectfic 
polarization of the surrounding medium, the maw-dimensional potemial energy 
surthce lbr the reactants and products can be reduced to harmonic ~ee energy 
curves that are a l~mction of a single reaction coordinate. Marcus fltnher assumed 
that the ~ee energy curx~s describing lhe al l .onions of the rcamants and pmduc~ 
I>om their eqmlibnum configurations also were harmon~ ~ith identical Rn'ce 
con~an~ [4]. 

The ~ee energy of the dose-contact reactams plus surrounding medium ~Curve 
Ge} and the ~ec energ} of the cDse-contact pt*oduc~ plus surrounding medium 
ICurvc Gel arc plotted versus tim reactima coordinate m Fig. ] [3]. Electron~ 
interaction of the redox orbitaN of the reactants gives ri~e ~, the splitting of the 
energy curves ~noncrossing} at their intersection, This splitting is equal to 2H~a, 
where t(,~, is the e~c~ronic coupling matrix e~ment, {We will ~reat H,,, as a pofifive 
quantity.I The minima of the nonmteraming {zero*order or diabaticj parabolas are 
separated bv 12~ .tj ~ ~ ~'here I is the reduced Rwcc constant for the pambdas  and 
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2. the reorganization param~e~ ~ the vertical difference b~ween the flee ener~es 
of the noninteracting reactants and produ~s at the reactants" equ~bfium configu- 
ration for an de~ron trans~r reaction with zero standard free energy change. 
Denoting the separation of the minima of the no~n~m~ing reactant and product 
parabo~s by ao and the d~placement ~ong the reaction coord~ate by x.  a 

dimensionless reaction coordina~ X may be defined as x/a..: X varies from 0 to 1 
as the reaction proceeds and is linearly rda~d to the oifference b~ween the free 
energies of the reactants plus the surround~g medium (G~) and the produ~s plus 
the su~ounding medium I G,L 

G~ = f v  2'2 = 2 X  2 (la) 

G,, = . ~ x  - ~,)2/2 + AG ° = 2{X-  1 }2 + AG ° (lb) 

ICy-  G~) = (2 + ~G°; - 22X (Ic) 

At the transition state for the reactmn. G~ = G~ and X*= (2 + ~G°)/22 where 
AG °, the standard free energy change lbr the electron t~'ansl?~ is negative for an 
exergonic reaction. Since tG~,-GR) and X are linearly related, the difference 

• 

/ 

12kll)  ~z 

R e a c t ~ m  C{uwdina~e 

Fig, 1. Plot oF the flee energy ~ff the dose-contact rea~an~ plus su~ounding medium IGrl and ~he flee 
energy o~ the do~e~onta~ produ~s plu~ surrounding medium tG 0 vs, ~he rea~ion coordina~ Ibr a 
sellLexchange re+ration lAG ° =Ill. Note that the reactant and product curves have Met;tical lbrce 
c~tManls+ 
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between the flee ener~es of the reactan~ and produc~ also aflbrds a measure of 
the progress of the reaction [6,7]. 

The progress of the demron t r ans i t  reaction can also be described in temps of 
the mixing of the wave ikmctions Ibr the diabatic nares. If ~ and ~u denote the 
wave Amctions of the zero-order initial (reactant} and final (product) states, their 
infraction gives rise to two linear combinations (the adiabat~ ~atesj. The lower 
energy state, ~ = <,~,, +~g~,,, corresponds to the ground state and the upper. 
@~ = < , ~ , -  c~,,.  to the excited state when the overlap integral ~a, is neg~cted, lot 
is zero by construction [8]). and the mixing coeflic~n~ are normfl~ed, i.e. 
c~ + ~,~ = 1. Since c~. the square of lhe coeflic~nt of the product wave Ihnction. 
equals the charge t r a n s ~ e d  to the electron accepto~ the wflue of c~ also affords 
a measure of the progre~ of the reaction. Consequently ¢'~ also pro~des an 
a~ernativc reaction coordinate [5]. 

In this article we discuss the relationship bmween the reocgan~ation parameter 
and the ~ce energy of am)vat)on tbr the e~ctrc~ ~ansfer and examine the effect of 
changes in the shapes and in~rsections of the reactant and product curves on these 
ener~es, We also consider optical ekctron trans~r and the consequences of 
reactant, product, and trans,)on state ~abfl~ation in weakly interacting and 
strong~ interacting sysmms. A number of common misconceptions are dgcussed. 

2. Rate constant expres~ons 

tn terms of the dasskal treatment outlined above, the first-order rate constant 
Ibr intmmolecular electron trans~r or t~r electron transt~r within the precursor 
com~ex tbrmed IYom the reactants in a bimokcular reaction is given by Eq. t2). 

k~, = ~ ,  exp[ - kG*/RT) (21 

In this expression ~, is the electron~ tran~nission coeflMem, r,, is the nuclear 
vibration ~equency that takes the system through the intersection region and fiG* 
is the ~ee energy of activation Ibr the electron transfer [5]. 

