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I. INTRODUCTION review (260) also by Parsons in 1961 was concerned 
Since the classical review (127) of the electrical larSely w i t h t h e e f f e c t s of t h e structure of the double 

double layer by Grahame in 1947, several partial l ay e r o n t h e k m e t l c s of electrode process and the ki-
reviews (44, 55, 96, 105, 117, 132, 255, 260) have been n e t i c s of adsorption of organic molecules. Frumkin's 
published. The first by Parsons (255) in 1954 dealt "Palladium Medal Address" (96) in 1960 is also con-
with the problem of electrical potential differences c e r n e d m a m l y W l t h t h e e f f e c t s of t h e electrical double 
in dissimilar media in great detail, owing to its im- l a y e r o n electrode kinetics. But a substantial portion 
portance in double layer theory. Recent advances d e a ls with methods of determining the point of zero 
in the thermodynamic treatment of interfaces were charge on solid metals. Frumkin's reviews (91, 93, 
discussed, and the structural aspects were treated with 95, 97-99, 101, 104) and also a recent brief survey 
emphasis on the specific adsorption of ions. A later by Damaskin (44) provide references to the extensive 
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Figure 1.—Scheme for the ideally polarizable electrode system. 

Soviet literature on interfacial phenomena. The ad
sorption of organic compounds at the metal solution 
interface is the subject of a very recent review by 
Frumkin and Damaskin (105). The structure of the 
electrical double layer at a semiconductor-electrolyte 
interface has been surveyed by Green (148), Gerischer 
(116), and Devanathan (60). 

The present work is concerned with the adsorption 
of ions and organic molecules at the metal-solution 
interface and its theoretical treatment. The structure 
of the double layer at metal-nonaqueous solution inter
faces and metal-molten salt interfaces is also discussed. 

II. THERMODYNAMICS 

Metal-solution interfaces can be classified into (i) 
ideally polarizable interfaces and (ii) nonpolarizable 
interfaces. The basis of the distinction arises from the 
absence or presence of a potential-determining ion, 
common to both sides of the interface. If a common 
ion is absent as is in the case of Hg-KCl (aq), then it 
is called an ideally polarizable interface. The char
acteristic of such an interface is that the potential 
difference across it can be altered at will with the aid 
of a suitable external circuit. In the case of non
polarizable interfaces, e.g., Hg-Hg2(N03)2, there is one 
ion common to both the phases, and the potential dif
ference across the interface is determined by the 
Nernst equation and can be varied only by altering the 
chemical composition of the phases. 

A. IDEALLY POLARIZABLE INTERFACES 

The thermodynamic properties of ideally polariz
able electrodes are adequately described by the elec-
trocapillary equation which may be derived (a) by 
using thermodynamic cycles (40-42) and (b) by the 
direct application of the Gibbs adsorption equation 
(56, 146, 183, 2615). Previous treatments (146, 183), 
which did not consider the reference electrode and the 
potentiometer as an essential part of the ideally polariz
able electrode system, suffer from the disadvantage of 
containing a term involving the difference of inner 
potentials of the metal and the solution phase, in the 
basic electrocapillary equation 

d7 + <S. dT = -qt> d{^ - <t>") + 2I\ dm (Eq. 1) 
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Figure 2.—Scheme for the nonpolarizable electrode system. 

This restricts the application of Eq. 1 to systems in 
which there is no appreciable change in the solvent 
composition, and it cannot be used for mixtures of 
solvents. However, when one considers the entire 
system (Figure 1), an application of the concept of 
electrochemical equilibrium at every interface (except 
at the polarizable interface) yields the corresponding 
equation 

d7 + S6 dT = -q" AE~ - r"K+ £>Aci -
I1HjO SJUE2O — TcH1OH ^MCHiOH ( E q . 2) 

It may be noted that the equilibrium between phases 
a and /3 is not across the ideally polarizable interface 
but through a chain of nonpolarizable interfaces con
stituting the rest of the circuit. Or, in other words, 
there is no thermodynamic equilibrium directly across 
the interface, but only electrostatic, hydrostatic, and 
thermal equilibrium as in the case of a perfect condenser. 
The detailed derivation of Eq. 2 is given elsewhere 
(56, 255, 265). 

B. NONPOLARIZABLE INTERFACES 

The electrocapillary properties of nonpolarizable 
interfaces can also be treated in a similar manner. 
The system chosen is represented in Figure 2. 

The Gibbs adsorption equation for the interface at 
constant temperature and pressure is 

d 7 = — T 0 Ti+d / f T i+ — T0Hg^+ d/zaHg!2+ — re„ d/xa
eo — 

r V dp"™- r"H+ dĵ H+ - r V djzV -
r ^ o d A s O (Eq. 3) 

By following the electrochemical equilibria at each 
interface and imposing the condition of electroneu-
trality of the interface, it can be shown that 

d 7 = - ( r * T 1 + + T*T1+) d ^ x i - T0Hg82+ dM
aH g -

r V dAci - T̂ H1O dA,o + (a" - r<Vff) &E 
(Eq. 4) 

This is the basic electrocapillary equation for a non
polarizable or reversible electrode system. A general 
derivation has been given by Mohilner (231). 
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For the above system, there is a unique potentiometer 
setting for every concentration of the potential-de
termining species. Any alteration in the potential 
will cause electrolysis. Since there is equilibrium 
directly across the interface, using the condition 

(Eq. 5) H Tl+ /* Tl+ 

and noting that the Nemst equation gives 

SF dE = d/Aici (Eq. 6) 

substitution of Eq. 5 and 6, in Eq. 3, gives an equation 
identical with Eq. 4. Thus for nonpolarizable elec
trodes, it is not necessary to consider the external 
circuit and the reference electrode. 

If the amalgam concentration and HCl concentra
tion are constant, one obtains the analog of Lippman's 
equation for reversible electrodes, i.e. 

djl<*Tl, MHCl, T1 P . 
= (g" - rgTi+s?) 

(I*H + - T-3Ci-)* (Eq. 7) 

But when OTI+ < < OHCI, T3TI+ is likely to be very small 
compared to 1"V and hence 

\OXL/^a1.,, MHOI. 
(Eq. 8) 

Significant information on the structure of electrical 
double layer at nonpolarizable interfaces can be ob
tained with the aid of Eq. 4. Studies (184) have been 
made only for Hg in contact with Hg2(N03)2, HNO3 

and Hg2(ClO4K HClO4. These lead to the conclusion 
that nitrate ion is more adsorbed than ClO4

- on mer
cury. This result, however, only confirms well-known 
facts and has not thrown any new light on the struc
ture of nonpolarizable interfaces. 

III. ADSORPTION OF IONS AT THE MERCURY-SOLUTION 

INTERFACE UNDER IDEALLY POLARIZABLE CONDITIONS 

A. METHODS OF EVALUATING THE COMPONENTS 

OF CHARGE 

The following are at present the three methods 
available for obtaining the ionic surface concentrations. 

1. Thermodynamic Method 

According to the basic electrocapillary equation 

•r* + T 
/SsalA 

\ Z H 2 0 / 
(Eq. 9) 

For solutions of moderate concentrations, rH2o(Zsait/2H2o) 
can be neglected, and Eq. 9 yields the absolute value of 
surface concentration of the ion directly as a function of 
potential. 

In order to plot T - vs. qu, Qu has to be obtained by 
graphical differentiation of the electrocapillary curve, 
which will invariably introduce errors of about ±0.5 
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Figure 3.—Surface excess (Tk+and TB 1
- in ^c./cm.2) curves on 

mercury for K + and B r - ions from KBr solutions as a function 
of charge on the metal (gM) at 25° (from the thermodynamic data 
of Peries (269)). 

