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THEORY AND APPLICATIONS OF ELECTRON TRANSFERS AT ELECTR ODE S AND IN SOLu-

TI ~

R. A . MARCUS

Department of Chemi str~ , Un iver sity of Il lin oi s , Urbana , Illinois 61801

ABSTRACT

The theory of simp le electron transfers at elect rodes and in solut ion

is reviewed , and variou s therma l fluctuations of coord i nates leading to

electron transfer are described . A simp lified derivation is g iven of the

free energy of such fluctuations . Imp licat ion s of the theoretical equa-

tions for experiment are described ~ some of the relevant results having

been surnar~zed recentl y in Dahlem Konferenz Phys. Chem . Sd . Res . Rept .

l( 1975)477 . c~hey include relations between rate constants of crOss—

reactions and self—excha nge reactions , between rates of reactions at elec-

t rodes and t hose in soluti on , nonspec ific solvent effects , chemi lumines-

cence , and ot her propert i es. Approx i mate equations of the BEBO type are

also g iven for Tafe l slopes , Bronsted slopes and rates of cross-reactions .

for systems invo~ v i n~ rupture and format i on of bonds.

INTR ODUCTION

The theory of reaction s at electrodes h.~s much in common with th at

of reactions in solution . The electrode behaves as one large reactant .

one with special properties: it has numerous electron ic energy levels and

the energy of t hose levels is controllable by the electrode potential .

Just as one reactant in solution may bind the other , the electrode may

adsorb the othLr reactant .

In the present paper we shall be concerned pri n c i pal l y with s i r n i C

electron trans fer reactions at electrodes and in solution , reacti ons

which invo ive no rupture Or format i on of chemical bonds. Elsewhere [1

w~ have discussed reactions i nvolving rupture of a ch em ical bond at ~~~
‘

electrode M, e.g., Eqs . [lJ- [2 J , and for br ev it~ omit a discussion of t hi .~
top ic here .

H~ O -
~

- M( e) - . H 2 0 H - H [l ~

H30 -• H — M H~ O i- ~~ M ’ [2]

_ _ _ _

j
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A s imp le electron transfer reaction at an electrode can be w r i t t e n

as

A ( OX) + M( ne) -. A ,( red) + M , [3]

whi le  a s imp le e lect ron t ransfer  between species A 1 and A 2 in so lut ion is

represented as

A ( OX) + A 2 ( red) -. A ( red) + A 2( OX)  , [4]

where (ox ) and ( red) denot e the ox id ized  and reduced forms of the two

chemica l spec ies A , and A 2 . The ion ic charges on these reactants are

usuall y about one to three , t hough sometimes as hi gh as four and some-

t imes as low as zero . The solvat ion energ ies are therefore very large

and their fate during the course of the reaction must be ana l yzed care-

fu I l y.

POTENTIAL ENERG Y CURVES , SURFACES , FLUCTUATION S, AND RATE S

It is usefu l to examine first the vibrationa l motion within the re—

actant in Eq. [3], cons i dering in i t i a l l y the case of one vibrationa l co-

ord i nate q. (The same p lot suffices for Eq. [4] also .) A p lot of the

potential energy U versus q for the system on the left hand side of Eq.

[3] is label led R in Fi g. I , and a p lot of U versus q for the system -on

the ri ght hand side o~ Eq. [3] is labelled P [2 ,3].

There are many electronic states of the metal—-a cont i nuum of them .

Thus, Fi g. I for the reaction in Eq. [3) should Con sist of ma ny par a llel

cu rves , vert i call y disp laced from each ot her , one for each electronic

state. However , one can show [3,4] that the electrons donated from the

electrode M to A (ox) in Eq. [3] come from levels near the Fermi level .

and most of them donated from A (red) to M in the reverse reaction go into

levels near the Fermi level . Thu s , it suffice s to confine our at t entio m

for the present purposes to the two curves in Fi g. I and take the ene ri - ,

leve l of the electron in the metal as the Fermi leve l . The foll owing

anal ysis then a~ p Hes equall y well to reactions [3] and [4].

Severr. J t~)cts are noted :

I) fh~ m inim a of the two curves occu , at dif f e r ent valu e s 0 q . in-

flecting the f~ftt that the eq u i l i b r i u m  bond le,iq t hi I, ’ A is

different (usuall y shorter in t i re  case of t r a n s i t  ion metal iOi ~5

and .
~ meL I — i ~b ar d bond) from t ha in A i -ed

(2 ) The rela t ive hei~~ht of the two m n i n irkl ~U
1 depends on the elec-

trostatic po t c-t i~~l . the P curvn ~n i n 1  l owered vertically



I I

I I
NUCL EAR CONFIGURATION q

Fi g. I . A p lot of the potentia l energy U of the sys tem consisting of
reactants p lus solvent (R), along some coordinate q, and of the system
consisting of products p lus solvent ( P), holding a l l ot her coord i nates
fixed , for reaction [3] or [4).

relative to the R curve by making the electrode more negative ,

i~ e., by decreas ng e(zp
M
_
~ S) 

where the zç ’ s represent the po-

tentials of the metal and solut i on.

(3) When the difference of equilibrium bond lengths ~q ° is less , for

a g iven ~IJ°, the barrier hei ght ~5U* is less .

(4) When the P curve is l owered relative to the R one, the barr ier

hei ght ~U*, corresponding to the intersect i on of the R and P

curves , is reduced .