The e~ctron~ transmission coeftic~nt is the probabi~ty that electron t r ans i t  
will occur once the sy~em has reached the i n ~ e c t i o n  region ~ansit ion statel. 
Provided that the dec~on~ in~raction of the reactants is suffic~ntly ~rong  n~t ~ l 
and the electron transl~r will occur with near unit probability in the intersection 
region: the etectron t rans i t  reaction is adiahath, with the system remaining on the 
lower energy surl~tce on passing through the in~rsection region. Under these 
conditions k¢, is given by 

k~l = v,, expl -- ~G*~RT) ~3) 

On the other hand, ibr a ~onadiahuta. reaction, ~ ~ I. ~ L ,  = v~, and the rate 
constant is given by Eq, 14} where ~ is the electron hopping frequency in the 
activated complex. The Landau-Zencr treaunent yields Eq. (5) fi~r ~ [9,10]. 

k~ = v~, exp( --AG* ~RT) 14t 



B.S. Brun.~dmi,e. X. sutm (~rdinatum (~oo~uv R~nt~  f87 t1~.)'9~ 233~2.~ 237 

%t = ( 2 H ~ h ~ z ~ / 2 R T }  ~ ~ ~5~ 

in effect, the adhbatic and nonadmbm~ iimih of the tranfitmn sta~ forma|Lsm 
co~espond to q~ ~ :~ and ~\.~ ~ q,. respe~Ndy. 

The L-ce energy of ao~at ion  for the ekctron t r an s i t  is ~ven by 

AG* = G~ - G,,,,,.a trJ 

where G~ and G,,, , ,  are the ~ee ener~cs of the reactants at thor tranfition sta~e 
configuration and at their equilibrium configuraOon~ respecfive~. The ~e~k~ 
interadin~ intersecting parabola model leads to Eqs. t7al and 17bl for AG*. 

AG* = 2(X*): !Ta) 

= ~( ! + AG°~21~.4 (7b) 

The ~ in these equations is the reorganization parameter introduc~ abo~e. The tTee 
energy of a~Nm~n tbr a seiGexchange ~action (AG ° = O) i~ equal io ~ 4. 

The reorganization param~cr is usually broken down into mnevshdl ¢~bra- 
tional) and ou~vshdl  (soNationM) component. 

~ = ~,,, + ~,,o, ~S) 

The inner,hall ~ o r g a n ~ i o n  energy depends upon the bond length c~ang~ and 
force constants of the reactants and products and is usua]N determined ~om the 
measured crystal or solution structures of the reactants and produ~s and ~om thor  
~ b r a t ~ n ~  speora. The di~o~ions ~om the eqm~bnum coafigur~ions are gene~ 
ally treated within a ,  harmon~ approximation [11]. Although this appro~mation is 
usually adequa~, it b~aks down when the bond length change~ a~  ~e~ lar~_e and 
it then becomes necessary to use a m~re dabora~  lbrce field. Thi~ i~ the case for 
the CI,/CI_, coupe. In ~vorab~  ~rcumstances mode-specific reorganization ene~ 
~es can be obt~ned ~om resonance Ramzn laundry m~asuremen~ [i~.  The 
oute~shell ~orgamzation ene r~  depends upon the propeaies of the soNent. ~~en  
a continuum mod~ for the solvent ~ used. L,~, ~ a ~ n  of ~he dielectric 
properties of the medium, the d~tance separating the donor and ac~Kotor fi~t~, and 
the shape of the reactants. Various modds l~r the solvent worgan~mion are 
a v ~ h b ~  [13]. 

3. Inner-shell reorganization: diabafic expressions 

In this section we con~der the inner-shell reorganization parameter in ~reater 
detail and |bcus o, the consequences of unequal reaclani and product force 
conslanls. 

~ 1. 1 ~r t~u l  ~w\g ,n i :a~hm o ~ c r ~  a~d ,~t~n~th~ ~ . ~  

As shown in Fig. 1. the reorganization param,~er is the ~eaical dil]~rence 
between the tnoninteradingl product and reactant 13ee energies at the equihbfium 
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configuration of the reactan~ Ibr a reaction with zero driving force. Since the 
pambol~ curves in Fig. 1 have ident~al three constant~ this energy dii~rence is 
also equal to the difl~rence between the reactant and product flee energies at the 
equilibrium configuration of the products, in contrast, the activation energy is the 
difference between the l~ee energies of the reactan~ (products) at their tmnsRion 
state configuration and at the reactants" equihbrium configuration (Eq. (6}L In 
order to illuMn~te the relation between v e ~ a l  ~orLmnization energies and activa- 
tion energ~s we consider the symmetrical ~retching vibrations of the reactants and 
products in the FeIlt:O}~' -FeIH~O)~ selGexchange reaction, 

Fe~H:O)~ ' + Fc(H~O)~ ' = Fe~lt20~ ' + FelH20)~ 19) 

The inne~shell reorganization term is the sum of the reorganization parameters of 
the individual ~eactants, i.e. 

2,,~ = 2,1~ ~ d'~) + ~,ld~ ~d~) II0) 

The first term on the right hand side is the energy reqmred to change the Fe-O 
distance in FeIHeO){ " fi'om its equilibrimn value ¢/~ to the equil ibfum value d~ in 
F~H~O)~', and t~e second lerm is the energy required to change the Fe-O 
di~ance in Fe(H~O)~' from d~ to d2. Denoting ( d ~ - d ~  by Ad", the vertical 
reorganization energy is given by Eqs. {I la) and [llb~: 

~,,, = 61i(Ad"i: 2 + 61dAd"): 2 i i  la) 

:~ 3( i i  +.l]) lAd"): (I Ibl 

Further, 2~ 2~. the ratio oi" lh¢ conlributions of lhe individual reactants to the 
vertical reorganization energy, is equa! to .I~.Ii,. Evident~ the contributions of the 
F~H:Oi~ ~ and FeIH:O~" breathing modes to 2,, are directly propo~ional to 
their ~spective Ibrce conslants. 