Aic. near the point of zero charge and ± 1 fie. in the 
extremes. Figure 3 gives an example of a family of 
such curves. Alternatively one can obtain the charge 
and the interfacial tension data from the differential 
capacity curves by the application of the well-known 
thermodynamic relations 

C d*E = 
J J Ee.c.m J E: 

qu dE = 7e.o.m - 7 (Eq. 10) 

The coordinates of e.c.m., i.e., Ee.e.m and 7e.c.m should 
be known in advance for the integration to be per
formed. Thus, from the charge curves obtained from 
differential capacity data, and T±'s at constant E, 
one can minimize errors in the plots of T* vs. qu- To 
avoid the above tedious procedure, Parsons (256) 
has formulated a new function 

P = T + quE± (Eq. 11) 

which when graphically differentiated gives directly 
the surface excess values at constant git-

d(7 + QuE±) 

^ A W 8 M <Va = -r (Eq. 12) 

This method can yield accurate T+ values only when 
the gii values are derived from the differential capacity 
data. 
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Figure 4.—Comparison of the components of charge (Tk+ and 
Ti - in juc/cm.2) evaluated by different methods for K+ and I" 
ions from 1.0 JV KI solution on mercury at 25° (reproduced 
from ref. 62). —, thermodynamic data; —, Grahame's method; 

Devanathan's method. 

Thus the above methods require the knowledge of 
E± for graphical differentiation and computation of 
f=. But it is not possible to obtain always a suitable 
reference electrode which is reversible to one of the ions 
in solution. Even if available, complications will 
come in at high concentrations. These difficulties 
have been surmounted by the elegant thermodynamic 
treatment due to Frumkin (92). If, in electrocapil-
lary measurements, a reference electrode is used, its 
potential can be expressed in terms of an electrode re
versible to one of the ions in solution (for 1:1 electro
lytes) as 

TfT 
EKt = E± ± -— In a± + constant (Eq. 13) 

= E* ± — yB + constant (Eq. 14) 

This constant includes the liquid junction potential. 
The uncertainty due to liquid junction potentials has 
been overexaggerated. If one grants its constancy 
or neglects it (usually it is less than 1 mv. with a salt 
bridge), then the derivative (d7/dju.)&„ is 

(Eq. 15) 
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Figure 5.—Comparison of the components of charge (Tk+ 

and TBr" in /ac./cm.2) evaluated by different methods for K + 

and Br - ions from 0.1 JV KBr solution on mercury at 25° (repro
duced from ref. 62). Symbols are the same as in Figure 4. 

Since 

/ d 7 \ 
= —ntit = <?M ff(r+ - r - ) (Eq. 16) 

by substitution from Eq. 16, 14, and 9, Eq. 15 can be 
written as 

'*?-) = -
d̂<Ua/ (r+ + r-) + r 

»ref XZH2O/ 
(Eq. 17) 

Thus from Eq. 16 and 17, components of charge can be 
evaluated. This method is particularly useful (110) 
in concentrated solutions. 

2. Grahame's Capacity Method 
From the thermodynamic theory of the ideally 

polarizable electrode, it can be shown (145) that 

) , 

Z+ST+ 

'•-/(§)« + * 
= -f C+dE + K' 

(Eq. 18) 

(Eq. 19) 

(Eq. 20) 

Actual values of the integration constants K or K' 
(or C+ or T + at any value of E) should be known for 
carrying out the integration. They can be obtained 
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Figure 6.—Comparison of the components of charge (Tk+ and 
Tci - in juc./cm.2) evaluated by different methods for K + and Cl -

ions from 3.0 N KCl solution on mercury at 25° (reproduced 
from ref. 62). Symbols are the same as in Figure 4. 

either from extracapillary data or by using the diffuse 
layer theory. Grahame used the latter in assuming 
that since the anions are completely repelled from the 
interface at E = « — 1.2 v., the capacity C+ can be 
calculated from diffuse layer theory. Thus by experi
mentally measuring (cDC/cVa)^-, T+ values are evalu
ated by integration. 

The values calculated (136, 138, 143, 281) by the 
above method are found to be in reasonable agreement 
with thermodynamic values for iodide solutions but 
in the case of chloride solutions (281), the disagree
ment is as high as 90% for 3 N KCl (62). This con
clusion is also substantiated by electrocapillary studies 
in concentrated chloride solutions (110). 

This discrepancy stems from two major disad
vantages. First, the computation of C+ from diffuse 
layer theory breaks down when there is strong specific 
adsorption of cations as in the case of, e.g., tetraalkyl 
salts or Cs + ions. Second, as Grahame himself had 
pointed out, the double integration of (dC/djUa)^- calls 
for an exceptionally high degree of accuracy in the ex
perimental determination because small experimental 
errors are magnified enormously. The experimental 
error in (dC/cWs is large when the specific adsorption 
of anions is not strong as is in the case of chloride solu
tions. 
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Figure 7.—Comparison of the variation of specifically adsorbed 
charge (gi in /uc./cm.2) with ^M (in /ac/cm.2) on mercury (from 
0.1 N solutions in the case of halides at 25° and 0.0847 M of 
sodium benzene-m-disulfonate solutions at 20°) for various 
anions. A, KF (from the data of Devanathan (57)); B, KCl; 
C, KBr; D, KI (from the thermodynamic data of Peries (269)); 
and E, for benzene-m-disulfonate ion (the thermodynamic data 
evaluated (68) from the data of Parry and Parsons (254)). 

8. Devanathan1 s Model Method 

This method (57) is based on a postulated structure 
of the electrical double layer and can be used to eval
uate the surface excesses from differential capacity 
data at single concentrations. I t has been shown (57, 
62) that the T+ values obtained by the model method 
are in excellent agreement with the thermodynamic 
values for halide ions and for benzene-m-disulfonate 
(69) ions. The details of this method will be discussed 
in a later section. 

A comparison of the surface excesses obtained by the 
above three methods are shown in Figures 4, 5, and 6. 

4- Direct Methods 

By labeling one of the ions of the electrolyte with 
radioactive isotopes, it is possible to measure the 
surface excess of ions directly. Such studies (6-8, 
172-174) have been carried out on platinum, but not on 
mercury. 

From the ionic surface concentrations obtained by 
the above methods, it is possible (127, 130) to evaluate 
the quantity of specifically adsorbed charge q\, from 
the diffuse layer theory, if only one ionic species is 
specifically adsorbed. 

Instead, one can calculate surface pressure $ (256) 
from the £ function using 
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I + - So+ + I = * (gM = constant) (Eq. 21) 

where 

-r r-diffuse dfit 

and £0
+ is the value of I + when C = O, and differentiate 

when qi is obtained directly 

\dnJ1M 
-Qi (Eq. 22) 

A knowledge of the specifically adsorbed charge is 
necessary for understanding the structure of the 
electrical double layer and the nature of specific ad
sorption. Very few systems have been systematically 
studied to obtain the gi values as a function of qu. 
The specific adsorption behavior observed from the gi 
curves, evaluated by the thermodynamic method, are 
given below for four types of systems. 

Inorganic Anions.—The qi vs. qu curves (65, 269) 
for the Cl - , Br - , and I - in their potassium salt solu
tions are given in Figures 7 and 8. I t can be seen 
from the above figures that normally the operative 
range of the charge of the metal (qw) is between +25 
to —20 /tc./cm.2. Further the following general 
trends have been noticed from such figures. 

i. The specific adsorption of the anions increases 

* • ! ! • 10 -15 + 5 - 5 
IM Oc) 

Figure 9.—Surface excess (in pc./cm.2) curves for tetra-
propylammonium iodide at 25° (reproduced from ref. 63). 

with (a) increasing concentration, (b) increasing posi
tive charge on the metal, and (c) increasing size of the 
anion (Figure 7), the order being F - , H2PO4

- < O H - < 
Cl - , NO8

- , ClO4-, 1O3-, BrO 3
- < B r - < S C N - < I - . 

ii. An inflexion is observed in the q\ vs. qu curve on the 
anodic side of the e.c.m., and the value of qw,inflexion is 
dependent on the concentration and the nature of the 
anion. 

iii. Irrespective of the size, all the anions are de-
sorbed at qu = —12 to —13 /uc/cm.2 or « —1.2 v. (vs. 
n.c.e.) in not too concentrated solutions and in the 
absence of specific adsorption of cations. 