The two curves have further properties : When the reactant is far

from the electrode the appropr iate curves in Fi n . I merel y cross in the

intersection reg ion (dotted lines there). When the reactant is close to

the electrode , the electronic interaction of the orhita l s of the reactant

and the eTect~ ode perturbs the dotted line curves , particula rl y near the

po i nt of intersect ion . /4 tha t poin t the unpe rturbed ~ arid P electr onic

quantum states are degenerate , and the deqer .erac’~’ is broken by the intet -

act iOn . The new curves are the ~ol id curves . The ene rq \  of  the max Trn ~, ”
of the !.,.,er solid curie i5 less tha n tha t at the i n tursec t  10 t.y a’

electronic int e r.~c ti om e’eryy ~~~~ the ‘ rc5om.an ~ I’ en ergy .’ 
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When c ,2 is zero (e .g. , large separation distance between e lectrode

and reactant) a system hav ing a potential energy curve R w i l l  undergo

therma l fluctuat ions of the vibrationa l coordinate q, but not transfer

to the P curve even on passing throug h the intersection reg ion . When € 1 2

is nonzero, there ~s a couplin g of the electr onic orbitals of the react-

ant and the electrode , and there is a nonzero probability t of going from

the R curve to the P curve when the system passes through the intersec-

tion reg ion . When c 12 is small the reaction has a small ?t and the reac-

tion is termed nonad iabatic . When i. is of the orde r of unity the react i on

is adiabatic . The electr onic factor t can be calculated by the Landau-

Zener—Stuecke l berg forni.jla [5], or by a more numerica l quantum mechanica l

computation [6], if € 1 2  and the propert i es of the R and P curves are known.

One notes from Fi g. i that a fluctuat ion of coordinate q is needed

for the electron transfer to occur: Not onl y must the reactant-e lectrode

distance , or in Eq. [4] the reactant—reacta nt dist -m nce , become sufficient l y

small for electr onic orbital overla p to occur but also the transfer does

not occur at the equ il~ bri um value of q for the R—curve . Onl y by absorp-

tiOn of li g ht could the system move from the R cu~ ve to the P curve at

this q. Otherwise the v i brat i ona l momentum p, g ive~ by ; 2rn( E-U , would

not be conserved during the electronic transition and thus the Franck-

Condon princ iHe would be vio lated , However , at the crossing point this

momentum p is subst a ntiall y conserved , so the transfer from the R curve to

the P curve can occu r.

A simp le calculation prov i des an esL imate of the barrier hei Qht ~U-

i nn Fi g. I : It w i l l  be assumed that the resonance energy 
~~ i ?  ~s sma ll

enough that the hei qht of the crossing—point is app roxima tel~ that of the
‘ maxinLim of the lowest solid curve in Fi g. I . We let the potent ial energy

of the R and P cur-i e~ be approx i mated h\’

u
r
(q) = ~ k(q _q o

r
)2 [5]

U~(q) 
-
~~ ~- k(q~.~ oP)2 + ~u° ,

where q and q0 r are the equilibrium nond lei -it h~ Li the A (ox) and

P( red , respect I ~e l y . L . U’
~ k n’ dt I ye I n El 

~~. 
I , j~d is a linear Li e —

tion of nc~~.’~~~ .J ~ the case 0 redct ion [ 3 ~ - A t the Hter sectiomm of

the dotted curves vC h~ -. C

= up 
, [ 7 ]

an equaiia n which c - m n - 
‘ solved for tH. value of q, q at the l Ien s , m  -

‘ .

~

. .  ‘
~~~~~~~~~~~~~~~~~~~~~

-
~~~~~~~~~~~-“~~~~~~.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .- _ _ _ _ _
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t ion. Introducing th is  q~ into Eq. [51 one obtains ultimatel y

= (~~./4) [ l  (~ u°/x~
) ] 2  , [8]

where

= ~~
- k(~~q °)~ , ,~q ° = g OP - q o r [9]

is  ac tual l y the bar r ier  hei ght when the ~U ° in Fi g. i is ze ro,

The rate constant k r would be g iven by the co l l i s i on  frequency z per

unit area 0i elec t rode per unit time in the electrode case and per unit

concentration per unit t ime in the homogeneous case , multi p lied by the
Boltzmann factor exp(~.i..U* / RT) , by a Boltzmann factor exp(~ w ’ /RT ) for

bring ing the reactant to tne electrode , and by ~ :

k = ~t Z exp [_ (w
’
~+,~U*)/RT] . [ t o ]

He re , ~
r is the work term , if any , required to hr i n ’~ the reactants to-

gether to some separation distance R , When such worL terms occur , the

~U
0 in Eq. [8] Is rep laced by /

~
UR °, 

the ~U at thai sepa ra t io r  d i s t a n c e  R.

Thus , Eq. [8] is rep laced ~y

(~~./
‘
~ ,[ l 

~
..
~
UR /’ i )] [II]

=~~u
0 
+ w~ - 

r [12j

where ~U
0 ir the t~U at infinite separation and w~ is the work to bring

the products toyel. ’E~r to the separat ion distance R .

The above calculation of ~~~ is c l a s s i c a l , and indeed c l as s i c a l

mechanics i~ commonl y used now’~days to treat reactive coil isions , ~ cd l-

cul a t ing  the t r a j e c t o r i e c  of a l l  the atoms of a react in-i mo lecu le or p a i r s

of molecules durinq a c o l l i s i o n .  However , for some problems a quan t um

mechanica l treatment s needed , for examp le for treating a protO nic viora-

tion in Eq. [I]. A quantum t reatment is m i i ’ ~ C i  in Refs. [7 ,8], othe r- ap-

prox i rna t ions ~e iij introduced as well ,

The re~ jli s in Eqs. [lO J — [l 2 j were de r i ved fo r the case of One i i -

brat ion . ~~~~ Icr i vat ion car’ be extended to al l  the v i at i a s  of t i c  ‘

actant (s) i n Ec~. I 3~ or [.4], The potent al e ’crq’, curves of F lu . I a r e

rep laced n- . .~~ ei’- t i a I  e d g y  surfaces , p lotted as a function of al l L i -

q ‘ s in the s~ sic: ’ rather t h in  us t on c , I t Im ; e d i  d 4 q I ‘ t i ’  I

sec t ion  wIrit ~h i s  a po int i~~ F i q, I ,ecom: -m s —I ire s u n t a n u m  ‘1—I dLmt —