Con~dedng the activa~on process, energy conservation requires that the Fe-O 
di~ances in the two reactants adjust to a common value (tranMtion-state configura- 
tion) where GR = Gp prior to the electron transfer. We denole this common distance 
by d*. The energy required to reorganize the two reactants to the tran~tion-state 
confieuration is then 

~ G 2 ,  = 3tic<I'd - ,~*!: + 3t~{d* -, i~i: ~12} 

Minimi~ng the activation energy yields Eq. (13) and substitution into Eq. {121 gives 
Eqs. (14a) and (14b}. 

d* -~d~ .~.t~d'~ 
~---~1, + I~--- (13) 

~ ~ ' ~ :  
AG~, - l l4a~ 

.l~ +.1~ 
~2~ 

. . . . . .  (14b) Z ~ K ~  
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Since their b ~ t ~ g  Drce constant~ d i~r .  the ad~atmn e n ~  ~Or ~ n m ~  
the F ~ H ~  and F ~ H ~  ~ ions are not equal SuNlau~oa o ld"  ;nto ~ ~2} 
and taking the ~tio of the mdiudual ~ o ~ a n m | m n  ~ g m  ~ 

A ~ * ( F ~ H ~  ' I ! \  
= -  ~5~ a ¢ o * ~ H ~  ) ,,~ 

In comm~ to their mntnbmions to ~,., lhc ~tio of the ~ m n b ~ s  of F ~ H : O { "  
and FelH~O)~" to AG~ aN s~n to ~ mtv~eh' p m ~ m n M  to thor ~ 
constants. Since Ii is larger than I). the FNH:O~ " ion ~ m ~  moN ~han t ~  
F ~ H ~ O ~  ion. Mo~oter. AG~ < ~.,, 4. i.e :he adi~ation ~ g y  U ~ s  | ~ n  
onmquancr the N ~ n ~ m n  ~ !  The breakdown in the o~en ~ 3G~ = L, 4 
~latmn a~ses b ~ a ~ e  the ~ energy sur~c~ a~  not. in ~ n e ~ .  ~ o m c  a~ong 
the Nat ron  coordma~. A m ~ s u ~  of the ~ M ~ o m m y  ~ p m u d ~  ~ t ~  
~adional d i ~ c  between one-quarter of the ~ o ~ t ~  ~ and the 
a ~ i ~ o n  energy IEq. 116}1. 

L,, 4 - ~ a ~ ,  (.t: .t,~: 
- ~ 6 1  

A ~  4htl 
For the ~ ( H ~ I ~  ~ gc(H~O~,i ~ l ~ c w h a n ~  ~hc di~?rence amoum~ ;~ a~u~ Y~ 
[~. 

Con~deraNe ~mNi f i~ t~n  rcsult~ |iota constructing energy ,u r~c~  u~mg a 
common, reduced ~aluc Ii,: ~ r  the ~rce constant of t~e ~ H . O ~  and ~ H : O f f  " 
~mm~f ica l  ~ h i n g  ~ ib~ ions 

2 ; .~  
./,,, = . . . .  ~ ..... ~! ~; 

i /,~/~i 

Under these conditions 

(i~, = Id~ + d~  2 ~ 

2,, = 6 ~ . 1 ~ ' ! :  ~lSb~ 

A G ~  = AG2: = 3ti,,~Ad"~: 2 - ~ ,  4 ~ . . ~  

and the t~o reactants reorgan~c to the ~ame extent xsith kG~ no~ ~ua!  to ~ a_ 
Note that replacmg.li and I~ by .L,, does not change the ~alue of the acmattt~n 
energy (i.e. AG~ = Aa~, Eq. l ida}| but does change the value of ~ lEqs. I t ib} and 
llSbj}. 

Horizontal sections through the energy. ~clls defined b~ thc ~rctchmg Ubrauons 
of the reactanls and products are pre~ented in Fig. 2. The ~eli in the upper teR of 
the figure describes the energx/ of the rm~tants as at function of their nuclear 
configurations ~hilc the ~cll in the louer rmh_l ~ho~s the e~ergy of the p r~u t '~  as 
a lhn,,aion of their configuration> The dashed line i~ the r¢,~twn ct~rdma~eo 
genera~d b5 plotting the projection of the tmiaim~m cncrg}~ i n ~ ' | i o n  of ~he 
surlitccs on the xv plane as the product minimum i~ d~pla~'d ~enically. An 
aiWrnati~, more ngorou~ definition of the reaction coordinate has b~n N~en b~ 
WarsbeH [6.71. Wa~hell defines the rm~fion coordlnaw Q as equal ~o the potential 



240 &S. Brmts~w~e. N. Sutb~ Coonlmation (7~i,~t~iv Revw~ 187 (1999)233 25~ 

z 

~ I 
Nu,:iear Config of Reactant 3 or Product 2 

Fig. 2. ('¢mt~mr plots of the fi'ee energy of the close-contact reactants land productst plus surrounding 
medimn v~. a nuclear coordinate of reactant 2, R:, Iproducl 3, P~I and a nuclear coordinate of reactant 
3. R,~ (product 2, P>I Ibr a sclf~xchange ~action [AG ° = 0). In most cases of dcctron tranM?r be twe~ 
s~ mmctrical metal complexes t~e nue~ar coordinate lbr the inne~shdl worganization will correspond to 
a normal ¢oo~tinate assodated with the hannon~ stretch of the mcmMigand bonds. The ~action path 
tsolid line. rpl and the reactio~l cooa~nate (dashed line. rcl are also shown. The symbds  *. x, and + 
indicate the positions of It1¢ t~a~f ion  state, the crossing point, and the midpmm, respectively, t \ )r  the 
rice energy cu/ve~ sho~n in fig. 4. 