I t may be mentioned here that electrocapillary 
studies (108, 160, 161) carried out with very concen
trated solutions of HCl, HBr, and H2SO4 (3 to >10 
N) show anomalies on the cathodic side of the 
e.c.m. Normally the diffuse layer theory holds for 
most of the ions in aqueous solutions as shown by T+ 

being positive, and T - becoming equal to the limiting 
repulsion value at extreme cathodic polarization. For 
these acids in moderate concentrations T + decreases 
with increasing negative charge and becomes negative 
as the concentration is increased to «10 N. Similar 
anomalies are observed in the presence of organic 
cations (10) in strong acid solutions. No satisfactory 
explanation has yet been advanced for this phenom
enon. 
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Wc) 
Figure 10.—Surface excess (in /uc/cm.2) curves for various 

tetraalkyl salts on mercury from 0.1N solutions at 25° (reproduced 
from ref. 63). 

Organic Anions.—The only system studied in detail 
(254) is that of Hg in contact with sodium benzene-
m-disulfonate solutions. These organic anions appear 
to behave in the same way as halide ions except in that 
nearly a unit coverage is attained at large qa-

Inorganic Cations. —Surface excess data are very 
scarce on this subject. But from differential capacity 
and electrocapillary data (52, 94, 103, 113, 115, 129, 
304, 309), it has been inferred (97, 110) that the ad-
sorbability increases in the order Li+ < N a + < K + < 
R b + < Cs + < Tl+ . I t is also observed that poly
valent cations La3+, Al3+ (290) are also specifically 
adsorbed as anion-cation complexes of lower oxidation 
states, e.g., LaI2 + , LaCl2+. 

Organic Cations.—The surface excess plots for tetra-
alkylammonium ions adsorbed from tetraalkylam-
monium iodide solutions (63, 84) are given in Figures 
9, 10, and 11. Here also the specific adsorption in
creases with increasing concentration, increasing nega
tive charge on the metal, and increasing size of the 
cation (Figure 10); (CH8J4N+ < (C2Hs)4N+ < (C3H7) 
4N+ . 

The interesting features noticed in the above study are: 
i. In the case of tetramethyl salts, the (CH3) 4 N + 

and I - ions are specifically adsorbed on either side of 
the e.c.m. and appear to be independent of the con-

+ 15 
^ M ( M C ) 

Figure 11.—Surface excess data (in j»c./cm.!) of tetramethyl-
ammonium ion on mercury at various concentrations at 25°. 
a, 0.2 JV; b, 0.1 iV; c, 0.03 JV; d, 0.01 N; dashed lines represent 
the limits of error (reproduced from ref. 63). 

centration of (CH3)4NI in the range studied, within the 
limits of experimental error. 

ii. On the negative side of the e.c.m., the adsorption 
of (CH3)4N+ is smaller than that of K+ . Possible 
causes for the anomaly have been discussed elsewhere 
(63,84). 

These tetraalkyl salts when studied as added sub
stances to a supporting electrolyte get desorbed at 
extreme negative polarization. This behavior is 
marked when the number of carbon atoms exceeds 
three (51,105,244). 

Aromatic and heterocyclic cations (11, 15, 36, 120) 
also exhibit specific adsorption on either side of the 
e.c.m. (see Figure 12). 

B. DIFFERENTIAL CAPACITY AT 

IDEALLY POLARIZABLE INTERFACES 

The fine structure of the electrical double layer can 
be best studied by differential capacity measurements. 
To understand the capacity data, it is necessary to 
know the pattern of the differential capacity curve 
when there is no specific adsorption. From T~ curves 
for the alkali halides i t is known that at —12 to —13 
/iC./cm.2 there is no specific adsorption of anions and 
the capacity of the electrical double layer is ~ 16.2 
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Figure 12.—Surface excess (in /uc/cm.2) data of aromatic 
cations on mercury (from the data of Conway and Barradas, 
(ref. 11, 36). a, 2-aminopyridinium ion; b, anilinium ion; 
c, pyridinium ion; d, piperidinium ion. 

' 1 • • " 1 1 1 i -i. 
40 16 12 6 A o - 4 - 8 -12 -16 -20 

1 M </«•</«•» 
Figure 13.—Theoretical differential capacity curves for 1:1 

salts at various concentrations in the absence of specific adsorp
tion. 

lif./cm.2. When allowance is made for the diffuse layer 
capacity using 

Ti = TT + TT (Eq- 23) 

CH is found to be 17.1 ^f-/cm.2. This value can be 
assumed to be the solvent capacity. Independent 

qM(,UC/cm*) 

Figure 14.—Differential capacity curves of potassium halides 
from 0.1 N solutions as a function of charge on the metal, at 25° 
(reproduced from ref. 57). 

evidence confirming the 17.1 /if. also comes from the 
capacity measurements on platinum (66). A constant 
capacity of 17 f̂. can therefore be regarded as the base 
capacity in the absence of specific adsorption provided 
the distance of closest approach of both ionic species 
exceeds 3.8 A. and is constant with potential. If 17 
/uf./cm.2 is a constant value in the absence of specific 
adsorption, then the effect of dilution on the capacity 
curves can be schematically represented as in Figure 
13. The experimental curves, for example, for potas
sium halides (128, 131) are different as seen in Figures 
14 and 15. Thus it is seen that the capacity is «16 
juf./cm.2 at qu = —12 to —13 fie/cm.2 and increases 
with increasing positive charge on the metal. Typical 
curves for various anions are given in Figure 14. I t 
can be noticed that all the capacity curves coincide 
at 16.1 /uf./cm.2 corresponding to a ^M of « — 12 /xc/ 
cm.2. 

Another characteristic feature is the presence of a 
hump near the e.c.m. (mostly on the anodic side). 
The hump is pronounced with planar molecules like 
N O 3

- and not with pyramidal molecules (229, 305) 
like ClO3-, BrO3-, and 1O3- or with Cl-, Br-, and I". 
Thus it is dependent on the structure and the polariz-
ability of the anion. Further the hump decreases 
with increasing temperature as shown in Figures 16 and 
17 (133, 135). Another interesting point (18) is that 
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HO O ^=TO 

qM C/*C/cma) 
Figure 15.—Differential capacity curves for various concen

trations of KCl as a function of ^M on mercury at 25° (reproduced 
from ref. 57). 

12 -16 -20 -24-

Figure 16.—Differential capacity curves for KF (corrected for 
the diffuse layer capacity) as a function of qu at different tem
peratures (reproduced from ref. 133 with the permission of the 
editors). 
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Figure 17.—Differential capacity curves of 0.1 JV KNO8 on 
mercury at different temperatures as a function of gM (repro
duced from ref. 135 with the permission of the editors). 

the humps occur at the same value of charge at which 
the inflexion in the qi vs. qu curve occurs (Figure 18). 
The charge at which the hump occurs (20) becomes 
less positive as (i) qi increases and (ii) the ionic radius 
increases. 

c. DIFFERENTIAL CAPACITY AT 

NONPOLARIZABLE INTERFACES 

Some studies have been made on silver iodide (216, 
251) and silver sulfide sols (85, 162) by computing the 
surface concentration by direct methods (see section 
IV-A-2) and hence the surface charge density. I t may 
be pointed out that the potential scale is calculated 
from the concentration of the potential-determining 
ions in the bulk of the solution (obtained by any 
analytical method) with the aid of the Nernst equation. 
By differentiating the surface charge-density curves, 
the differential capacity curves have been constructed 
and are found to be similar to the differential capacity 
curves of Hg in aqueous electrolyte solutions. Since 
the absolute area of the sol is not known, the effective 
area is obtained assuming that the true capacity is the 
same as that at the Hg-solution interface in very dilute 
solution, when the diffuse layer controls the over-all 
capacity (see Figure 19). By varying the electrolyte 
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Figure 18.—Plot of the charge on the metal at which the in
flexion on the thermodynamically evaluated components of speci
fically adsorbed charge occurs (gn,inflexion) vs. the charge on the 
metal at which the hump in the capacity curves (§M.hump) occurs 
(reproduced from ref. 18). 