~ ions ri t he 4 —~~ rr~ is or i I c a , . I iii COt m m  ‘ I  Ic i~ 
I ~ t I I t ‘C ‘I r Cd C —

sents S t  y - i l  - tn tb . — ‘~~i i  - O l ’ ~~—~~~~~~~~,’ a d  t I n -  — I t  — C -,; r t’’ , t m t _
~

pr ofil e’. 0. Lu i; ua I 1 t l  ni t ia I t ‘ m 
~:‘~ ~~Ui t I ’  ‘‘S ~

) t
~’~ t i ’  i I I !  t
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In effect , X~ becomes a sum of terms of the type in Eq. [9] , summed over

all vibrations , i.e.,

‘~1 ~~E~k1(~q~ °)2 [1 3]

and k. is related to the force constants of a bond k.’ and kY in the

oxidized and reduced forms [3]. A somewhat more sophisticated treatment

of is g iven in Ref. [3], leading to k1 be i ng a certain average of k.r

and ~~~
There remain the solvent fluctuations outside of the i nner coordina-

tion shell of the reactant in Eq. [3] or reactants in n Eq. [4]. Here , the

potential energy fu nctions do not depend on the solvent coordinates (ori-

entations , translations ) in the simp le quadratic fashion in Eqs. [5] and

[6] and of Fi g. I . The treatment of the solvent coord i nates is corres-’

pond ing l y more comp licated . However, one feature s imediatel y clear:

Just as a therma l fluctuat i on of vibrationa l coordinates was r eeded to

reach the inter Sect ion reg ion in Fi g. I , a suitable therma l fluctuation

of solvent orienta t ion coord i nates or reactant ’s v ibrati on s also permits

the system tct reach the N-l dimensiona l hypersurface (the i ntersection

reg ion). A statistica l mechanica l t reatment of the free energy assoc i-

ated with these fluctuat Ions is g i ven in Ref . [3), Dielectric cont i nuum

theory also perm its an es t imate of the latter to be made , and was first

g iven for tne homogeneous reaction case in 1956 [9]. and in ONR Technica l

Report No. i2 (presented e’sewhere in this volurne n 1957 for the elec-

trode reaction , Eq. [3].

The intersection reg ion in Fi g. I , now for a generalized coordinat e

q and a many—dimensiona l confi gurati on space, is r e a c h e d  by a thermal

fluctuat i on of coordinates q from their most probable values. Such a fluc-

tuation produces a correspond i ng thermal fluctuation in the solvent di-

electric polar ization function . In the intersection reg ion this polari-

zation i5 appropriate neither to the charges of the reactants nor to those

of the products ~‘mu t rather to some comp romise , which depends on ,~U° or more

general l y en a free energy of reaction ~~~ or in the electrode case on a
ha l f-cell p o t e n tia l  E m 1nus the standard potential [ °‘ , E—E ° . This di-

electric po 1 arizat ion was termed nonequ l ib n luni pola ri7 at iOn [~] 
and in-

deed the ori g ina l dielec tric continuum(non st ati st i cal mechanical ) deri-

vation L9 , l
~~ was concerned with f l uc t uatio - r . in solven t dielectr ic pO I-

arizat (‘~~.

It is i i~ t r~~ .t  i .e to g ive a somewhat simp ler der I vat ion of the free
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energy change needed to reach the intersecti on reg ion by these fluctua~
tions of solvent dielectric po arization . This derivat i on is g iven in

the next section ,.

SIMPLiFIED DERIVATION OF NONEQUILIBR IUM POLARIZATION EXPRESSION

We cons i der the homogeneous reaction system Eq. [4] first and then

indicate the modification for the electrode case Eq. [3]. We denote the

charges by e1 and radii by a 1 for reactants I and 2 (1 = 1 ,2), arid add a

superscr pt p to tht e 1 to denote charges of the products. The static

dielectric constant of the solvent medium is denoted by D and the square

of the refractive i ndex (the “optical dielectric constant ”) by D0 . The

sepa ration distanc e is denoted by R.

A nonequ il ibrium dielectric polarizat i on of the medium can be pro-

duced in a reversible manner by a two—step charg ing process . Since each

step is revers ible , the free energy of formation of this n on e quilibrium

system , i ,e, the free energy of this polarization fluctuation , can oe

calculated in a re l ative l y stra i ghtforward manner . Tie two-step charg ing

process is the follow i ng , at a given separation distance R.

(I) Change the charge of each reactant i from e. t e , ’, e. ’ me i ng

so chosen to produce the desired orienta~ iona !-’- ’ibrationa I di-

electric polarization .

(2) Change the charge of each particle 1 back fr -o c. to e. , hold-

ing the above orientat ional —v ibrat ion a l dielectric polarization

fixed .

The details of the calculation are as follows , where the electrostat ic

potential in tIne solvent medium at any point r is denoted by ~(r ).

Step 1

The ,‘al,.~ of e. and ~(r) at any stage ‘~~ of the charg ing process a’”

denoted by c ;” ~.,‘d ~i
’
~(r), respective l y. They are ~iven by

e-
= — ‘-——— -~ —

~~~—-— [14].J D r 1 D r 2S -~

= e. + v(e.’ e.) [Is]

where r , is  r i me d~~~ t a n c e  f rom the field point r ~ u t i’ e’ ~c ter of inn 1 .

‘v var ie’~ h o ’ -- U at t e  b,~’ inn- i nn  of the charm inq process to I at the c u t ,

-- -V- - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and e1
’
~ can be written , thereby, as in Eq. [15] .

The potential at the surface of ion I due to the medium and to ion 2

is obtained by rep lacing r by a in Eq. [14]. 
~ 
“, the pot ential there

minus the self-p otential , is obtained by subtract ing e 1
V/a 1 from [14] :

1) . [lo]

The averag e of 
~~~ 

over the surface of ion I is denoted by 
~~ 

and is

found to be

= 2. ~. .~~
_L 

— I)  . [ii]

The average Ieading from Eq. [16] to [17] wi l l  be recognized as the well-

known electr ostatic result [II ] that the average value of a h r 2 poten-

tial from a unif orm distribution ove r a sphere is h R .