energy difl?rence be;ween the precursor complex (the reactants plus their surround- 
ing mediumt and the successor comp~x. All configurations with the same potential 
energy difl?rence have the same value of Q. The free energy function at a given 
value of Q is determined ~om the number of configurations of the sy~em that 
correspond to the pa~kular  potential energy dift~rence, GR(Q) = -- R T  ln(p(Q)~l, 
where plQta is the probability that the system will have a given value of Q, The 
reaction coordinate defined in this manner is closely related to the reaction 
coordina~ X defined in Section I and the dashed line in Fig. 2 also shows the 
configurations that o3nt~bute most to the ~ree energy lk~nction. The solid line in 
Fig. 2 is the reaction path, defined as the path of steepest decent ~om the 
intersection (activated comp~x) to the reactant~ and product~ energy minima. 
Since the surt~ccs in Fig. 2 arc not harmonic along the reaction coordinate, a plot 
of the ~ee energy along the reaction coordinate does not yield the parabol~ energy 
curves shown in Fig. 1. Howevc~ u~: of reduced lbrcc constams yields energy wells 
with circular cross-sections and resu!ts 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 IBr the surfaces shown in Fig. 2. 
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~ Z  ~ v ~ l  reactant mo~anization ~ o X ~ s  

We have seen that when the symmetfic~ breathing modes of the reactants and 
produ~s of a self-exchange reaction are confidered, the actuation energy for the 
inne~shdi reorgan~afion is given by Eqs. (14a) and (t4b). Fu~hen when the 
breathing modes for the o~dked and reduced lbrms of a couple have different 
lbrce constantm the t~o reactants in a self-exchange reaction reorgan~e to different 
extents. Within the Marcus #amework the amhation energy is obtained by locating 
the minimmn on the 'line' where G~ = Gp. Another way of describing the reorgani- 
zation process is through the use of separate ~ee-energy curves for the individu~ 
reactants and products. For a sel~exchange reaction the two redox pairs are the 
same so that on~ a sin~c pair of energy curves is needed [14]. Since we only 
consider distortions of the reactants and produc~ from their equilibrium configura- 
tions+ the minima of the energy curves for the redox partners are drawn at the same 
energy. The indi~du~ curves are shown in Fig. 4. The activation energy is the sum 
AGP + AG~. Note that the transitio~ state configuration, d*, does not occur at the 
inm+ection of the individu~ energy curves. In this section ~e confider the effect of 
different assumptions for the reorganization condition that are sometimes made. 

~ Z  1. The ~actants reo~2~un~e to the midpoMt &56m'd br +~,~ = (d~ + d]) 2 f,;/] 
Eq. ~lSaO 

The innevshdl ~orga~zM~n energy ~ q m ~ d  to reach this configu~tion is given 
by Eq. 119}. 

zXG,,, v = 31.ii +.¢i~,5d" 2) ~ t t~l 

jcact+o~ palh +,+ord+~alt~ 

II C}.~ 13! 
React ion  Pa th  or  React ion C o o r d i n a ~  

Fig. 3. Plot of lh¢ t~'¢c ene,gy of the rcactant~ and ploducts along the reaction path and ~hc reaction 
~ordinatc vs. ~hc reaction path :lnd or reaclion coordina$¢ nom~a]izcd ~o unit length Also ~ho~n is th¢ 
fi'ee energy of the re~clant~ and producls ~.flcula~¢d ~'iih reduced l\~rce ¢on:lants~ ¢orrespondin~ to 1h¢ 
traditional Marcus energy sur|~ce~ tn the latter descriptmn the straight hne ¢onnectin~ the reactant ~nd 
product minima conMitutes bofl~ the reacuon path and lhe ~eaction coordinate. 
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g~ 

3.(; ,~'- 
- -  

/ / R ~  
- -~Gjmp 

'i xG~P = AG,CP 

~G.~ . . . . . . . .  ~G ,rap 

! 
± ~  

d3 I) d ~ m p  dl, I~ 

M ~ a M i g a n d  Co t~d inme  

Fie, 4. Plot of ~hc ~¥c¢ cncrg~c~ of lhc individual reactants IR. and R ~1 xs. lheir metal ligand cooMim~e, 
I~ i~ ~hm~n o1~ the Icfl and R, is shm~n on ~h~ right. The energy minima of fl~¢ carvc~ arc assumed 
equal and the re.cram cncr~ic~ rcqun~d Io dllaH| |I~c ~rallX~ion xtatc, the crt,~m,._, point, and lhc 
midpoint conli:~t~mtiom arc .hm~n. 

The venkal  energy difl)rence does not change and AG,.e is equal to ~,,.4. It can 
readily be seen that AG~ < AG,.,. Note that the contribution of each reactant to 
the ener~v~, at the midpoint configuration is pmponioaal  to its stretcl~ing Ibrce 
con~ant. This i~ inverse to its cont6bution to the tran~fion state energy [ Eq. I 15)j. 

.~2.2. TIw r~wh~tts rcoi\~tlni=C to the inte~ci'thm of the indh~hhutl ~a('la~t 
p.~ll~oh~ . h e w  d at the o~,v,~h(~, po#~t ~ gicen hv Eq, ~20) 

=_ + . . . . .  

