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THEO R IES OF ELE CTR ODE KI N E TIC S

R. A . MARCUS
Department of Chemistry, University of I l linois , Urbana .
Ill inois , 61801

,-\BSTRACT

The present lecture consists of two parts. In the first , a
comparison is made of theory and experiment for simp le electron
transfer reactions in sol ution and at electrodes , reactions for
which no bonds are broken or formed .. The data are numerous and were
recentl y reviewed in part elsewhere.

The main part of the lecture is concerned with electrode reac-
tions involving the breaking and forming of chemical bonds and
princ i pall y with the hydron i um ion discharge reaction , H30~
M (e)~ H 2 O . H—M (ads. ). The t reatment of this reaction has been the
subjec t of some controversy (cf. 1 965 Faraday Discussions on Proton
Transfer and more recent literature ). To provide further insi ght ,
a more dynamical theory of this elementary step for general poten-
tial energy surfaces is described . It is then shown how , depending
on the nature of the potential energy surface , the theory leads to
various approaches in the 1 iterature . For example , depending on the
surface , the system may or may not for dynamical reasons be able to
reach sufficientl y easil y the saddle —po int reg ion or . again , Franck—
Condon sol vation effects may or may not contribute to the rate .
There is a clear need for the appi ication of recent theoretical
methods of electronic structure to determ i ne the essential features
of the potential energy surface .
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ELEC TRON TRANSF E R R E A C T I O N S

Having recently rev i ewed the princ i pal features of the theory
of simp le electron transfer reactions (those without bond rupture
or bond formation ) [I], I shall , in the interests of brevity, call
attention to that article and to several other reviews [2 ,3]. The
notable Con tributions of Lev ich arid coworkers [3J , part icular l y o n
the quantum aspects of these electron transfers are well known.
Recentl y, his ideas have appeared in rela ted approaches for under-
standing the temoe rature dependence of electron transfers at very
low temperatures [4] and the behavior of hi ghly exothermi o reactions ,
where the process may occur in the so—called inverted reg ion [5] .

Theory and experiment in electron transfer reactions have had
a very fortunate marriage during the past two decades [1].
Numerous comparisons , correlations , and predictions have been pos-
s i b l e . ~ major role in the theory has been played by the Franck-
Condon princ i p le [oJ The electron transfers so rap idly :hat the
other coordinates do not have time to change their values duri n q
this instantaneous act. Thereby, it was shown [7J . their distri-
bution must be reorganized before the electronic transition , if the
latter is to Occur , as well as after . The relation between th i s
concept and the role of two intersectin g potential energy surfaces
in faci l it a tin g the electron transfer has been described 8].

These sim p le electron transfer reactions involve no break ing
or forming of chem ical bonds . Among other things we consider in
this paper the quest ion of when do analogous Franck—Co ndon con-
sideratio n s appl y to proton transfers.

HYD ROG E N I ON DISCHARGE R EACTIO N

We consider a particular electrode reaction in which a bond is
ruptured and one is formed and which has been the subjec t of con-
siderable attention , th e hydrogen ion discharge reaction at the in-
terface between a solution and a metal electrode N. Related re-
marks apply to proton transfer reactions in solution . A mechanism
for the reaction is g iven by Eqs. (!)—(3) , and we shall focus
attention on the first step (1):

H3O~ ÷ M(e) H20 + H-h (1)

H30
4 

~ H—M(e) H20 + H2 + M (2)

2H—M H2 + M (3)

The reaction , step (1) for exampl e, has been treated from two
very different points of view [9-14] . One view , used nowadays
particularly by Bockris , by Conway, and their coworkers [10—141 , is
an appi ication of transition state theory [14] , wherein one cal-
culates or assumes some potential energy surface , decides on the
transition state and calculates the rate . The transition state is
typ i c a l l y assumed to be a hypersurface pa ssing through a saddle-
point in the potential energy surface or to lie at the intersection
of a potential energy surface for reactants with one for products.

~A second view , due to Levich and coworkers (9 ,101 , is to assume
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that the i ndividua l or collective motions of the react ants and
those of the products and the solvent medium can be treated as har-
monic oscillators , and then use first -order oer turba tio n theory
(Ferr’- i’ s Golden ~ule ) or oth~ r method s to caTcu ldt ~ the reac ’ ion
r a t e .