When 
~~~ 

is mul t ip l ied  by an i ncrement of charge d(e n
’a
), i ,e~ ,

e 1)dv , and integrated over v from 0 to 1 and when the same inte grat ion is

performed for ion 2 , ard both terms summed we obtain the work term W
I

require d in charg i ng stec 1:

W I 
= ~ ,‘~(e 1 ’ —e 1)d~ + ~ 2”~(e 2

1 —e,)cis, . [18)

Eqs. [l7]— [l 8] y ield i mmed iatel y

= 
e~~e2÷:~ ’~ e~ + [e 1Ae 1 + ~~Ae ,)2](~~~

_ I)L~~[e~~ e2 i~~~~~ e 2) 2] (~~~~_ l )L

[1 9]

where

~e. = e. ’ - e. . [20]

When e , and e2 are bot h zero, the h R  term becomes the usual cxjlomb repulsion

e2
t e 1 Y DR , the I/a , term the well—known Born charg irn term for ion 1

(e 1 ’2 /2a 1)[( 1 / 0 ) — I ] ,  and the I/a 2 term t he Born charg ing te rm for  ion 2 .

Step 2

The charges are now g iven by E:~. [ 2 1 ] ,  where  ~, d oes from 0 to I .

e.” = e. ’ ~,m (e. -e. ’) . [21 1

I~ ~‘ 1(r~ 
denotes the rotent ia! at the end on - s t r ’ ,’ I n d  ,‘‘( rj the p ot em —

t i a l  at any ~t a t e  of ‘- t n ~p 2 , the chan t’ of patent n l  dur i ng s t e r ’  ‘. t~~r

any ~, is ~ ~ r)- ; 1( r ) ,  S ince t~ e medium re pu ’mls to a change of c har ’~e 

-~~~~~~~~~~~~ -“ ‘ - --~~~~~~~~~~~~~~~~~~~~~~~ - - - ~~~~~-~~~~~~~~~~~~~~~~~~~~
— - ,
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5e.~ onl y via the optica l d i e lectric constant D
~~

, now , we have du rin g

step 2

~e I.~~ ~e,
’

~ = 
D r , 

+ 
~ ½ 

122)
op op

W r i t i n g ~eH as ‘;(e 1~~
e 1 ‘ ) and 

~~~~~~ 

as ~~~~~~~~~~~ we ha-ie

= ~(r) ± ~~ ~~~ -e~~ ’)  
~ ~ ~~~~~

‘ ) 
[23]

where

. I, r) = ~—i—— - + - 9_2_~~ [ 2 4]I- ... D r , D r 2S S

~~~~~ 
the average potential on the surface of i a, I mi nus tine seif—poten-

t I a I is obtained by suht ract I ny e ‘/r , from Eq - 24] and v( e -c ‘ p’ r

from the last tarm hut One ;n Eq. [23] , then rep l a c i m si r in  t hose equa-

tions by a , and aver ’ic, in m the 1/½ in those enu t i on s oie r the surface oh

ion 1 , tt ,ereb y ~enl acir ~ j Ijr -~ by /R Thus

~~~‘ I ~i(e 1 -e , )~~~I
1 [25]a Li -‘~ a , D -S S O~ up

The work done d u n n - i  this step is

— v  ‘ : V -  ~‘) -de -
~ 2 ~~~~~~

C

One o’-tain S

w 11 = ( ~ ‘~~~~ ±~~~)~ [~~ te n) 2(~~~~~~ l) - e , e I~~~~ - l ) ~~~~

1) — e2~~
.e?i

~
ö_
~
- _ l)]_ J_ , [2/]

The net wo r k done is the sum of W
1 and W 11 a d  is the  t r e e  enen i~ 0’

this fluc tuation . It, is “i ual to

-‘ 
‘ c c  

-L i  

~~ II ‘2a , 2a~ k ‘
~~D 

‘

op

whe re ~e is q i - ‘ arm my Eq. 2O~ -

If dr-not ’ ’. th e t i n :  u n ’ c r - l ’  chan t ’ k m  j t i ’  , O , , r c , n t n ,~t ion of

act,i nts at ~ sepa na ’ On d i s t .in ~ r’ R . ~ c , c l - i t e m ~ to c same q i n ~~t tv n

i n f i n i t e  se:)a,-
~j! On ‘~~~~~‘ hy a n , aCl U,~ t 0 sO fli I~~ m t o  Eq. [ 1 h 1 , n w - i t t ’ ,

n n
- ‘ - /  ~1 - I ’

On the I ,t ‘ nec I ion ,‘. p’ ’ m ‘- un fa’— e of F I - I , t nc m m ,  t a’ i t  s - 1  d ‘n adim , t s
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have the same distribut ion of confi gurat i ons (the same set values of ~~~ and

the same potent ial energy (cf Eq. [7]), averaged ove r a distribution of

such confi gurat ions . Since the distribut i on of confi gurations (and mo-

menta) are the same for the reactants and products on the intersect i on

hypersurface , the entropy is also the same, and so the free ene rg y of the

reactants is the same as t hat for the products on the inter section hyper-

sur face. It then follows that we can write

— = AG R °’ , [30]

where AG ’ is g iven by Eq. [28] and AG~ by the same expression with e
~ 

re-

placed by e 1~ .

To find c , and e~ ’ one minimizes the AG
r in Eq. [28] subjec t to t he

cons traint imposed by Eq. [30] .

(~~ G
r
/~e )~ e I 

1’ (~ AG
r,~~e2)~ e,

, = 0 [3l]

— = . [32]

Multi p l y ing the second equation by a Lagrange multi p lier m and adding to

Eq. [3 1] ,  introducing expressions such as Eq. [31 ]  for b,~G r and ~~~~ in to

Eq. [32] , and set t ing the coe f f i c i en t s  of se , ’ and ~e 2 ’ eq ua l to zero ,

one find s

e , ’ = e 1 -
~ n~ e.— e1~ ) (1 = 1 ,2) . [33]

Introduc ing this result into Eqs . [28] and [3O~ one obtains

= m2X0 [34J

and

— (2m÷I)Xo = AGR °’ ‘ 
[35j

where

= (Ae)~~~-~—— -f L. — — ....L) [3~
op s

and ~e is e ,~ —e ,, the chiarge transferred . m is the solution of Eq. [3~- j .

The free energy barrier ~~~ to reaction consists of the work te rn

to bring the renct ants together and ~~~ Imirtie r , so l v i n g  Eq. [ 3 ~~ t o ’

m ar int r udc’ in -to E r , . [34] one obtains

‘.G~ 
- ‘ 

~, 
\ 

~ 
[1 ( 

~ 
° ‘/~~) } .

