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The Onsager-Samaras theory is extended to the metal-solution interface. Surface excesses and interfacial 
tensión valúes are calculated taking image forces into account.

Introduction
T he existence óf Coulombic repulsive forces on the 

ions a t  an  air-aqueous electrolyte in terface has long 
been recognized. T he surface tensión of dilute Solu­
tions can be successfully predicted  on the  basis of these 
forces alone.^ F or m ore conceiitrated  solutions, it  has 
to be assum ed th a t  an  ion-free layer is presen t a t the  
surface an d  the  surface tensión valúes, predicted  using 
a model in  which b o th  effects are taken  into account, 
agree rem arkab ly  well w ith  the experim ental valúes.^

In  th e  p resen t paper, th e  theory  is extended to  the 
uncharged H g-aqueous electrolyte interface where a t-  
trac tiv e  forces are p resen t on the ions.

The Surface Tensión of a Metal-Solution Interface
W hen th e  m etallic surface is uncharged, the  cncrgy of 

an ion located a t a distance x  from it, due to its image 
and the im age of-its ionic atm osphere in the m etal, is 
given by th e  expression obtained by Onsager and Sam ­
aras^

W{x)  =  e x p (-2 x x ) ( 1 )

where e is the charge of the ion, D  is the  dielectric con- 
stan t, and  x the reciprocal of the radius of the ionic 
atm osphere in the Debye -Ilückcl theory.

This expression assumes th a t the valué of x is con- 
s tan t up  to  the boundary of the interface. The justifi- 
cation for th is approxim ation and henee of the  On- 
sager-Sam aras theory has been borne out by experi- 
m ents.^“ ’

T he electrolyte concentration a t a distance x  from the 
electrodo is then  given by

(2)

where Csait is the  bulk concentration of the electrolyte.
Ionic surface excesses due to image forces can be cal­

culated by  in tegration  of

-  í•/ XO
[C, -  dx (3)

where r¡f  is the ionic excess due to image forces and Xo 
is the distance of closest approach of the  hydrated  ions

to the m etallic surface (outer H elm holtz plañe, OHP) 
and is of the  order of the radius of such an ion f  x  was 
assum ed constant, and although this is no t the  case 
cióse to  the m etallic surface, th is does not seem to  pro­
duce large errors as can be seen from the air-solution 
interface results. Furtherm ore, some calculations were 
perform ed by an iterativo m ethod taking into account 
the variation of x  w ith distance,® and the results were 
substan tia lly  the  same as those obtained using a sim- 
plified model. No correction due to  the finito volume 
of the ions was attem pted .

Tlie calculation and in tegration of (2) was carried out 
w ith a M orcury F erran ti Computer using a modified 
versión of the Autocode program  A-502.

Interfacial tensión valúes were calculated by num er- 
ical in tegration of the surface excess valúes w ith re- 
spect to the chemical potential of the electrolyte. A t 
the  electrocapillary máximum, the  G ibbs adsorption 
isotherm  is '”

r  =
■^salt

------I =  Wlsalt — "íHiO------
« / ¿ s a l t / P . T  « H , 0

(4)

where is the interfacial tensión a t the  E C M , Msait 
is the  chemical potential of the  electrolyte, and 
niiuo are the num ber of moles of salt and w ater forming 
the interface, and risait and «hiO are the num ber of moles 
of salt and w ater present in the  bulk of the  solution. 
T he valuó of F is invarian t w ith  respect to the  thickness 
ascribed to the  interfacial layer, provided it  includes all 
of the regions where inhomogoneities occur.^ The
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physical meaniiig of the  term  wih,o (wsait/?iH¡o) is the 
am ount of electrolyte which would be associated in the 
bulk phase w ith the  am ount of w ater contained in  the 
whole interfacial región. According to  the  current views 
on the  structu re  of the  Ilg -so lu tion  in terface/^ th is can 
be divided into two regions: the inner and the  diffuse 
layers. In  th e  absence of specific adsorption of ions, 
the inner layer consists only of solvent molecules, and  as 
a consequence, for suíficiently concentrated  solutions, 
the  electrolyte is actually  desorbed from the interface.'^ 
T he degree of desorption depends on the  positioning of 
the O H P  and, henee, on the  degree of hydration  of the 
electrolyte. To sim phfy the analysis, differences in the  
degree of hydra tion  of the  catión and anión are not  
taken  in to  account.

T he con tribu tion  to  the  surface excess due to  the  
inner layer can be conveniently expressed in term s of 
a  thickness param eter,

i Wsalt „
W h i O —  a r o O s a i t  

«HjO
(5)

where m'n,o is the  am ount of w ater presen t in the  ion- 
free layer.