concentration (see section VI-C-3), the zero charge 
point has been located from the capacity minima. The 
capacity curves have been found (162) to be dependent 
on the method of preparation of the sol. Thus the 
capacity curves on the silver sulfide sols prepared by 
silver amine method in sodium acetate solution shows 
the characteristic hump (see sections III-A and III-I), 

AgI / NaCI04 H g / N a F A g 2 S / N a N 0 5 

+ I + + I + I 
P O T E N T I A L R E L A T I V E TO Z ERO- POINT-OF- C HARGE (mV) 

Figure 19.—Comparison of the differential capacity curves for 
mercury in NaF with the capacity curves on nonpolarizable 
systems AgI-NaCl(X and Ag2S-NaNO3 (reproduced from ref. 
162). 
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Figure 20.—Comparison of the surface excess data calculated 
for conditions of no specific adsorption at 25° (full lines) with the 
experimentally determined values (from the data of Peries (269)) 
for K + and Cl" from 1.0 JV KCl solutions. 

whereas the silver sulfide sols prepared by other methods 
show the normal pattern. The former has been at
tributed to the adsorption of acetate ions. Capacity 
curves calculated on the basis of diffuse layer theory 
have been found to agree with the observed curves. 
This has been assumed to be due to the absence of 
specific adsorption as suggested by Grahame. How
ever, this conclusion does not appear to be correct 
(see sections III-E and III-F). But one significant 
result of the above studies is that the structure of the 
double layer at nonpolarizable interfaces appears to 
be not very different from that at ideally polarizable 
interfaces. 

D. NATURE OF SPECIFIC ADSORPTION 

Under conditions of no specific adsorption, the base 
capacity for, e.g., Hg-KCl should be 17.1 Mf-/cm.2 

over a wide potential range, and correspondingly the 
components of charge are as shown in Figure 20. 
The experimentally observed components of charge 
for KCl are also given in the above figure for the sake 
of comparison. The disparity in the anodic region is 
quite marked and points to greater adsorption of 
chloride ion on the anodic side of the e.c.m. This be
havior has been termed specific adsorption or super-
equivalent adsorption (103). 

The energetics of specific adsorption have been ex
plained in terms of covalent forces (127, 128, 136, 144) 
between Hg and the halide ion and electrostatic forces. 
If the idea of covalent binding is correct, adsorbability 
(20) should increase with increasing bond strength of 
the Hg-X bond. But what is observed is an inverse 
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correlation (see Table I). Further it is very difficult 
to envisage covalent binding between mercury and 
positively charged ions, especially organic cations. 

TABLE I 

ADSOEBABILITT AND SOME PROPERTIES OP THE IONS 

Ion 

F -
Ci-
Br-
I -

AND 

Adsorbability 
at 3M = 10 
jic./cm.!, 
fio./om.a 

9.5 
14.6 
19.2 
29.2 

Hg-IoN BONDS 
Bond 

strength, 
kcal. mole"1 

(ref. 20) 

32 
23 
17 
7 

Hydration 
numbers 
(ref. 17) 

4 
1 
1 
1 

% covalent 
character of th 

Hg-ion bond 
(ref. 67) 

34 
74 
82 
91 

The following facts (20) should now be noted for 
further discussion, (i) For halide ions, the adsorbability 
increases with increase in the cube root of the radius 
of the anion (Figure 21). (ii) For the same radius at 
a given charge, gi, anions ~ xqi, cation where a; is 3 or 4 
(see Figure 21). (iii) When the ion size is small, the 
heat of hydration is high (Figure 22) and the primary 
hydration number large. 

The trend seems to be that the smaller, heavily hy-
drated ions are less specifically adsorbed than larger 
ions which are devoid of their hydration sheaths. Thus 
it appears that loss of the hydration sheath, at least in 
the direction of the metal, is a necsssary condition for 
specific adsorption. From this point of view, one can 
understand (a) the greater adsorbability of anions over 
the cations, the basis being that, for the same radius, 
cations have larger heats of hydration than anions 
and (b) the weak specific adsorption of ions whose 
radius is less than 1.41 A., since such ions are strongly 
hydrated. 

The above concept of specific adsorption and its 
relation to solvation predicts that for the same cation, 
the larger the energy of hydration of the anion, the 
larger is the solubility of the salt and therefore its solu
bility product. Thus the relationship between solu
bility product and specific adsorbability cited (127, 
128, 144) in connection with the explanation of specific 
adsorption of ions in terms of covalent forces can be 
explained on the basis of electrostatic forces between 
ions "bereft" of their hydration sheaths and the metal. 

The above electrostatic explanation of specific adsorp
tion or superequivalent adsorption is in accordance 
with the suggestion of Devanathan (57) that the spe
cifically adsorbed ions should be regarded as being 
merely dehydrated in the direction of the metal. How
ever, the above definition does not specify the nature 
of bonding. On the hydration model, the equivalent 
adsorption (20) or no specific adsorption means that 
both ionic species with their hydration sheaths intact 
are in contact with the metal, their mean electrical 
centers constituting the outer Helmholtz or Gouy 
plane. 

log r 

Figure 21.—Specific adsorbability (qi) plotted against the 
ionic radius (r*) for some cations and anions (logarithmic scale) 
(reproduced from ref. 20). 

Figure 22.—Heat of hydration (—AiT8) plotted against the 
ionic radius (r4) for cations and anions (reproduced from ref. 
20). 

Taking into account the interactions between the 
metal-ion, metal-water, and ion-water, calculations 
of free energy have been made in great detail (2). 
The results also confirm the notion that the forces in
volved in the specific adsorption do not involve cova-
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DIFFUSE L A Y E R 
H 00" 

Figure 23.—Diagrammatic representation of the potential distri
bution in the double layer (reproduced from ref. 57). 

lent bonding. But this conclusion is not final since 
all interatomic interactions cannot be covered in a 
nonquantum mechanical calculation. 

The electrostatic model, however, predicts the same 
behavior for all metals. Recent studies in this labora
tory (66) on platinum carried out under high-purity 
conditions show that the capacity is nearly constant 
at »20 juf./cm.2 over a wide potential range with 
chloride, bromide, and iodide solutions. (This result 
is contrary to the ones reported earlier (273, 274). 
Even though the later workers have found capacitance 
variation with potential, the order of increasing spe
cific adsorbability observed is in the wrong direction 
and can be attributed to the presence of reducible 
species like oxygen.) 

This result shows that a purely electrostatic approach 
to specific adsorption is inadequate and indicates the 
existence of non-Coulombic interactions between the 
metal and the ion. I t has been pointed out (20) that 
covalent binding is not responsible for specific adsorp
tion as specific adsorbability increases with decreasing 
bond strength of the Hg-X bond. This conclusion is 
not justified since the bond strength refers to the sum 
total of Coulombic and non-Coulombic interactions. 
Instead, a comparison with the percentage covalent 
character calculated from the electronegativities (267) 
shows (see Table I) the adsorbability to increase with 
increasing percentage covalent character of the Hg-X 
bond. Thus for specific adsorption, ease of dehydration 
of the ion is a necessary condition, and a covalent ion-metal 
bond is the sufficient condition. 

E. STRUCTURE OF THE ELECTRICAL DOUBLE LAYER 

Consistent with the ideas of specific adsorption dis
cussed earlier, Grahame distinguished (127, 128) two 
different planes, one for specifically adsorbed ions and 
the other for the hydrated ions which are not specifi
cally adsorbed. The plane corresponding to the "locus 
of the electrical centers of a layer of adsorbed ions" 
has been termed the inner Helmholtz plane and the 
nonspecificaily adsorbed ions with their hydration 
shells have been located at a slightly greater distance 
from the metal, at the outer Helmholtz plane or Gouy 
plane. Starting from the Gouy plane, the diffuse 
layer extends into the interior of the solution. How
ever, these concepts have been used only qualitatively. 