In the cIt ’1 ~rude ca -c u-c electrostatic pot t - n, m l  in step I i s i ,n n

_ _
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H

by Eq. [14], but with the e2 rep laced by the i mage charge of reactant I

in the electrode —e 1 . The image charge ensures tha t the potent ial g i ve n

by Eq. [14] is constant on the surface of the elect rode , where r , = r 2,

There is , in a d d i t i o n , anothe r term due to the interact iOn of ion I with

the other change s On the electrode and with the surround i ng electrol yte .

This term is found to cancel , apa r t from a minor term , in s teps  I a nd 2
and so w il l  be Omitted here for brevit y. The derivation continues then

as oefore , where R nOw denotes the distance from ion 1 to its image ,

name ly twice the dista nce to the electrode . In computing W
1 

a nd W 11 o e

computes Onl y the work to change ion I , One find s ultimatel y expressions

sim i l a r  to Eqs. [ 3 4~~-[37] but now we have

= — nF(E—E °’ )  -
~ 

— ~
r 

[38)

and

[39]

That is , or-me Obta ins for th is  ef ec t rode  case

~~ ~~ ;i . Q / L~~) [1 + {-nF (E-E °’) ‘~
- wP - w

r ,~>,0] 2 [401

= where F is the Faraday.

ThIs type of s imp l if i e d  der iva t ion  of the above resu lts was g ive r

earlier in Ref . [12] , and has recen t ly been made mo re readil y ava ilable

in a review [13] .

If nOtj one wished to include simultaneous l y these fl uctuations in

solvent polarizat ion ar-md those described earlier in reactants ’ v ib rations ,

one could readil y do so: To the ri ght side of Eq . [28] l’.oLld me added

~- k.(q._q. 0
r)2 , and ~~~~~~~ k ,( q . -q ,

0P ) 2  wou ld be added to the correspond-

ing expression for AG~ . One would then proceed as before , using Eqs .

[31]—[32) , but now Eq. (31] would contain an extra term

and ILC~ would contain an ana l ogous extra term . One would find in add i-

tion to Eq. [33] the result that

q
t = q or + ~~~~~~~~~~~~~ [~~l J

When this q .~~~ and t im e c. , a g a i n  g ive ’ by Eq. [331 , a re iciroduced i n t o

the expression for ~C
’
, Eq. [34] would ~qa i ’ - r o l’ o\c , ‘ ,.t w i t h 

~~ 
rep laccd

by 
~~~~~~~~~ 

, \~ he lm -mn y ive ’ by Eq. [3o) and ‘

~~~

. by Eq. 131 . S hni ar re si n ~- s

app l y to the e e c . r  ode reac t ion ‘ O ’ -n’ .

--
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DEDUCTIONS AND APPLiCATI ON S OF THE THEORY

When a statistica l mechanica l t reatment i~ undertaken instead of a

dielec tric cont i nuum one again obtains equat ion -m s formall y simi !a r to Eqs .

[10] to [12 and [34] to [41! , bu t w i t h  ~~ havi ng a statistical mechari-

ca l va lue  a nd ~~~~~~~~~~~~ rep lacing \ .  and Xo [3]

k = ~ Z exp ( —E,E~ /kT) , [42]

where in the ro n oy e n e- , us  case

r 
+ (X/4)[i u

R /Xh . [43]

is g ven by E’~ [23] and in the electr oL - e case EE
R
°’ i~ rep laced n’~

-r,F, E-E 0’ ) wp 
- wr [441

and in bot h ci ,c-~ 
‘- is inc sun: , of two co n trin - m u t ions:

= . [4b]

In ~hase= u q u u t i ’ r ’  ~ 
~ r 

and w~ : a ~~c n H e  r -me s i g n i f i c a n c e  a~ before .

~G °’ is th€ free c-n ergy of react iOn co n Eq. ~~~~ - ~-mcn t n e  nec’tants and

prOducts are eac h ir u r i ~~t cor’- e: :n a t i u - m  in tin’ prevai l ing med ium and at

the pnev ail i r ’~ te r :pe ru t ure . E °’ is t k -  ‘ ta, - r - ,,rd’’ ,aIf — c~± I l  pOtcn t i o !

for bc . 1 3 unde r the same condit~ on~ and L is tnt OLtUa t h a l t - c e l l  ~~r

tent½l ir. tne a-ase ,cE’ of con ceit , at io n - p olar i~~ation ~ . \ no r the elec-

trode cane di f e r s  f ro m.  t ’- mat for t Ie ‘o ne m m  1n.~ . C O n C . ~is  ‘a f o r e , UI i n

each c~ sa corita i ns a v I orat iona 1 car t r i but I on f i  Lm -’~ t n - C  n i - C ’ , -~~~~~n d i —

ration shell of the reactant and a con~ r ib u t ion 
~~ 

fm - cr, t in

outside , as in Eq . [45]. is of tine form i n n  Eq. [13] and a d it e ct i ‘C

coni innuc: estima te of 
~-o 

i s  of the form in Eq . [3b~ or Eu . f 3’~
In the I ec t u cc’ on ‘--ih Ic h the presenc art I c Ic i s rosen deduct Inns I r 0 ’

t hese ‘.‘aniou s e- 4ua~ ion: n-ore descri ed , tocjether 1-~i t t n  exnc ’ i n n ’ i t n i  data

rega rd ng hc-r:. S i rn. ‘n ~ I mi I ar mater i a I w s recent y presented e I cml  -

l~.J , t ~ I I  riot - .: r e p m o d u c e a  ‘are , I r s Le , i d , sortie of t nt deduct m t~~’,

f r om - i  tIle tee,:rt:Je,i l eL :- lt i O n S  O r e  sunnnnari.’ed ~ nd - c n n ,  c’ ’ce n m ’  tO

l .~] iur~ fu’ e~ dc ’t .~ s a -n :n most  or  - c~~~ nr i nnc n~ t i  u t n  i’ m m -  - 1 ’

references n ’ ) t ,~~~ h arm ’ ~ ‘- d  i n , [ 1 . ’~l art’  s r , t c , m c,: n i r ’ r , - l ’ , t o  - t ’ n