\ . li  + \ .I: 

[!q. ~21)) i~ the same as Eq. (13) except that x.! replaccs.L The reorganization 
energies of the two reactants are identical, i.e. ~G~f = AG% and the inner-shell 
reorganization energy_, is given by 
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6J f , la¢'7 
~G~.~ = i\...~- + ~j~):- (21) 

where 2t.l~ +.~) in the denominator of Eq !14a) has been replaced by J~,)~ + \ 'ii~:. 
The positions of d,,,p and d,p on the energy surlSaces are shown in Figs. 2 and 4 and 
the various reorgan~ation expressions are summarized in Table 1. 

In contrast to homogeneous exchange reaction~ only a ~n~e redox pair g 
involved in electron exchange at an ~ectrode. Consequently, in the dectrochemical 
case the energy conservation requiremcm aiso defines lhe minimum reorgan~afion 
energy and d* for dec~on exchange at an electrode is figorouMy Wen by Eq. (20J. 
Thus ~G~ is equ~ to 3j~i~{Ad'~{~'il~+~7~l z t~r the F ~ H ~ O ) ~ - F ~ H z O ~ -  
exchange at an de~rod~ i.e. one-hMf kG,.p ca~ulated ~om Eq. (21) I~r the 
homogeneous selgexchange reaction. The same relationship b~ween ~he homoge- 
neous and dect rochem~ ~organ~ation energies obtains if a common reduced 
t~rce constant is used for the individuM reactants and produc~ [1~. 

The contributions of the individual reactants to the reorgan~afion energy are 
illu~rated in Fig. 4 I~r the case where the t~rce constants of the two reactants difl~r 
by a ~]~ctor of two. A;though kG~ and kG,.p are similar, the contributions of the 
individual reactants are quite sen~five ~o the model used. Fig. 5 sho~us the 
difference between kG~, kG,,,p and AG~ e as a function ofj~!/~. It is apparent that 
kGq, is close to AG~ for .~ii~ > 0.5. Moreove~ kG~, AG,,,~, and AG~p are equal 
when.l~L = 1, where d* = d,,,p = d~p. Note that kG~, bG,,,p and kG~v as well as d*, 
4,,~, and ~(~, become increadn~y d i f l ~ n t  when .ti <.t~. 

~ 4(i 

, ~  

o 

~ 2~ 
8 

~"~---~ ~ t~,im 
~,.6k~ M ~ m  

I' {).2 1~.8 0,4 I)A~ 

F~r~c C o n s e n t  Ratio, f z " f~  

Fi~. S. Bar graph sho~ing the difference helween AG*. ti~¢ inner-shall activation ¢l~¢r~y aivcn b~ Eq. 
(14ul, and cilhcr 5G~n. the imtcr-dldl energy ~quired Io re~ch lhc cnnfiuurafion_ cro~n~ poin~ shown 
in Fig. 4 and ;iven by Eq. (21). or A(;,,,f. the mne~@dl energy required to reach ~he midpdnt 
configuration shown in Fig. 4 and given by Eq. ~19). 
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4. ReactanL product and tran~fion state stab~ation; adiabatic expressions 

The electron ~ans~r lbrm~gms discussed above assume that the barrier low- 
e~ng as a consequence of the dectronk intera~ion of the reactm~ts may be 
neg~cted. As H.~ increase~ the reactants and products ate stabi~zed and the 
splitting at the inm~ection of the reactant and product curves becomes larger. 
These facto~ combine to lower the reorganization energy and u l t i m a ~  to 
delocafize the sy~em. 

4. 1. S~mwtr ica l  s ~ w t ~  

The splitting at the intersection of the diabatic energy curves lbr a symm,,nfical 
system lowers the barrier by H.,  (Fig. 1). FuaheL as H,,, increases, the reactant 
and product minima move closer together and the minima are lowered by H~./A 
relative to the diabat~ minima [5]. The minima in a symmetrical double-wall 
system are located at X=[1 ± i l - 4 H ~ ' 2 2 1  t q/21 Ibr t ( , , 2  ~/2 and the tran~- 
tion state is at X =  1 2. For H.,, ~ A/2 there is :" single minimum at X = I/2. in 
view of these energy changes me t?ee energy of actiwmon tbr a sol,exchange 
reaction with appredable cotq,~hag of the reactants is given by 

AG* = 2 :a - R,,, + Hj> ~ 122al 

: 2{I - 2It.,~ 2 F 4 122b~ 

The second and third terms on the risl,t hand side of Eq. 122al arc due to the 
lowering of the barrier and the ~abilization of lh¢ reamant~ rcspcctiw'ly, Etls, 
{22al and ~22b~ are valid as long as the system is described by a double well 
potential, i.e. as long as the system remains valence trapped or local~ed IH, ,  < 
2/21. The parallel role of -2It,,~, and + AG ° in Eqs. ~22b1 and 17bl. respec- 
tively, is noteworthy, 

Three classes of symmetrical sy~ems may be di~inguished depending on the 
magnitude of the dcctronk coupling of lhc donor and acceptor sites 1t~], In 
Class 1 systems the coupling ia vc~' weak idashed line, Fig. II, either because 
the sites are ~tr apart or bccausc their intcramion is symmmry or spin tbrbidden, 
The propert~s of Class 1 sy~ems are essentially those of the separate reactants, 
Activated electron transl)r either does not occur at all or il occurs only very 
slowly lbecause of its high nonadiabaticity) with AG*=  ~4, Class II systems 
{0 < ft.,~, < 2 72, solid ~nc, Fig. 1) possess new optkal and e~ctronk proposes in 
addition to those of the separate rcamants, They remain valence trapped or 
charge Iocal~ed: the e~ctrop transl)rs range ~om nonadiabatk I H,,, < 10 cm ~1 
to ~rongly adiabat~ Itt,~ > 200 cm '} with AG* given by Eqs. 122aj and 122bL 
In Class Iii systems the interaction of lhc donor and acceplor siles has become 
so large that two separate minima arc no longer disccrnibk and the lower energy 
surthce t?atures a fingk well. This is the delocal~ed case whkh occurs when 
H,~ ~ 2 2. The latlcr cond~ion Ibr dclocalization follows ~vadily I~om the zero 
barrier limit tAG* = 0l of Eqs. 122a) and 122bL 
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• 2, O ~ w t ~  sv~o~u 