1. Devanathan's Model 

Devanathan (57) has proposed a model for aqueous 
solutions which enables the location of these planes 
from known ionic and molecular dimensions and has 
developed a quantitative theory. The main postu
lates of the theory are that (i) the specifically adsorbed 
ions occupy the inner Helmholtz plane, (ii) the sol-
vated cations or anions remain at the Gouy plane, (iii) 
the region between the inner Helmholtz plane and the 
Gouy plane is forbidden for occupancy by any ion, 
and (iv) x potentials due to water dipoles and electron 
overlap are assumed to be either negligibly small or 
constant. The model is shown diagramatically in 
Figure 23. 

The total charge per unit area can be written as 

Q = qi + qd (Eq. 24) 

As there is no charge between metal and inner Helm
holtz plane, the potential at the inner Helmholtz plane 
is 

4>u — 4>i = q/Km_! (Eq. 25) 

where £m_i = «/4«;i. Similarly, the potential of the 
outer Helmholtz plane is 

0i — 02 = qd/Ki-2 

where 

.Ki-2 = e/47r(x2 — Xi) 

Differentiating Eq. 25, one obtains 

1 d0M 
~dq~ C Kr, 

- + ^l 
.1 dq 

(Eq. 26) 

(Eq. 27) 

(Eq. 28) 

By evaluating dfa/dq from Eq. 26, and substituting 
in Eq. 28, the expression for the differential capacity is 

d0M 1 1 , / 1 , l \ / doA 

~¥ = c = ^T1
 + \MZ + C-JV ~ o§) (Eq-29) 
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HELMHOLTZ PLANE 
.GOOY PLANE 
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SOLUTIONS 

ADSORBED-
ANIONS 
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V+/ »N 
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Figure 24.—Schematic representation of the population of double 
layer by ions (reproduced from ref. 57). 

or 

(-J)" 
1 
C ' 
1 

Cd 

1 

A1-2 

(Eq. 30) 

From this equation, the complete differential capacity 
curve has been explained in terms of the variation of 
specifically adsorbed charge with charge on the metal. 

The salient points are: (i) at qu = — 12 to —13 
MC./cm.2, dqi/dq is zero and qi is zero. Hence the meas
ured capacity is 

C -^-+ -̂ - + (Eq. 31) 

The (1/Km-i + l/Ki-i) term has been called the sol
vent capacity (K a) as it depends on the e and X2 of the 
solvent, according to the identity 

47TZ2 Km-I Kl-
(Eq. 32) 

This means that in the absence of specific adsorption, 
the inner Helmholtz plane cannot be located. The 
value for Ks is 17.1 ni./cm..2 (see section HI-B, Eq. 23). 
Since the Gouy plane is taken as locus of centers of the 
second layer of water molecules corresponding to the 
sites occupied by cations, which are usually smaller 
than the water molecules (assuming close-packing of 
water molecules taking the Bernal and Fowler's values 
of 1.41 A. for the radius of the water molecule), the 
value of X2 is found to be 3.72 A. (see Figure 24). 
From the values of X2 and KB, e has been found to be 
7.19. 

c^C/mC/cm*) 

Figure 25.—Differential capacity curves for mercury as a 
function of charge on the metal, (a) for 0.1 N KI at 25° (from 
the data of Grahame (136)); (b) for 0.0847 M sodium benzene-m-
disulfonate at 20° (from the data of Parry and Parsons (254)). 

(ii) In the presence of specific adsorption, dqi/dq 
is finite and the capacity always increases with in
creasing q. When dqi/dq exceeds unity, the differential 
capacity rises rapidly to infinity (when l/i?m_i is equal 
to (l/ifi_2 + 1/Cd)(I — dqi/dq)), i.e., when the ideally 
polarizable system is converted into a nonpolarizable or 
reversible system. The variation of C with q is depend
ent on the numerical magnitude of dqi/dq. If the rate 
of variation is high, then one should expect capacity to 
increase rapidly to a high value. But if the rate is low 
because of geometrical restrictions, then the C vs. 
§M curve should come down to 16 ̂ f./cm.2 on the anodic 
side also, before faradaic reaction sets in. The former 
behavior can be noticed in iodide and the latter in 
benzene-TO-disulfonate solutions (Figure 25). 

(iii) According to Eq. 29, in dilute solutions, the 
capacity of the electrical double layer is governed by 
the diffuse layer capacity. The minimum or the dip 
in the differential capacity curves should be observed 
at the point of zero charge when specific adsorption is 
absent and the position of the dip gets shifted to other 
values of qu in the presence of specific adsorption. 

For evaluating the components of charge (gi), 
Cd, A~m_i, and AV2 should be known. Cd can of course 
be calculated from the theory of the diffuse layer. 
Knowing KB to be 17.1 /zf./cm.2 and Xi as equal to the 
crystallographic radius of the adsorbed ion, Km..\ 
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Figure 26.—Potential drop in the compact layer (^u) plotted 
against the specifically adsorbed charge (gi) at constant 3M 
for KCl on mercury (reproduced from ref. 143). 

and K1-2 can be calculated. By the method of suc
cessive approximations, assuming in the beginning 
that Cd is negligible, values of q-i accurate to ±0.1 
^c. can be calculated from Eq. 21 or 22. Such calcu
lations were carried out for KI, KCl, KBr, and KF 
and the values compared with the thermodynamic 
values. The agreement was found to be very good. 
Equation 30 also provides a method for calculating 
the potential at the inner Helmholtz plane, since 

+ ^ s i n h - | i (Eq. 33) 
Qd 

where A2 is equal to DkTno/2ir. 
The above theory assumes that specific adsorption 

of only one type of ion is operative in the given charge 
range and the dielectric constant is unchanged. Thus 
the increase in capacity beyond —12 ,uc./cm.2 is at
tributed to cation adsorption. However, the above 
theory has to be extended to accommodate the simul
taneous adsorption of anions and cations in order to 
interpret the complex behavior observed, for example, 
in the case of tetraalkyl salts (51, 63,84). 

Two main criticisms (44) have been leveled against 
the above theory and they are (i) the theory ignores 

C* /orKFonH9 
C forKlon Hj 

16 12 O - 4 -12 -16 - 2 0 

SURFACE CHARGE, q M /XCOUL/CM 

Figure 27.—The inner layer capacity (C02) of KI and the dif
ferential capacity curve, corrected for the diffuse layer capacity 
(C) for KF as a function of qu (reproduced from ref. 138 with 
the permission of the editors). 

the discrete nature of specifically adsorbed ionic charge. 
But it should be pointed that discrete effects are not 
involved when dealing with C vs. q curves as these are 
macroscopic quantities. Micropotentials are relevant 
only for a discussion of the potential seen by the particle 
which is to be adsorbed (see section HI-H). (ii) The 
minimum of the capacity curve at —13 /uc./cm.2, which is 
the starting point for the integration of dqi/dq curves, is 
the point at which there is no specific adsorption. This 
has been regarded as an assumption of the theory by 
Damaskin, whereas it is an experimental fact which is 
deduced from an inspection of the thermodynamic 
surface excess data. Thus there appears to be no valid 
criticism of the above model of the electrical double 
layer. 

2. Grahame's Method 

Grahame adopted a different approach for obtaining 
the inner layer parameters (136, 138). From the ex
perimentally measured values of potentials for various 
<?M 's, 02 and a constant (0.488 v. to correct for the 
potential difference at the e.c.m. of an unadsorbed 
electrolyte) are subtracted to obtain i/-u. The potential 
difference across the compact layer in the absence of 
specific adsorption, i/<02, is evaluated as follows. 