T here is some experim ental evidence th a t th is as- 
sum ption is no t unrealistic '^ and valúes of distances 
of closest approach to  the  surface, calculated from 
therm odynam ic ionic surface excess d a ta  of concen­
tra ted  solutions, do no t contrad ict valúes estim ated 
from capacitance data . Also, distances of closest ap­
proach calculated from surface excess results appear to 
be constan t over a wido concentration range-'^^*"* 
Henee, therm odynam ic surface excesses and interfacial 
tensión valúes can be predicted for very dilute solutions 
th rough eq 3” 5.

(ti)

T he calculated surface excess valúes for three 
different valúes of the  {^arameter Xo were numerically 
in teg ra ted  w ith respect to the chemical poten tia l of the 
electrolyte, using N aO H  solutions as an example. The 
ac tiv ity  coeflicients of the N aO H  solutions were taken 
from tables.*® T he ac tiv ity  coefficient in Ihe conceii- 
tra tio n  range 0.01-0.001 M  was considered to be the 
same as th a t  of an N aC l solution. The activ ity  coeffi­
cient of more dilute solution was calculated using the 
extended D ebye-H ückel etjuation taking the ionic size 
param eter as o =  4.0 A. Nutnerical valúes for the  con- 
s tan ts  were taken  from ref Iti. The program s were set 
to give a final accuracy of 0.1 %.

Results and Discussion
Figure 1 shows tlu; concí'iit.ration of c'lectrolyte a t a 

giv('n distaiici' from the mcít allic surface for various con- 
ccntratioiis and l'’igure 2 shows the calculatí'd in ter­
facial ten.sion changos 7  ̂ — yo.ooos m for different 
valúes of the [¡aram eter Xa- The r(jncenf ration X 
10^® M  was iised as a reference for the infogration. The

F ig u re  1. R a tio  of c o n c e n tra tio n  o f e le c tro ly te  to  b u lk  
c o n c e n tra tio n  a s  a  fu n c tio n  of d is ta n c e  to  th e  e le c tro d e  fo r 
d iffe ren t b u lk  co n c e n tra tio n s : a , lO ” ’ M ;  b , 1 0 " ’ M ;  c, 
10-2  M ;  d , 10-1  M .

F ig u re  2. ye — to -o o o o s  m  v a r io u s  d is tan c es  o f c lo sest 
a p p ro a c h . a , b, a n d  c co rre sp o n d  to  th ic k a e sse s  of 2, 3, an d  
4 A, ta k in g  im ag e  fo rces in to  a c c o u n t; a ',  b ',  an d  c ' a re  th e  
sa m e  b u t  w ith ü u t im ag e  forces.

valué of r  for lower concentrations is so small th a t no 
appreciable change in the calculated interfacial tensión 
valúes appears if a lower lim it of integration is taken. 
At any rate, the experim ental difíiculties of m easuring 
m inute interfacial tensión changes in very dilu te solu- 
tif)Hs are such as to  make this m easurem ent impossible 
for concentrations lower than  10“  ̂Af.
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From  F igure 1 it  can be seen th a t  the  range of the 
image forces can be large in dilute aolutions and de- 
creases rapidly  for more concentra!ed Holutions. This 
is due to  the  more eflective screening of the ionic charge 
by its ionic atm osphere in coiicentrated solutions.

T he concentration of electrolyte rises sharply in the 
im m ediate neighborhood of the m etalüc surface, and for 
an ion w ith  a distance of closest approach of 2.0-2.5 A, 
its concentration  a t the O H P  i.s alm ost tvvice its valué in 
the  bulk of the  solution up to  solution concentrations of 
10~^ M.  In  certain  cases, this effect m ight prove ío be 
of im portance in the study  of electrode líinetics in the ab- 
sence of a supporting  eloctrolyfe. l ’he effoct of this 
rapid increase in concentration near the electrode on the 
surface excess and  henee on the interfacial tensión can 
be seen in  F igure 2. T he concentration a t  which the 
valué of the surface excess changos sign, and henee the 
interfacial tensión curves show a m inim um , is .shiftcd to 
the more d ilu te  concentrations. For example, the posi- 
tion of the  m inim um  in the interfacial tensión changos 
from 0.05 to  0.001 M  when the position of the O H P is

shifted from 2 to 4 Á. Also, the decrease in the in te r­
facial tensión valúes due to im age forces is m uch less. 
(The m áxim um  decrease is 0.02 d y n /cm  for 2 A and 
0.0002 dy n /cn i for 4 A.) Two concurring efíeets pro­
duce thi.s ¡arge change: (1) an increase of over-ail ad- 
sorption due to  im aging in the m etal and (2) an increase 
of the electro ly te desorption due to  the presence of an 
ion-free layer a t the  m etal sin-face given by the  term  

in eq 6.
The largest expected decrease of the  in terfacial te n ­

sión a t  the  P]CM for a 1; 1 electrolyte in the absence of 
specific adsorption, when the concentration is varied 
from IO"* to  5 X 10^- M , would be of the  order of 0.02 
dyn /cm . If this were the case, i t  should be possible to 
m easure this change w ith  a sufficiently accurate diíTer- 
ential electrometer.
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