ti’ ie . ‘-n~ ,,e m t ’’- n  ~~ ‘ . ‘~ n ‘, 5’- .~ei at n ’ ’ - , i n , n,b i t  ion to .) O n ’  ,, ‘
~sO 1 m 1

n uded ,

L .~~~~~~~ ~~
—-- —

~~~~
—- 
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(I) Cross—Re actions and Electron—Exchange Reactions

The following reactions are known as elec tron exchange reactions and

their  rates are most frequent l y measured by use of isotop ic tn dc er s .

A 
~
( Ox) + A ( red) -. A ( red) + A ( ox) [4o]

A 2( Ox) + A 2( red) A 2( red) + A~( Ox) [47]

Let t c - i n ~ ‘ s 1jC wr itten as \ , and X 22 , ard their rate constants as

k 1 , and k 2~~. The react ion in Eq. [ 4]  is desi rr ated as a cross—reac-

t ion w i t h  X written as X I2 and rate co ns tant as k 12 . Because of an

add i ti i i ty  ~i roperty  [1~ Or X,

= X 2 2 )  , [48]

and the ‘ 3 r m  ot I ~ . [ .  ~~ , Or ob tain s a p red ict  inn of k i 2 1r ’ te r n : ns

of k , ,  L ,2 a - h  m- , 2 ,  the - i ib n iu r : : cor,stin: wf Eq. [
~

] , when t i e

s for the I - - d , J~ a I c-~m c t i Ons are in i c a m  u n i t ’, or nea r Iy

cance l , and -c - n I ~ ‘ wo rk, t e rns  for the ‘ r~~ i ’ , l d ~~.n . I r e ac t i o n s  are

e the ,- sma~ I or - na., - ‘ , ca:ce~ 
-

k 12  — -  k~ ~ 2 2~ ~ 
/ 2

where

( J r  n2 ) 7~ 
/ rt ( k , k~~ 2 L ’

)

St t i n , retC’ n t- -~ e cn n ~~~~ ~-m i Onc- ered t b e  - .: t n  I - : a ’ s t u d , at  t dc ’- c

rela tions bet -it e m C r 0 - s — c ’ :  ict Or ’s a n d  sc n -e.< c ’ ’ a nd e  react  j o s .

(2) Dependence of tbe ’-. lope -~~ of a p lot of ~~ ~‘ 2 ‘.‘ n, t n  K I, Brc ~ s t e c

coeffici ent ) (cf . [14]).

= I L i i

(3) Depende nce of tne s lope  -
~ of a p iot of ;n I , - h e r e  I i s t r i e  d r  r u--i

de ns i t y fo r the tnr,-iard react iOn in Eq. [3] , ‘ — n R  E—E ° ) ( m I d
slope) ~~4j.

-~ I ~ - 
~-- ‘F ( [~ L d ) - 

P 
- 

r 1 / 1  ~ 2]

(4) ~el~~t ions - n t - - m n - e l e m -  t ron” r a t e s  his, F,o”u t- :eUu s - c o c t  j i m , r a t e s

[l4~~.

5) Dependence of ~n k r 
t ) i I  SO l  l e n t  n i r ’ i m ’  r i - ic can’t i rnu n n :r i)n e p u r t  I t ’ ’ . - .‘ -c

no specific rn - ~~ct,, rnt ~~~ m rI ~n- , ’, n m i e n  act ,o~ ~
- ‘ k:. l bj

O) De pe-  ‘ c i , , ” 01 ~n k Or,  changes ri ~~q i  I i’ .- r i n n n  ‘ m ’ r ,d T e n l i t i . , and ,i~’~~T 1~

[ i / i

-- - - - - - --- - - - — - —— -
~~~~~

--— 
~~~~~

-
~~
-—• -

~~
-

~~~



- —- -.- - _ ~~~, .~~~~~~ .,, ~~~~~~~~~~~~~~~ ~~~~~~~~~

(7) Dependence of F~n kr 
on ~e [16] .

(8) Formation of elec tronicall y—excited sta tes , and hence che:’ n il un ’ , ines ~

cence , in hi ghl y exotherm ic reactions , and properties thereof (14 ,

(9) Contribut i ons to the ortrop” of activ atio n of r e a c t i o n s  1I7~.
(10) Electrol yte affects in electrode reactions [18] and in homogeneou s

reac t ions  [ 1 7 ] ,

More recent l y, evidence renard ing the dependence of Tatel slope in

electrode reactions on E—E °’ may be found in [19] and on chemilur nines-

cence in [20]. (For fu rthe r theoret i ca ’ studies on references related

to hi ghl y exot hermic reactions , such as those rvo !ving che cnilumi:nes ce: cc- ,

see [l4~ .) A i-mice examp le of a test of Eq. [43] Is 9 iven in [ 2 1 ] .  An

app lication of t he present electron transfer theorY to electron transfer

reactions w i t h  negat ive activation energy [22] is found in [23: Oth.± r

interesting developments in electron transfer t heory incl u d e  the stud ’,’ of

react i ons at semiconductor electrodes [24-2O] .

C OMMENTS ON SEVERA L DEVELOPMENTS SINCE 1957

E~ sewhere in th i s volume ONR Te~ hni ca I Repo rt No, 12 (I 9 7 ~ is re-

produced . ~t contains the form ulation of thI s electron trans fer theon .-

for electrode reactions . That Repo rt was concerned with the die lec ir c

cont inuum cont Hbu t io .; to the free energy barrier , a contri b ution for

which a s imp l i t  led deri vation was g iven in an e a r l i e r  section of t i n  pre-

sent paper . The de r ivation in ONR Technica l Reno rt No. 12 is q i v e l  in

terms of vector-f ield s , vectors associated w it im the dielectric polariza-

tion , with the e lcct ~~ic field due to the charges themselves . ar -m d w i t h  t r:e

total electric field due to the charges and the p ola iz a t  ion . In the

simp lified der i vat ion g iven i r a  previous section the electrost atic q : - m - -

t i t i es  are not ex p ressed in terms of v e c to r— y ie l d s ut rather in ter n’, at

scala r—f i elds associated w i t h  pot e nt ialn. ~ nd charges , t houg h fields a l a

rest r I c ted k i n d , niame l y of the funct iona I form ive n in~ Eq . [I.. ] , /k r ’ im n C

general de nivat  ion is g iven in terms of sca la r—fie l ds in I , and t ’- ’ ’ —

fields n ONR l tncIr r ca l  R’npo n t ho , 12 . No assun- m pt ion i~ r , ~ de i n i t  i~~I I ’ ,,

For examp le , Li m i t  the react 1:1 ’ 5) ‘s( m n 1 - )  ‘. p m. ’ r  ca l .