The rela ti on between those two approach es can be seen with the
aid t a suitable potential en ri y d i~~qra m , which ~i l l  also serve

~o t~~~r rr j 1~~~~e an appro )ch . d~ scribed l at ~~r , which in a sense enc om—
passes both . In i t i a l l y , we focus at~~ n tio n on two coord inates , the
0-~-i d is t~~nce and the 0-Metal di s t i~rce . and p l ot the potential energy

t ~~~ ‘.,ster versus ~~~~~ t b  coordinat es. Treat ing fo r the
moment the H~~~-H-M as a I inear three -center comple x , one can intro-
duce the usua l skewed a.~e, dia p r irT [15) for three-cen ter reactions ,
here H T . H and N . w i t h  a s :iled 0—H distance between the nearest
metal atom and the .ent o r ~ f mass of H~ O as abscissa and a scaled
distance be~tween H and the conter of mass of H~O as ordinate , The
scal ing parameters and skewing anni e are the usual functions of the
three masses ( i . e. , of H 2~~. H , and N) , and the k i n e t i c energy
then has the same effective mass for both scaled coord inates [15] .
Such a p lot is g iven in Fi g, 1 for the case where the reaction is
nearl y thermoneutr al ,

R HH10

~~~~~~~iE~~~~RH O M
Fi g. 1 Potential energy contour plot (schematic) for the three

cent er reaction H~fl-H—M aLa fixed value of the other
coordinates q and at a g iven me tal-solution potentia l differ-
ence. The mass of H20 is taken as concentrated on the 0,
and the mass of N as infinite . The rotated axes are scaled
H 20—HM and H—h distances , again with the H20 mass centered
on the 0. Polar coordinates r and are also indi cated .
The confi gurat ions along the dashed line form the conven-
tional transition state .

Introducing polar coordinates (r ,~~) with the apex of the tri-
ang le as ori g in , the r -mo t ion corresponds to an 0-h mot ion and the
-mot ion to the transfer of the proton between 0 and ft A profile

of the potential energy versus r~ at fixed r is g iven i i i  F i q .  2

(solid curve). In add ition , the potential ener~~ is t t unct ion of

p

- 
- - -~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ - -~~~— ——~~ r~-
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all other coordinates q, inc l udin g the various orientations of the
solven t molecules tha t solvate the three—ce nter system . Fi g. 2 is
for a g iven q. As r decreases , t he ba r r ier hei gh t separating the
two wells usually decreases , and a t small enough r the double well
merges in to a s i ng le well .

~poten -t i~~I
l ener t /

f ixed q,r \
\~~~~~~

,

~~~~ ‘ R P

Fi g. 2 Solid l ine: Profile of the potential enera v , i n Fi g.
at fixed r and q, vers us the protonic distanc e coordinate
r~ , Dashed 1 ines : a two elec tron ic state ~ ‘weak ove rlao ’)
model of this profile wi th one curve for reactants R and the
ot her for produc t s P.

T h e  difference in potential energy of the minima of two
wells in Fi g. 2 depends on the electrode-solution potent i al differ-
ence , and , so, thereb y, do the barrier in Fi g. 2 and the reaction
rate .

Fi g. I dep ic ts a potential energy surface for a roug hly ther mo—
neu tral reaction . For a hi ghly exothermic reaction the surface
resembles instead that in Fi g. 3.

\R~~ M RH O M
Fi g. 3 Legend as in F i g. 1 , but the reaction is now hi ghly exother-

mic . The dashed l ine again denotes the transition state .

_______________________________________ _ _ _ _  
.4
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We can now sunrian ize th ~ t~ io ,to:c roachesr

(1) Transit ion Stat e f h o r ,

Here , one typ ic a l l y  expand s the ~o t t n t i a l  unerciy quadrat—
i ca l l y in the vi c i n ’ y r r f  t h e  sadd l °— no in t f the po tential energy
surface and uses ‘he local t n  cJanc i ’r’~ to calc ulate the n artit ion
function and ( unnel c r0) t r an sm i ’,sion rn t f~~ic ie nt , f~~r use in the
transit ion stat e e.~ p u s  io n 0r ho rate [1 ~

In the case u~ a hi q hl y t- ~ h err-’ c r t - ~c ion the transit ion
state is in t h r  reac t ,t ’cts ’ onar ne l , a~ in Fiq . 3. In the case of
a hi ghl y end th~~rm ic r eac tion th e t ’ a n n i t i o n  state is , corres pond—
ing l~~, in the exi t ho cn r l . In both cases the reaction coordinate
in the .‘ici n i t ~ o: th ~ transiti o n s t e  is seen t o  be th e 0—h dis-
tance r wher eas in the more “ oo r l- ,’ t hermorreu t ral case in ri g. 1 t he
reaction coordinat e in th e -.‘ic n it ’ . the tr ;nsi t ion state was a
proton vibrational coordinat e

Franck—Con :fon effects on sol vat ion , i~ any , are omitted in the
usual H5] tra n s i t i o n  state c~~~~ noch . The free ur er gy dif ference
between the transition state and t H 0 reactants ‘G~ is computed and
fror- it the reaction cate : F’a~~r l es of the app! icat ion are g ive n
in rlO — l 4 ].