As shown in section III-A-2, gi is evaluated from 
capacitance data. It is found from a plot of ^u vs. qi 
at constant 3M that when gi exceeds « 5 juc./cm.2, 
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Figure 28.—Y'/(Y' + /3') evaluated by different methods for KI 
and KCl as a function of ?M (reproduced from ref. 143). 

a family of parallel straight lines is obtained (Figure 
26). This constant gradient is (d\pn/dqi) qu. The inter
cepts on the potential axis can now be plotted against 
qu- The gradient for a particular value of 3M gives 
(ctyVdgiOgi. Grahame regards the (5\t-u/dqu)qi as iden
tical with (d^u/dM)4l—o and hence regards it as a measure 
of the differential capacity of the inner layer in the ab
sence of specific adsorption denoted C02. Such a graph 
for KI is given in Figure 27 along with the differential 
capacity curve (corrected for the diffuse layer capacity) 
for KF. 

From C02, \pM is calculated through the identity 

^02 

Jo 

SM I 

dqu (Eq. 34) 

the integration constant at qu = O being zero. 
Now the potential drop between the outer HeIm-

holtz plane and the inner Helmholtz plane (^v) can 
be obtained from 

xf/v = ,Au - ^02 = — 
Awqiy' 

(Eq. 35) 

Assuming that a change in \pa is due to a change in \py 

only, it is inferred from (d\pu/dqi)qM curves that y'/e is 
independent of gi but is a function of <2M-

I^IA, the potential of the inner Helmholtz plane rela
tive to the outer Helmholtz plane, i.e., fa — #2, as a 
function of qu is evaluated from 4>\ which is obtained 
from the following equation assuming an exponential 
adsorption isotherm. (The equation has also been 
derived by an independent method (206) from a discrete 
picture of the double layer.) 

d ^ 

d In a± RT ;(!-
'RT\ 

d*i V S? / 

(i + d t a ^ ) 

^ v dy 
d In a± 

(at constant gM) (Eq. 36) 

8 4 0 
«M G"C/cmJ) 

Figure 29.—Inner layer capacity in the case of benzene-m-
disulfonate ion as a function of gM at 20°. X, 8.47 X 1O-8 M; 
O, 0.0169 M; D, 0.0423 M; V, 0.0847 M; A, 0.169 M; 0,0.423 
M; + , 0.847 M (reproduced from ref. 254). 

The inner layer parameters y'/(J3'+y') can now be 
found from the above potentials in two different ways, 
(i) The ratio of ^/V gives the value of y'/(£' + y') 
at different QM'S, since \pik is assumed to be proportional 
to y' and ^u to (7 ' + /3'). (ii) Since 

A.iry' 

.2>g: 

and ^02 can be expressed as 

= X ' (Eq. 37) 

A°2 _ _ 
4*0108' + 7') (Eq. 38) 

it is clear from the above two relationships that 

X'gM 7 ' 

Aos /3' + 7' 
(Eq. 39) 

The values of y'/ifi' + y') obtained by the two methods 
are not the same (see Figure 28) for KI and KCl solutions. 
The second method shows y'/ifi' + 7') to be constant 
with qu, and this has been explained as due to a simul
taneous change in 7 ' and e. The y'/t values are found 
to be smaller for B r - than for iodide, contrary to what 
one would expect from a knowledge of the crystallo-
graphic radii. 

The inner layer parameters have been obtained for 
the following systems by the above method, i.e., 
for KI (138), KCl (143), and sodium benzene-m-
disulfonate (254). This procedure is open to the fol
lowing objections. 

(i) From the constancy of C02 with qi and the plots 
of C02 for KI and KF, it has been deduced that the 
field due to anions does not affect the field in the 
inner region due to charge on the metal. Some altera
tion may be expected if the anion forms a covalent 
complex with mercury. Thus, this conclusion, if 
correct, provides evidence against covalent binding. 
Further, the postulate that C02 is indeed characteristic 
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of the inner layer properties is not supported by experi
ment (see Figures 27 and 29). Instead of one curve, 
different curves are obtained depending on the specific 
adsorption characteristics on the anodic side although 
the position on the cathodic side is more or less the 
same. Of particular interest is the curve for benzene-
m-disulfonate solution where C02 comes back to 16 /xf./ 
cm.2 on the extreme anodic side. The fact that the 
C02 varies from electrolyte to electrolyte shows that it 
is not a measure of the capacity of the compact layer in 
the absence of specific adsorption. 

This error originates in the linear extrapolation of 
the \pu vs. q\ curves. An inspection of Figure 26 shows 
that, in all cases, the \j/n vs. qi curve, though linear above 
5 ^c./cm.2, does not intersect the qi axis sharply. Con
sequently 

(F) "(F) <E^> 
thereby invalidating the extrapolation. The latter 
value should be around 17 ni./cxa.2 and independent 
of qu- Therefore, the \p°2 values calculated using Eq. 
34 are not characteristic of the compact layer in the 
absence of specific adsorption. 

(ii) I t has been mentioned earlier that 7 ' / (S ' + 
7') is obtained from the ratio of ^iA/Vu, assuming that 
the potential drop across the compact layer is linear. 
This assumption of a linear drop is also accepted by 
others (206, 207) and is equally open to the following 
criticism. The assumption of a linear drop in the inner 
layer, in the presence of specifically adsorbed charge, 
violates Poisson's equation since the charge density of 
the inner Helmholtz plane is not zero. Even when the 
coverage is 1% and the linearity taken as an approxi
mation (189), it must be noted that the deviation from 
linearity is itself a direct measure of the charge density 
of the inner Helmholtz plane. Thus it appears that 
the anomalies observed in y'/(y' + /3') and log K" 
(K" is a constant related to the specific adsorption 
potential in the isotherm used by Grahame) are con
sequences of the above incorrect assumption. 

F. INNEB LAYEB CAPACITY IN THE ABSENCE 

OF SPECIFIC ADSOEPTION 

A knowledge of the inner layer parameters is neces
sary for any discussion on the structural aspect of the 
double layer. One such basic parameter is the inner 
layer capacity in the absence of specific adsorption. 
This parameter can be evaluated as follows. 

The measured capacity can be separated into the 
compact layer capacity and diffuse layer capacity with 
the help of Eq. 23, where Cd can be calculated from the 
diffuse layer theory. When specific adsorption is 
absent, the capacity at high concentration is taken as 
equal to the inner layer capacity, and, with the aid of 
Eq. 23, capacity curves have been theoretically cal

culated for dilute solutions and compared with ex
perimental curves, in the case of NaF solutions (127, 
131). The good agreement led Grahame to infer that 
the capacity curve in NaF solution is the inner layer 
capacitance curve in the absence of specific adsorption. 
Another variation of the above method (268) for 
showing the absence of specific adsorption is to plot 
1/C vs. 1/Cd when a line of unit gradient with an 
intercept 1/C02 should be obtained at constant qu. 
It has been shown (268) that with NaOH solutions 
for cathodic values of qu, this equation is apparently 
obeyed but breaks down completely on the anodic side 
indicating specific adsorption. The viewpoint of 
Devanathan is discussed in sections HI-B and III-D. 
According to him, the base capacity is 17.1 ni./cm.2 

(i.e., capacity in the absence of specific adsorption). 
The main difference in the above two models is that 

Devanathan assumes that the base capacity is constant 
at 17.1 yuf./cm.2 and does not change with change in the 
?M, whereas Grahame assumes that the base capacity 
varies with qu from a value of 17.1 jif./cm.2 at qu = 
- 1 3 Mc/cm.2 to ~33-34 Mf-/cm.2 at qu = ~ + 1 0 
juc./cm.2 as shown in Figure 27. The latter picture 
is very difficult to understand because an increase in 
capacity in the absence of specific adsorption can be 
attributed only to either a decrease in the Helmholtz 
layer thickness or an increase in the dielectric constant 
of water with increase in field strength. The change in 
the dielectric constant cannot be assumed since the 
dielectric constant should be maximum at the e.c.m. 
and should decrease on either side of the e.c.m. The 
other alternative is to invoke changes in the thickness 
of compact layer due to electrostriction. Such an 
approach has been proposed (213, 214) to explain the 
small increase in the cathodic capacity but, on the 
anodic side, once again the rapid rise defies explanation 
based on the above concept and has been attributed to 
the specific adsorption of fluoride ions. Thus from the 
above discussion and the ones previously mentioned, it 
appears that the base capacity should be a constant 
value, independent of charge on the metal, in the ab
sence of specific adsorption. What all the specific 
adsorption does is only to force the ions into the com
pact layer thereby increasing the capacity as given by 
Eq. 29. This confirms the model proposed by Devana
than. 