The above das~fication also applies to unsymmetrical binuc~ar sy~ems. As in 
the case of symmetr~al sysmm~ the p r o p e ~ s  of an unsymmetrical Class I 
system are essentially those of the separate reactants. Ahhough Class II sy~ems 
rmnain valence trapped, suffident~ endergonic reactions exhibit a single mini- 
mum. The minimum, howeve~ occurs very dose to the noninteracting reactant 
minimum. Provided that H,,~< iA+AG°12 and lAG°[ < 2, the positions of the 
reactm~ and product minima arc given by Eqs. (23a) and (23b~ the location of 
the tranfition state is given by Eq. 123c), 

tf h 
\;" '"" - 12 + kG°): (23a) 

H~l~ 
Z ..... i,= ! {23b) 

(~ - k G " I :  

t2 + kG ° - 2H,:~) 
A ~ = (23cl 

212 - 2H,,b} 

and the ~ee energy of activation is given by Eq. ~2~1 

~ AG ° (AG°t z H ~  
kG* = 4- + --2 + ~2  - 2~ ,~  - H,,~ + {2 + AG °) 12~) 

where AG ° is the driving lbrce in the nonmtcract#~ IH.,~ = O) system. The driv- 
ing Ibrce co~ec~d Ibr the donor-acceptor intem~iom i.e. the actual driving 
force tbr the ad~bat~ reamion, is given by Eq. {24b}. 

• \G~,~:--kG°II ~ ~i7~-~~-o/~'i~:~7~(~) -] 124bl 

Fhe reorganization paramemr modified lbr electron delocalization is given by Eq. 
124cl where the (1 .... 2c~) lhcton with c~= X.,,,,. allo~> ibr the reduction in the 
charge trans~rred [17]. 

~ '=  211-- 2,'~I~ = £ ( I -  ~-~(]2:) 124ct 

Note that the pammmer ~' used here ,a3r~spondt to 2,,,,,~ introduced earlier [17]. 
Fina[~. in order Ibr .~,,~ to approach the value of 1 2 c h a m m e r i ~  of a Class 
11I sy~mn, the ekmronic interaction in an unsymmmrical system has lo be large 
enough to overcome the ~ee enere~ dif: ,.ace between the initial and tinal 
states. This is difficult to accomplmh if IAG°t is large. For example, the minimum 
l>r an exe~Non~ reaction is located at .V~0.4 when t{,,, 21~ + 5[AG°!I 2. As 
above. AG ° and 2 are defined by the diabatic surl'acev 
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~ Optkai charge ~ans~r 

In add~ion to th~mal a~Nm~n,  e~ctron trans~r bmween the donor and 
a~e~or  si~s can also be effeded by the absorpt~n of l~ht. As a consequenc~ 2 
and H,,~, can be o~ained ~om spe~ro~op~ pmpe~ies. 

~ I. S~vmwtrh'al  s ~ t o ~  

The energy of the ~ghuinduced charge tmns~r transition in a symmetrical 
double-wall sy~em is given by Eq. (25) [18,19]. 

v~,, = A ~25) 

The band maxhnum lbr a symmdfical local~cd system is imlependem of tt~,~ and 
Eq. (251 holds throughout the double well ~gime ~], Although the ~ p u ~ n  of the 
ten,ant and product curves increases with incrusting H.,~,. this is compensmed Ibr 
by the ~a~aut  and produ~ mininaa moving c~ser together. The net e f l ~  of these 
changes is that the energy difference at the (adhbat~) reactant or product mini- 
mum (v,,.,,J rem~ns equal to A independent of the coupling. Fu~her infight into the 
~ht~nship between ~,~,, and ~' can be gained by cons~cfing the difference 
b~ween adiabat~ and dhbat~ energy differences. The adhbat~ and diabatic 
energy difl~rences at a particular nuclear configurat~n arc related by Eq. 126a) 

I ~  - ~ = I~, . -  6~) ~ + 4H~,, 126aJ 

where G~. and (;,, are the cncrg~s of the upper (cxdtedl and lower Igmund} 
adiabatk energy surlhccs, respectively. The optkai Inmfi~ion occurs IYom A],,,,,, the 
reactant minimum of tl~c adhbatk energy n~rhce, At lhis minimum, (G,: .~ ( ~  is 
equal to ~ and [G~. - G~} is equal !o ~11 ~ 2c~). Sub~itu~ion inlo Eq. (26a) gives 

2,. ff +.uG, ~2~bl 

Di~ding lhmugh b~ ~ and ~ubxlilulil~g L ..... , aml ~ 

~26c~. The latter is equivalent lo Eq. ~24c~. 
~[¢t 2,.,)[ ~ g~ves Eq. 

v,,,.,, = . i '+  4H;~, ~. 12(~c~ 

The lirst term on the right hand side of Eq. (26c1 is Ihe contribuliou ~o Ihe adiabatic 
energy difference Itransition energy)from the delocalizalion-modilied ten, tam and 
solvent ~vorganization energies and the second term is a ~rlhcr contribution to Lhe 
adiabat~ energy difl~vnce IYom electron delocalization. As noted above, Iheir sum 
is simply equal to Ihe d~bat~ energy different' a~ Ihc dhbal~  minimum. 