Ore -~e - ie , - i I i z at i o n  of t he  d i e l e c t r m c  cOnt sh Iu r i  n n ~ u lt  i i ,  i n s . fl
and fl’-~] inn \~ 

is r n  i ,: c I ,idc the fac t that  Ine r t ’ I . , a d i ’, pm ’ i ’ -, ioim Of I , , —

quer n ci e’~ ‘ Oraci’: n i1 ’ r n - i  t ni’ d i e i t ’ c t n  Ic Ie ’ f n .  ‘~ ‘ ~ 
‘
, ‘8] . T r i m ’  m m i i  i -  t mm-

I~ ~-3’ > ~‘,J 5 ,,i”, ’Ji,r:t to  I 2 H~ -

One poi nt )f i r n teri - ’ ,t r c ’ noid i imy dci iva t i ll , i n [a . liji t e r m , ’ , of ~ m ’ t i n  —

_  _
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f i e lds  ( v iz , e l e c t r i c  vectors ) versus one in terms of sca la r  f i e l d s  (viz .

charge dens itie s and elec t rostatic potential s) in [3] is the followin g :

In the vector-field derivat ion in ONR Technica l Report No. 12 [tO] and in

i t s  predece ss or [9] the transcri pt i on of the fina l vector—field equations

for the electrostatic free energy into sca lar—f ield quantities was needed

and was made. This transcr i pt ion is avoided by us ing  instead scalan—

field expressi on s throughout .

Two of the gen eralizations in Ref . [3] are to use statistica l mnech-

anics instead of dielectric cont inuum t heory and to trea t the i nner shell

contribution to the “luc tuations in coordinates. ~This second generali-

za t ion  was g i ven also in Ref. [29].) The general izatio ns led to similar

predict ions as those g iven earlier in the present paper , but withou t the

simp le dielectric equations [36] and [39] for Xo and her,ce withou t the

simp le predictions of solvent effects for reactants .‘ihich do not specif i-

call y interact with the solvent . A statistical m ech ari ca i expression fo r

)~ was g iver instead , [3], one whose eva l uation must await furt h er app li-

cation of the statistical mechanics of polar liquids . Whe,, a die l ectr i c

continuum estima te was m ade of this contribution c n n  o n- l a i r , ’, the result

for 
~~ g iven n Eq . [36] for homogeneou s react ion s and Eq. ~30 for e hm ’ -

t rode reactions . When the inner contri b u t ion is included , the sa ne f i ~~~I

equat Ions obta ined , but w i t h  X 0  rep l a c e d  by ~~~~~~~~~~~~~ as in Eq. [/5] .

In the statistica l mechan ica l treatment it was reco.i nii zed l 3 , ?’~ I’ a t

when the q i n  F i g. I in the v i c i n i t y  of q~ is  p n i ma r i l ’ , a so l - ,-e ’ t on i ( ” nta -

tiona l or solvent vibrationa l coord inaLe the f r ee c - n j - . char - it - qi n

Eq. [43] is ac tu al t y the f ree ene rgy o f a fluctuation at oond inn , .le’ I’

values centered on the intersection hypersurf oce rallie r th an eL - to ’--

f ined to it , Th is  effect introduce s a minor coi’rection m tac t o r — fl in
the pre—exponential factor in Eq. [42] ; p is of tine order of u t ,,

Among Othe r - d evelopments since 1957 has -cc: , t n  ,n ’ s u , n i t  io’ - ot ‘ - (

various conseq uences of the t heoret i ca l equal i nns , I i~~ted eon m e n , Iii

relation g i ven by Eq . [4~~ was fi rst y iven e’,’. n :’t dl l y i n , T i ’  C h ’

p li e d to c-~.per i mn er rt a I data i n 19O3 [30] , and g i ~‘emr - , ‘no r ‘ - ; r ’ ’  e n  a I d i n  i —

vat ion in 96- [ 3~~. The dependence of Ta t el c ’ n c t f i e i e n n t  On L-L °’ was

not c on I i n med oct 1 I ~75 [ I 9] , amid use  lam ’ .1C m- 3 ’ Mciii I m ien ~ ~ n ~
- ‘ :  —

inent [ I 8] 0 1’ i c - C t  r a ! ‘
~ 

te e f f e c t s  to ca Icu I at c ‘ ii’ m-,1 m L 1’:’ ‘n’, j -j~ a n , f  ii ’

TI-me so lven t  e f f e c t  moo s t.n ’,ted 1 t n t) [ 1 5 ]  ,nn :d ( H i’  m ’~~f t ’  - - i  ‘ d ‘ I n  h r

[39 ’ in 19e9 [ ln ~] / i ( ’ n p a r i s , i r :  ‘ i ’ t ~~ t ’i’ : ~~‘, ! t ’  I m I T I ’ , ot H - t r u - ~~’ n ’  ~ti . ’ - S

and ti r e c mc, ? rOrm~ c s t n ~,‘ u c of  H i ’  m m l ,  - I si- ’ i ’ ’  - , ii ; im ’d at ‘ ii ~~t ,,n —

ing q u a l i t a t  I .‘ ‘ f v  w i t h  clna r qes of eq~~i 1 i h n i i  : m i d  I -  , n fms i ’ .,kcnr in

— rn--.--
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Ref . [14] . A pp licat i ons of the cross-relation Eq. [49] to biolog ica l

systems have also been made and referenced in [14] .