(2 ) P ad i a t i o ~ l e s  ~r d r s i t i o n  Theory (Levich and coworkers)

The second the ory rc . lo) parall e ls that used for radiation—
les s t ra -’ sitions bet.ieen wo elec t ronic states. The surface in Fi gs.
1 and 3 for r eactio n (1) is an electronical l y —adia n atic one. One
can ir ’aoi ne instead sur faces , corresponding to two electronic states
as in Fi g. 2 (dashed I i ries). in one of which the proton is local ized
in the reactants ’ channel , i .e., is close to the 0, and in the
other 1 .ihich it is local ized in the products ’ chan nel , and so is
close to the M. Each local ized sta te has a series of pro tonic vi-
bra tiona l energy levels . (The presence of a perturbation forms

-— from the two lo cal i?ed electronic states two othe r elec tronic states ,
of which the l ower energy one has a double well solid curi e profile
of F~~ . 2.

Ini ti all y, the svst~ r- (at r ~ ) s i n one of these l ocal ized
elec t ronic-protonic quantum states . The react ion probab ili ty is
calcula ted at any g iven r using Fermi’ s ol de n kule and the above
pe rturbation o , l0] . One takes into account the vibra ’o nal over-
lap inte g rals of the two local ized protonic state s iu st described
and also of the sol iati on states associated with ~ach of those two
pro tonic states . The appropriate r t ’~rr this c a l c u l a t i o n  would be
determined by some op t i m i z i n g  procedure .

We also consider a third approach , one prooosed here.

(3) A Un ified Approach

(a) General cons idera tions

A deta iled theory for reac tion (I) should take into
account (i) the shape of the ac t ual potential energy surface , (ii )
an appropria te method , dynamical where necessary, for defining a
“tra n s i tion stat e , ” and ( i i i )  a method for hand i ing the Franck—
Coridon effec t , if any, on the coordi nates q.

A suita bl ’~ ab i n i t i o  potential energy surface or , i n the ab—

• sence of that , a semiemp i rica l surface suc h as BEBO , serves to cap—

_ _ _ _- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~



o re  at  l e a s t  t h~ qua ! it a’ i in f eet  ure,  of ( i ) , I r he case of ( i i )
the analysis should inc l ude the e f f e  of any large ze ro—point or
h i qher 0—H vibr a t i onal • t n r t r q y  r n ( r )  in the r e a c t a n t s ’ channe l . If

~~ 
r )  exceeds  th~ r ar r ur in F i q , 2 at some r > r . the

saddle— point ’
H w i l l  tr ans fr r be 1o re ‘he sadd l e — ~ c int  r~~uion is ree r : h~t~~. ~~
ske tch in the next s e c t i o n  a ne’~~nd for d eter m in in o a typ i cal r at
which the proton tran sfer occurs and for deter m in nn d/ n a h ’ i c a l l y a
‘t ransit ion state ’ .

it e” ( i i i )  is consid ered nu~~t , nar’ely . a n y  Fra’-.ck_ r endon effect
for th” sol vat ion coordin at ’~s :. When the pr~~ton n ’ves from the
reactants ’ to the products ’ cha nne l , eithe r near tne saddl e - co int or
at a larger r ~for the vibr ational energy reason ‘ ust cit e d , ,  it
m ovO5 so rap idl y because of its snail m ass th at ne the r r nor q nor
their conju gate ~or-~en t a c 1

~croq n oop r ecia ~~l ’ ,’ d u ri nmr t n at. protonic mot i on.
For this reason a Franck—Condon princ i pl e app l ics to a proton j ump,
jus t as it  did in electron transfer reac tions , th c~ eh less ri gor-
ously now,

The charge d s trib ut ions of the t.io cha n n e ls are qu i t e  dif-
ferent hut tend to aporoach each other when the L’,’o cha n n E l s  merge .
e.g.. i n Fi g. 1 a t the r corres p ondin g to the sadd le— p oint reg ion .
One can n~~ L~~ an estimate o~ t he difference of t~ e :5ar~ e distribu-
tio n s in two cha ” rls and , the reby, a t the most p r ob ab le va l ue of r
fo r pro tO n trans fer . A F’ranck-Condon reor ca -izat ion is needed when
the p ro to n  urnps net . ieen ‘.ie l 1— s e p a r a t e d  cha~ re l s , Dir e can then
app ly so lvent reoraa~~izat ion c o ns id e r a t io n s  a na l o c o u s  t o  those used
earli e r  ‘or ole c ’ron t ra n sfer c a l c u l a t i o n s  l— lo ] . ~~c , so~~.’ent
reorgani zat ion 0 ‘his t’;~~e is  needed .fo r  t r e~~s e r  a t  ~ where the
channe ls  nerce , for the cha n ne l s ’ charge d i s t r i b u t i o n s  are then s im i l a r .