5.2. ( )m'nmwtrical  s~ t~v~  

The energy of lhe charge Iransfcr fransition in an t;nsymmelncal double-well 
system is given by 
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,~,~,,,,1 + 21t""~ ~G°[i  + &G°) ~ (27a) 
- -  

p~ovided that I i , , < ( i  ? 5G °) 2. In this case terms in HI ,  com~bute to the 
transition energy. Whec the H~, contribution may be neglected, the energy of the 
charge transl~r tranfition is given by ~he l~amiliar Eq. 127b). 

%,~,,~ = 2 + ~G ° 127b) 

The various coordinate and energy expressions discussed above~ with terms through 
t t ~  included, are summarized in ]abtc 2. 

Using the Mulliken tbrmalism, Hush [18] ~howed that the electronic coupling 
element is related to the inten~tv of the charge translhr transRion by 

H~,, = 2.06 × 10 2[ l*,,,,t\l:i,,a \ ~r, 2)' : ~,,, 128a) 

where vm~ , and &v~ ~ are the band maximum and width in wave numbers, r~  is the 
distance separating the donor and acceptor charge cen~oids in Angstr6ms, and the 
band is Gaussian shaped [8]. The Mulliken-Hush equation has been applied to 
oute~sphere [20] and. more extensively, to bridged [21-20] systems. It is exact 
within a two-s~te mod,:l and is applicable to symmetrical and unsymmetrical Class 
!1 and Class Ill systems [8]. Within the constraints of a two-state model, the 
coupling dement ;or a symmetrical Class Ill system is also given by Eq. {28bj 

1t,,t~ = ~'~,;,, 2 (28b1 

so that H.,~, %r symmelrical Class Ill complexes can also be obtained directly from 
the energy o~ the optical tran~fion [18]. Note that the optlcal tranfifion in a Class 
Ill complex no longer involves charge t r ans t~  the tran~fion occurs between 
ddocal~ed mo~cular orbita~ of the sy~mnetfical complex and is not accompanied 
bv a net dipole-moment change. 

Eqs, 128al and 128b/ are pam~ular fi~rms of the more general equation [8,27] 

H.,~ --]h~.,,/~,. (p~ - t(,)] t29aj 

(!~1~ - ji.,} = [(1~ .- l ~ )  2 + 411t~)~ ~ : 129b) 

In these equations jz~,~ is the transition dipole moment and (It, - ~t,,) is the difl~rence 
between the dipole m o m c ~  of the localized ini~al and final states. The latter 
dipole-momem difference is related to the measured dipole-moment change (1¢ -  
l~) by Eq. 129b) [28]. Eq. (28a1 follows from Eq. (29a) by noting that ~2,, m ](Pb-- 
!~,,) e I and that the tran~tion dipole moment is given by Eqs. t30a) and (30b) 

t~¢ = [ f , ,  11.08 × 10 ~ , , ~  : (30a) 

./i,~ = 4.61 × 10 '~ , ; , ,  M'~ : (30b) 

~here L ,  is the oscillator strength tk~r the t an~tion [8,27]. Eq. 128bi is oblained by 
noting that (lzo -/g~) is zero lbr a delocal~ed system and therctbrc, from Eq. 129b), 
l / q , -  It,,)= 2l td .  The relevam dipole-moment changes can be obtained from elec- 
Iroab~orption IStark/spectroscopy and Eq, 129b} [27]. 
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The m~N-m~N coupling demems in weak~ couNed l~and-bfidged mixed-va- 
lence ~ e m s  can be rda~d to the c o ~ p o n d ~ g  m~at-figand couN~g e~men~ 
using a supe~xchange ~rmNgm. For example, in MMCT tran~fions in diruthe- 
Num decaamm~e sys~ms in wh~h the Ru-Ru coupling is prodded by mi~ng 
w~h an MLCT stat~ H~x~ is gNen by Eqs. (31a) and (31b) where H ~  is the 
m~N-hgand coupling dement for (NH3)5Ru"L at the Ru"-N equifibfium configu- 
rm~m H~.t, is the cor~spond~g quantity ~r  a (NH0~R~L at the Ru"~-N 
geom~v, and AEx~ is Ne effect~e metN-iigand energy gap ~]. 

H ~ L H ~ .  
H ~  - 131at 

2 AE~  

A~uk = ~(AE!tt c,, AE~kcr_IAE~Mcv) 131b) 

Recent cMculat~ns have shown that nMt and Hxt ~ ~r  (NH3I~RunL compMxes do 
not differ ~gn~candy ~9]. Indeed, the value of the m~M-m~M couN~g dement 
~r  gNH~Run-4,4'-bpy-R#~NHd~] ~' , ca~uNted ~om Eqs. 131a) and (31b) 
with H~t = Hx~L, is in sa t i s f ac~  ag~ement with the value caMMated from the 
MMCT p a r a m ~ s  using Eq. (28ai [17]. 