Eq. [49] has been wide l y tested (referenced in [14]) ar -id has been

very usefu l in co r re la t i ng a large body of data . The main anoma l y ob-

served thus far in th is equation is for reactions of Co’~°(aq ) ion . This

ion underaoes an extensive electronic rearrangement in forming Co+2 (aq)

and a possible exp lanation for the anoma l y is given in [14] .

Quantun effects on the vibrationa l or solvent motion have al so been

treated [7,8, 13 ,3 l L J . At sufficient l y lOw tempe ratures the system does

n ot use the e rn ergy AU* in Fi g. 1 to go from the R curv e to the P cur’ie .

Instead it can tunnel through the barrier there . Thi s tunneling , in

many —dime nsiona l q—space , has been treated by means of Fermi ’ s Golden

Rule for radiationless transiti on s and Franck— Conndoni factors [7, 8, I3 ,31b].

At hi g h temperatures the expression for the free er rer L;y barrier reduces

to t he c t ass ica l one -g iven earlier in this pape r . A n analogous formalism

has been used to treat [31] biolog ical electron transfers [32~ at ~tnr y

low teape atures .

In the quant um treatment [7,8, 13] a t rea tn nnen t ci t i ne v i c r a t  ions of

the reac tants is r e l a t i v e l y st rai ghtfo rward , but t i e  soI~~e:nt -,‘i b r a tio rs

are treated as thouqh they are vi brat i orm s c - i a ~o in and h ence unnda m -mp ed .

In the I iou i d there is a strong damp i n i . ( Ti n is  a pp m 0/ m a t  I L1r - was - -Ut

-
‘ 

made i n the classica l stat i st i cal mechu: i cal t n m ’j i  l en t  “i , I mm I ~~~ f —

cation for the damp inm ~ On t i re quantun mechanic a l ‘ m u  I t nas t een des-

cr i bed [33] .

A g a i n , wIre-n Curve P in Fi g. I crosses curve 8 on t i - - l e ft I - o u T  si H’,

so that the s lo pes of bot h curves are both nit native at ti ~c c n m n ’ ,’, i r ~~i ,i c’ i : i t

the t r ans i t  ion from R to P curve can onl y 0cCu~ i :o”ad iaha t ic a l I , and i4 c O i ’ -

turn t rea tmen ts  invo lv ing  the Franck—Condon factor s ,r ’C r e l a t -mi  c l o s e l y  t i

t he just ment i oned quantum forma l isn i [7 ,8, 13] . - m a .e cc:’ used , nt’ H - ‘ i - - i- ”

i ri [ 14 ]  . Such t reatment are needed for  h i  l i l y e ’ x n n t  ‘e r n i e  n cact i O r - ’  - - -  - n

~ U in Fi g. 1 is sufficie nt l y niegat lie the o n c s s i r ’ 1  i l l  i - d i ed c

that the R arch P curves n a . c  I T-me r ;1’ le ‘,k-j c~ at. I T-i-  crossi ng ‘Oir ( .

Fina l l y, t ori’ are react  lor is O~ the cdi’’ n-i ci 01 t n Oc l,t ’ n ’ n i ca l  t

where bonds a r e  ,i_ t ua  I I , - ra ktnn a r id furpie d dn .r i ’ n - ~ t i n  n U,] i i - ’  ‘i - r i ’

the desc r I Pt rn o~ t he pot Cr t al e i - e n  ny nm n f , c c’ m e - - I n F i n , I i .~ 
.,u’j —

gëst i ye t houqh ‘ uai  aiim’ m a t  e , O t t - m c i  n~~lc I ’ n.m - i -  -to ri r ’  i n , the ‘ o n’d

energy—bond or chin ’ nude ! fl’.] t n  i v  p I n ’  f 3 ’ ~, 3( . .mn . mf lii , I i-j l i) ’ ~ m I  n ’ s ,

43j , [4O ~ and [ ‘ ,O~ i - , 4 - , - or’ i- ’ t j i , u r tt ‘
~ 

‘ ,

~ 
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I l

= ~ “ + ( X 14) + (t
~

G R ° ’ /2 ) + (1
~
iG R

°’/2y)
~~

n cosh y [53]

and

= (K 2)
(
~
°-m cosh y)/y [54]

where

y = (2VA GR °’/X) = (.~,n K 12)y/.~,n (k 1 1 k2 2 /Z2 ) , y = .tn 2 . [55]

(The case of the hydrogen discharge reactio n , Eq. [1], wi l l  ~e t reated in

a forthcoming publ ication [ I ]  us i ng a combination of nonequi l ibrium po-

la r izat ion , BEBO , and Franck—Condon overlap methods to t reat  d i f f e r e n t

aspects of the overall problem .) Whereas t i e slope of a P rorsted p lot

(homogeneous reaction ) or Tafe l p lot (electrode reaction ) was g iven by

Eqs. [51] and [52], t hey are g iven [36] in a BEBO model by Eq. [56] when

the work terms can be neg lected .

= ‘
~( 

1 -c tanh y) [ so]

where y is - ‘iven by Eq. [55] . In the e lect rode ca’~e the 2~ G 8
O ’ / \ is re-

- - ~~~~~
, p r , ~p laced by 21, —n }-(E-E ‘ ) + W — W ~/A .

The theory of electron transfer reactions in so luti on and at elec-

trodes continues to be in an active and develop ing state . An est i nnate

has been made for the ~
.. in Eq. [42] for the ferrou s— be rr ic electro n cx-

change reaction [37]. Calculat ion s are desirable . usiny incre a sin rnl y ac-

curate theories of electronic structure , for ni ’ s of this arid other ’ redo-

tions inc l uding t hose of Co+3 (aq ) for which extensive electron mi c rear-

rangement occurs . Such ca l culations w i l l  also permit n o n e  i nis i nint int o

orienta tiona l effects [38] in electron transfer reaction -m s . m u l a i n i , dev-

elopments can be expected in statistica l mechanical evalua t ion of the

term obtained for fluctuat i ons in orie rntatio ,is of so l ve nt  molecu les .

needed to reach the intersection reg io n of Fi g. I . There have been

numerous en! i g htern i ng i niteract  ions between theory and  exper i n ’m cnr t , am id n.e

can continue to look forward to this fruitfu l I nit ei p l .i’ ~ in ’ the fut on in ,
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