G. ESIN AND MABKOV EFFECT (82, 132) 

The variation of the potential of the electrocapillary 
maximum (measured with reference to a constant 
reference electrode) with concentration of the electro
lyte at a rate greater than RT/3 is called the Esin 
and Markov effect. From a rigorous thermodynamic 
analysis, it (92, 257) has been shown that for 1:1 elec
trolytes 
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Figure 30.—The Esin and Markov effect in the absence of 
specific adsorption. Points are experimental values of Grahame 
for NaF. Lines are calculated and fitted at highest concentration 
(reproduced from ref. 257). 

/ bE± \ = 2kT / d £ i \ (dE±\ = / d g i \ 

\ d In ajm z+e0 \dgM / a± V <>»* J QU W M / , , . 

(Eq. 41) 

I t can be seen from Eq. 41 that the Esin and Markov 
effect should be observed at all the values of qu and 
depends on the variation of qi with qu- I t has been 
pointed out (257) that if there is no specific adsorption 
then the value (dr_/d<ZM) can be evaluated from the 
diffuse layer theory alone. Under these conditions, 
the Esin-Markov coefficients CdE^/b^),^are: (i) when 

^dgM/„. 
-1A (Eq. 42) 

(ii) when only anions are in the diffuse layer, i.e. 
qd/2A«-l 

( F ) --> (Eq. 43) 

and (iii) when only cations are in the diffuse layer, 
i.e.,qd/2A»l 

( ~ ) - * 0 (Eq. 44) 

^ 

-o 

KCI 

(2kT/e 0 ) l na±(v ) 
- O l -0-2 

Figure 31.—The Esin and Markov effect in the presence of 
specific adsorption. O, electrocapillary results of Devanathan 
and Peries; X, capacity results of Grahame (reproduced from 
ref. 257). 

It should be noted here that the EKi (at e.c.m.) is not 
a function of concentration in the absence of specific 
adsorption; therefore, conformity to the above pre
diction is a proof of the absence of specific adsorption 
(see Figure 30). For halide solutions which exhibit 
specific adsorption, the Esin and Markov coefficients 
(Figure 31) have been found to be 1.36, 1.35, and 1.22 
for KI, KBr, and KCl, respectively. These slopes 
are the same as the slopes obtained from the linear 
segments of the q\ vs. qu curves. 

(dE/d In a±)5/M can also be expressed as 

/ ZE \ = /dE\ / dgi \ 

Vd In aJQw \dqjm Vd In aJm 

The first term can be regarded as the specific adsorp
tion capacity. The second term is the adsorption iso
therm. Hence a knowledge of the proper adsorption 
isotherm will enable the evaluation of the Esin and 
Markov coefficients. 

H. IONIC ISOTHERMS 

Stern (289) proposed an isotherm, which is similar 
to Langmuir's for the specifically adsorbed ions 

M; = no exp RT 
( * ' - <f>i) (Eq. 46) 
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Here <£' denotes the nonelectrostatic forces of ionic ad
sorption in terms of an equivalent potential. Critical 
analyses of the above equation have been made by 
many workers (see references in 44, 60, 255) to show 
its inadequacy in explaining the adsorption character
istics of various ions. Bu t Esin and Shikov (83) and 
Ershler (80) have recognized, upon a suggestion from 
Frumkin (89), t ha t the above equation would be cor
rect if <f>i is evaluated properly. They have distin
guished between macropotential ^, which is regarded 
as the measured potential difference, and micropotential 
^a, which is the potential "seen" by the adsorbing ion. 
The former potential is assumed to be the same as tha t 
which will exist if the ions are uniformly smeared 
out in the classical electrostatic sense, whereas the 
micropotential is the potential a t the adsorption site 
due to discrete charges, viz., the ions and their images 
in the solution, arranged in a hexagonal pat tern. Esin 
and Shikov have estimated the ratio of micro- and macro-
potential and found it to be 0.745/V. Ershler made 
improvements in the model by considering the image of 
the ion in the solution as an ion cloud. Later Grahame 
(139) obtained the same result by considering the 
multiple reflection of the dipoles in the metal and in 
the solution. The ratio obtained by Grahame is 

l£a T 
- = 0 .805-
ip S 

Vo.27566 + ( 5 / r ) 2 - Vo.27566 

When 6/r is less than 0.2 

f = 0.7660 - 0.697^ 

(Eq. 47) 

(Eq. 48) 

This value is nearly the same as obtained by Esin and 
Shikov. 

The Esin and Markov effect was first proposed for 
the variations of E± with In aB at the e.c.m. only. 
But as shown by Parsons, it is a property that should 
be observed at all values of ^M. But Eq. 48, predicts 
variations in the Esin and Markov coefficients with QM. 
due to changes in r, contrary to the experimental ob
servation that the Esin and Markov coefficient for 
halides is practically constant at ~1.23 provided gi > 
5 /ic./cm.2. Further the value of 5 is variable from ion 
to ion and this should also result in a variation of the 
coefficients. However, as pointed out earlier, the Esin 
and Markov coefficient is independent of the nature of 
any ion. This difficulty appears to be due to the fact 
that the experimentally measurable potential is not 
the macropotential but a smoothed out or continuous 
charge-distribution potential, denoted by Grahame 
ifwt (139). This ratio \pjVcont has already been 
evaluated by Grahame to be equal to 0.805. The 
value of i/'a/'/'cuiit approaches unity at high coverages 
or for large 8/r. 

Parsons (256, 261), by comparing the effective surface 
pressure due to specifically adsorbed ions with several 

isotherms, has found that the square root and Amagat 
isotherms are obeyed by the ions. Later he fitted 
Temkin's (254, 257, 261) and a modified Helfand, 
Frisch, and Lebowitz's isotherm (263) for the adsorp
tion of iodide and benzene-m-disulfonate ions. How
ever, by fitting the isotherms, none of the parameters 
controlling the specific adsorption, especially the free 
energy, have been obtained as a function of charge 
in order to understand the type of bonding between 
the metal and the ion. Since surface pressure is merely 
a difference of surface tensions, it is a quantity not 
particularly structure sensitive, like the electrocapillary 
curve. 

Bockris, et al. (20), by taking into account the inter
action of the specifically adsorbed ions with their 
images and their immediate neighbors, have developed 
an exponential isotherm which qualitatively agrees 
with the experiment. 

It should be noted that Devanathan obtained the 
dqi/dqu values from the capacity curves, but did not 
formulate any isotherm. Recently (68) a simple iso
therm has been evaluated for the ions. The basic 
isotherm is the same as is assumed by Grahame and is 

"AG OiiVSi 
ni = iooo e x p kT 

fa 
kT. 