The ef fec t of a ‘ ‘ j u r~p ’ in Fi g. 1 at sma l l  r is , inciden tally,
expec ted  to be sma ll e r for  p ro ton  than for electron t r a n s f e r s , s ince
in the forme r case  the j ump is probably usuall y a very shor t one
(e .g. . ...O . 5R) while in the electron transfer case the electron
“jum p between char ne cen ’ers which are of the order of 5 to 10 A
apart (typ ical ionic diam eters of complex ions) .

In the case of a h ichl y exotherr nic reaction i Pi g. 3) depend i ng
on whe ther the system passes throug h the saddle—point reg ion or
whe ther the proton jurrEs at a large r r (because of a lar ge En (r), say)
theory (I) or theory (2 )  is the rror e app! i c a b l e . .tna l ogous remarks
appl y, by microscop ic reve r s i b i l  ity, for the h i ghl y endotherrn c
reac t ion . If the system does pass throug h the saddle—point reg ion
i n the case of Fl u . 3, a n , d etails of a subs eque~~t (exothermic ) or
prior (endotherric) proton j ump are no lonne r relevan t to the cal-
culation of the reaction rate , and convent i nn al transition state
theory should again s u f f i c e .

(b) Dynamical Cons Nierations

To treat the dynamical question of findin g the r where most of
the proton transfer occurs the present unified theory would make use
of d ynamics ’ formal ism [16— 18] of semiclassical theory ,  and can use
phys icall y—based approx imations to simplify the dynami cs. The sys-
tem is ori g ina l l y in a quantum state of reactants whose total ity of
quantum numbers is denoted by n and proceeds to a products ’ q uantum
state m, The transition probabil ity is the s:car~ of an S—matrix
element S