• Comproportionat~n eq~fibr~ 

The electron~ in.rat ion is an k~ponant parame~r determining the ~abifity of 
the binuclear complex Ibnned in a comproportionation reaction [23-25,30]. The 
comproponionation tvamion lbr a Class 11 system is 

I1-II+III--111=2111 I1t) 132a) 

while the corresponding rca,.~ion lbr a Class Ill system is 

I1 - 1I + II1--III = 21111/2- ilI '2) t32b) 

The comproponionation constam K~. and the ~ee energy change Ibr the compro- 
ponionation ~G~ are conveniently calculated from 
reduction potentials of the oxidized comNexes 

l[ lo-i l l+e = l l - l l l l o r i l l  2~II1:2j 1;'7 

11.-..I11 tot 111:2-1ll:2j+e =I1-11 E~ 

K,. = cxpIAE~FRTJ 

. . . . .   \F..SF 

the difl)rence in the 111/II 

133al 

(33b~ 

134a) 

(34b) 

In these expressions AE~ ~ IE$- E~h F is the Faraday constant and log(K¢)= 
16.gAE~ at 25°C ~hcre E ° is in volts, Since electron ddocal~ation smbil~es the 
mixed-valence form rdat~e to both the ii-II and the I l l -I l l  tbnns. AE~ is 
generally pofit~m The relmmnship between AE~ and the width of the intervNence 
band in symmetficN and unsymmetrical binudear systems has pre~ous~ been 
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considered [31]. Here we cons~er the connection between AE~ and the energy and 
intens~y of the opticN tran~fion in a symmetrical sys~m. 

In order to e x N k ~  consider the ~ a b ~ a t i o n  of the Nnudear comp~x by the 
l l - l l l  electronic infraction, wc break the c o m p m p o ~ n a t i o n  equifibrium into 
two ~ea~ions 

I t~ I I+ l l I~ I I I=2 ( I I~ - I I IL  K.~. AG~ (35a1 

2111 I111,, = 2(11-111) )or 21II1 2 11I '2t} K,, AG~ 135bJ 

= + ± G ?  {36} 

where ill-Ill),,  represents the zemdnteraction (charge localized) mixed-va~nce 
complex. AG~, includes all the nonresonance contributions to the overall fl~e 
energy change, namely: a stati~ical factor of 4. electmstat~ imemctions (wh~h 
~tvor 2111-1Ill,, rdative to ( I I - l l  + llI--llI}), metal-figand backbonding (which 
a~)cts ~hc stabilhy of both 1t 1I and II II! I. etc. These contributions are generally 
small. AG~ is ~he ~abilization of two ,mh,s of the Class ll or 1II complex by the 
11-lll dccuomc interaction (dclocafization) [24,251. The ~abilization of one mote 
of a symmetrmal Class 1I complex by the l l - l l l  e~ctron~ interaction is equal to 
H~,, k (see the d~cus~on leading to Eq. 122al and Table 21, so that AG7 tbr a 
symmetrical Class II compkx is twice this value IEqs. 137a} and 137b~1. 

AG? = 2H~  2 137al 

:= 2H~t, v,,,:,, (37b) 

The resonance stabilization of a symmetrical Class I!1 complex is fimitafly equal to 
the difference between the energies of t~o moles of the l i d h  delo~dized complex 
and of lhe nonintcmcting II- Ill a~mNcx. 

.- A(; ~, ~ 2IH.,,, ; 41 138al 

~: t', ..... 2 2 138b) 

[n thc~c expl~sa~ns ~ ..... is ~hc energy of the donor-to-a¢ceptor charge transl~r 
~xmsition in a Class 11 complex or the energy of the transition between the r,devant 
@localized mNecu[ar orb~aB of a Class III complex. Evidently - AG~ ~ ~,..!2 for 
ho~lefline Class Ill systems (tt . .  ~ 221, while - AG~--*v.,,,, tbr very strongly 
coupled sy~cms IH, h "~ 2 2l. For binuclear Ru{lij~Rullll} systems with p~domh 
nant!v ammine ligands it has been estimated that AG], ~ - 500 cm ~, correspond- 
ing to K,, ~ 10 [24.25.32]. Thus. when K~.>I0 ~ {AE~>I80 mVL the 
comproporfionaliou constant is hrgdy determined by the !1~-111 electronic interac- 
ti~m. i.e. AG? ~ AGp -~ - AE~F. if the interaction becomes sufficiently strong the 
system ~ill exhibit (?lass I!1 behavior. Provided all other fi~ctors are I]~vorablc. 
( 'las, I!1 behavior is expected tbr a polyyne-bridgcd system of reasonable length 
[33]. For example, comparison of AE~F {0.72 eVI and ~,,, (0.94 eVi l\~r a 
hutadiyue-bfidged dil~rrocene derivative is consistent with the two iron centers 
bcin~ strongly coupled and the system exhibiting intermediate to strong Class Iii 
behavior [34]. 
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7. Condu~ons 

Parabol~ energy surfaces tbr the reactan~ and products of a self-exchange 
reaction provide a very good description of the inne~shdl reorgan~ation process 
even when the stretching force con~ants lbr the oxidized and reduced forms of the 
redox couple dift~r by a factor two. Fu~he~ the intersection of the energy 
parabolas for the oxid~ed and reduced forms of the couple also pro~des a good 
estimate of the reorganization barrier. Although the activation energy is not very 
dependent on the reorganization criterion, the conwibutions of the individual 
reactants to the inne~shdl barrier are quite senfifive to the mod~ used. 

The comproportionafion con~ant for Class I!I systems can be related to the 
energy of the characteria~ opt~al tranfifion. Provided that the binuclear com- 
plexes are symmetricN and that the resonance ~teraction provides the dominant 
contribution to the compropo~ionation flee energy, AE~ ~ r,,,,~.'2 for borderline 
Class III systems and AE~ e v,,~, tbr well defined Class IlI complexes. 
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