mn • 
It is computed [16—18] us ing classical tra ject o ries leadin g

- -
~~~

- - -~~~~~~— _______
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to pro ducts , beg innin g in st a te n and with all possible i n i t i a l
vibrational phases of the “ot ion . W henever t unnel ing occurs , the
trajectories become comp l ex—valued rather than remainin g real—valued
[1 6—18] . and make Snrn~~

2 expo nent ial l y small .
d .’n em’ t ica l ioo r~~ i ’ a t ion w hich could be adopted (to replace

detailed t ra j e ctor i calculations ) is that (,a) the protonic oscil-
lation ren’,’t i n s  v i b r a t i o n a l l ’ i — a d i a b a t i c  [191 as ~ong as the trajec-
tory rem ains ir, the entranc e chann el (i .e., the 0—H vibration remains
in s t a t e n) , (~~ 

when each t r a j e c t ory ( tunnel  ing w he n n e c e s s a ry )
c rosses  ~ror~ the entrance channel to the exit one it does so essen-
t i a l l y  at a fixed r because of the rapidity of the protonic motion ,
and (c) thereafter the protonic oscillation again remains vibration-
al l y—ad iabatic ut ne. ’ in the exit channe l (i .e., the H—N vibration
is p resent in ,o”e final stat e ~~~~~. The class ical mechanical analog
of a ~uantun nu ’oer n , i t  .‘i i l l  be rec alled , is the ac t io n va r iab le
J [t 9J , related to it by the Bohr-Sommerfeld quan ti za ti on rule , e.g. ,
J In l/2 )h fo r a vibrati on . Cons tanc y of n means , cI ssical l y,
constanc y of J. Classical a diabaticit y is discussed in [lc’] .

Each i n i t i a l  phase ~‘i~ of the proton motion w i l l  determine the
value of r where the H w i l l  st ri ~,e the barrier in Fi g. 2. Typ icall y,
the system w i l l  urnet rate the entrance channe l as far as it can or
u nti l  the localized protonic vibrational enern’! f_ (r) exc’edr the
barrier at some r in Fi g. 2. In the forme r in sta n e it n’o/ reach
the products ’ channel without tunnel ing or by t unnel ing at its last
contact wit !~ the c—barr ier , for the c—barr ier is t b i n n ~~’ a nd sm i l e r
there .

DISCUSSION

The preceding discussion can be used to compare approaches (1)
and (2) with each other and with (3). Some differences in (1) and
(2) are:

(i) The transfer in theory (1) , in the case of Fi g. I , occurs
i n a saddle—point reg ion , us uall y , at small r . The transfer in theory
(2), based a zero th order n air of harmonic oscillators treatment p lus
a f irst-order perturbation formalis m , is appro priate instead at
sufficientl y large r. (Cf dashed lines in Fi g. 2.)

(i i ) Since the transfer in theory (1), in the case of Fi g. 1
occurs at an r where the wells and hence the charge d istributions of
the local ized states ha’.’e n’erqed . no sol vent reorganization of the
Fra nck—Condon type is needed . In Fi g. 3, since the reaction coor-
di nate in theory (1) is the T-M distance any Franck—Condon reorgan—
izat ion is irrelevant. In constrast , in theory (2) the proton jump
is always rate-determining and occurs at large r where there is a
substantial separation of the wells and , thereb y, a substantial
difference of the charge di stributions. The result ing Franck-
Condon sol vent reorganization in theory (2) can be treated either in
a classical mechanical description [1] or , via Franck—Condon overlap
inte grals of the col l ective sol vent vibrat ional wave functions , quan-
tum mechanically [3].

(i i i )  The dynamics of the actua l proton transfer is treated
differentl y in theories (I) and (2), usually being tha t of a class-
ical or a tunne l ing mot i on in the v i c i n i t y  of the saddle—point in
theory (1) and involving overlap inte grals and first—order pertur—

_______________________________________ ‘4--
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bat io n tbr ’~c’r ,’ in theory (o ) .
Both approaches represent , in a sense , two l i m i t i n g  forms of

the un ified th eo r y ,
It ’vo l ved in the e x i s t i n g  controversy was another approach [11]

in w h i c h  f ree ‘en’~n n, ’ f m  ‘he re a c t a n t s  at a f i x e d  Oh dist ance “las
p l o t t e d  .‘e rsus  a p rton  coord ina t e  [ I l l .  The f r ee  enercy of the
products .~‘as al so p i e t t e m ) . The t r a n s i t i o n  s t a t e  was assumed to  l i e
at !h~ i n t e - s ~ c ’ ~n “ t he t n  free energy curves. However , the q-
d i s t r i n  , t i O r  t a ci l y assured for ‘he reactants ’ p lo t was the enc i—
I ib ri un ’ one appropriat e to th e reactants ’ cha r ges , while t ha t for
the p rnd’~ct~~’ Hot . ia e d i f f e r e — t  e q u i l i b r i u m  one appropriate to
the products c karqes , n o te nti al energy plots should be made instead .
and at the s a y  n - d i s t r i b u t i o n  for both curves , a s d i s c u s s e d  e lse-
wher e  for  h 0 ni 0 g e n ou s e 1 e c t r o n t r a n s f e r s [ 2 0
any i n t e r s e : t  ion o~ fm - ’~ onon g~ s l o t s  and the resul t ing discuss ion
is the reb y m i s l e i m l i n c . The Franck—C ondon q—reor ga nization at lar ge
r described in the pr ece din e section was thereby omitted . Also not
in cl u ded ‘as the ‘tmrq needed for penetr ating an interven ing ‘.‘iate r
molecule by transferrin g H ’ at  l a rge  r ’ s (~ .3 .5  P.) or; if a
cav t y was pre sent , t he  e~ e r - ny of f i r s t  creat ing a cav ity .

CT’NCL bOI ’~D PE M:~~KS

Djrin q the course of the above discussion we have attem p ted
to answe r a q~i’est ion which has frequentl y been rais e d . Does the
Franck—Condon p rin c i pl e p1 ev the Sane role in proton transfe r s that
it does in e l e c t r o n  t r a n s f e r s ?  When there is a jump Detween two
d i s t i n c t w e l l s , thu jump is so quick that the sol vat ion appropriate
to  t he f i r s t  ne l l  in Fi q. 2 does not have t i m e  to a d j u s t  to th e
pr oton ju mp in to  the second w e l l . In that case , there is a Frarck-
Condon reo rganiza t ion of the so! vat ion (the q-’coordinates ).
method was described for determinin g the r where the proton ‘‘j ump ’’
occurs . If it occurs at an r where the wells have merged the
Franck—Condon effec t vanishes , The Fra nck—Condon is also irrel-
evant in another case , whi ch was descr ibed .

Seve ral th eories v/ore compared , t he source of t he i r d i ffere nces
ana l yzed , and a “unified” theo ry out l m e d .
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