(Eq. 49) 

di has been shown to be equal to cVR' (68) where R' is a 
ratio defined below. The potential fa is not the simple 
electrostatic potential as has been assumed by previous 
workers. It is the resultant of two opposing factors: the 
first is the potential at the inner Helmholtz plane arising 
from the charge on the metal and the second is the 
potential at the adsorption site due to the already 
adsorbed anions which will tend to repel the adsorbing 
ion. Hence this value is the micropotential. These 
two potentials should be separately evaluated. 

fa in the absence of specific adsorption is given by 

0i = 
47T^M (X2 — Xl) 

+ fa (Eq. 50) 

The specifically adsorbed ions contribute a continuous 
potential ^qi{x2 — Xi)/1. Therefore the micropotential 
sensed by the adsorbing anions is given by 

4Tgi(z2 - s i ) ^ , 

£ 

where R' is the ratio of the micro- to the continuous 
potential. Noting that 

4 irgi(x2 — X1) 1_ 

e ~ Ku* 

the isotherm can be put in the form 

(Eq. 51) 

qi = e0rii = 1000 exp 
•AG e0?M 
kT OTH 

qtfoR 
kTK: i-2 kT J 

(Eq. 52) 
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Taking logarithms and denoting eo/kTKi-2 as B' 

In a - I n a, + I n ( ^ ) - £ £ + * ' » -

B'R'qi + ^° (Eq. 53) 

If qi > 5 HC./cm.2, then the variation of In qi is negli
gibly small and hence the equation can be written as 

91 ~ {WR) ln 0l + (&R) ln (fiiob) - B-§k + 
qu 4>tfo 

B ' + B'R'kT 

kT 

(Eq. 54) 

From this we deduce that, since fa is small and practi
cally constant 

Vdlnoi/»K B'R' K 4 ' 

and 

WA B' (Eq. 56) 

Since R' is equal to 0.805 (139) when S/r is <0.2, it 
follows that dqi/dqu = 1.26, independent of the nature 
of the anion which had been observed for eight different 
anions by Parsons (257). This now explains the 
constancy of the slope of dqi/dqu at 1.25. Further 
the Esin and Markov coefficient ( d i ^ /d / i , ) ^ is also 
given by l/R' according to Eq. 41 and 56. 

Thus the simple isotherm explains very satisfactorily 
the shape of the qi vs. qu, qi vs. In o±, and dE±/d In a± 

plots. 
An idea about the nature of forces controlling the 

specific adsorption can now be obtained by evaluating 
AG. On plotting §i + (fae0/B'R'kT) against log C at 
constant 5M, straight lines are obtained. A plot of the 
intercepts at a = 1 against qu gives a straight line of 
gradient equal to zero (see Figure 32). This means that 
the value of AG is independent of qu- In other words, 
the variation of free energy of adsorption can be ac
counted completely by electrostatic interactions. The 
magnitude of the standard free energy of adsorption or 
the intrinsic adsorbability as shown by the height of 
the parallel lines is characteristic of the anion and 
follows the order C l - < B r - < I - , i.e., the order of in
creasing covalent character of the ions. The intrinsic 
adsorbability is thus governed (67) by the ion-metal 
covalent binding forces. Thus if the substrate cannot 
form covalent complexes with the ion, then, even 
though the ion is free of its hydration sheaths, there 
will not be any specific adsorption as appears to be the 
case with platinum. 

I. CAPACITANCE HUMPS 

It has been pointed out in section IH-B that one of 
the features of the capacitance curves is the presence 

40 
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Figure 32.—Variation of log (JF!i/1000) - (AQ/kT), the intercept, 
with the charge on the metal for various anions. 

of a hump. Grahame (135) studied the temperature 
dependence of the capacity curves and found that the 
hump decreases with increase in temperature. This 
observation led him to infer that the hump is due to a 
pseudo-crystalline "ice-like" layer of water molecules 
which melts as the temperature is increased. 

Watts-Tobin (307) and Mott and Watts-Tobin (233), 
in an attempt to explain the hump, have proposed that 
at the electrode surface there are two types of water 
molecules, one with the oxygen end towards the metal 
and the other with the hydrogen end towards the 
electrode, both at an angle of cos - 1 (1 /V3) to the 
normal to the surface. Expressing the mean moment 
of each water dipole as nw tanh ^x/kT, they obtained the 
following relationship between q-a. and ^m-2 (in the ab
sence of specific adsorption). 

SM = — 
4 « 2 Xi 

tanh 
jl-wX 

WT 
(Eq. 57) 

Thus they expect the hump near the electrocapillary 
maximum (i.e., at a potential where the field in the 
inner region is zero) where the orientation of water 
molecules changes over resulting in dielectric unsatura-
tion. In the presence of specific adsorption, they 
predict the hump to be on the anodic side of the elec
trocapillary maximum and more pronounced because 
the resultant iiw is larger as the compact layer widens 
with the entry of a larger ion. However, it must be 
pointed out that if the Helmholtz layer is widened by 
anions, the hump will tend to be broader but will not 
shift away from the electrocapillary maximum. An 
increase in the height of the hump is possible only if 
Mw increases faster than the increase in the thickness 
of compact layer. Even assuming a dipole chain 
model (307), it is difficult to visualize an increase in 
the effective /uw because the dipole moment per unit 
length of the chain must be constant. 
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Figure 33.—Differential capacity curves of mercury in 0.0847 

M sodium benzene-?ra-disulf onate solution at various temperatures 
(reproduced from ref. 254). 

Another consequence of the above theory is that the 
location of the hump should be independent of the 
nature of the anion and concentration. But this is 
contrary to what is observed (see section III-B). 
Further Watts-Tobin's model implies that in the 
measured potentials, the contribution due to water 
dipoles is « 1 v. and should take place within ±0.2 
v. from the electrocapillary maximum. Such a large 
change in xdipoie would have given rise to several effects 
especially in electrode kinetics, which could not have 
gone undetected. A fundamental weakness in Watts-
Tobin's model is that each water molecule is assumed 
to respond only to the field uninfluenced by neighboring 
water molecules. Such a behavior is possible only in 
the gas phase, but in the highly condensed liquid film 
such an assumption is unwarranted. 

According to Schwartz, Damaskin, and Frumkin 
(286), the hump is due to the "delay in the adsorption 
of anions," the delay being caused by the reorientation 
of water molecules in the vicinity of the ion and hence 
a contribution to dE/dqw and hence to the capacitance. 
They also expect (a) the hump to be more conspicuous 
with F - (as it is more hydrated) than with iodide (which 
is less hydrated) and (b) the hump to disappear as the 
temperature is increased since the increase in tempera
ture decreases hydratability and adsorbability. The 
above theory which is equivalent to an application of 
Watts-Tobin's treatment to the water molecules only 

in the vicinity of the specifically adsorbed ion cannot 
explain humps on the far anodic side (+6 ixc.) in the 
case of BrO3

- ion and also the hump in the case of ben-
zene-m-disulfonate ion which does not disappear as the 
temperature is increased (see Figure 33). 

Bockris, Devanathan, and Muller (20) have sug
gested that the hump in the capacitance curves is a 
consequence of an inflexion in the q\ vs. qu curves, 
i.e., due to the term dqi/dqu (see Eq. 29). The in
flexion is attributed to the lateral repulsions between 
the adjacent anions in the Helmholtz layer. From 
the isotherm, a simple calculation has shown that the 
hump should occur at 

q"=T(tlosW>~logm + f) (Eq'58) 
where A' = iireou/ikT, B" = Mefr^/kekT, and 
m = 2rfno. This treatment appears to be qualitatively 
in accordance with the experiment. 

The point at which the inflexion should occur, i.e., 
the point at which dqi/dqu is maximum can be ob
tained in case of simple ions from Eq. 54. According 
to this dqi/dqu = 1/R'. But R' is a function of 51 
since the micropotential varies with the ratio 8/r. 
When S/r is <0.2, it tends to 0.805, but as 5/r increases 
to 1, R' will tend to become 1 (see Table I in ref. 139). 
Thus at a particular value of qi, the value of R' will 
start increasing. Around this point, therefore, dqi/dqu. 
is a maximum. Since the position of the hump is de
pendent on qi, it follows that with dilution, the position 
of the hump shifts towards the anodic side since a 
larger qu is required to attain the same value of q\. 
With organic anions of large area, the simple isotherm 
suggested will have to be modified to take into account 
their finite size. This will result in a S-shaped iso
therm, with coverage approaching unity on the anodic 
side. Consequently dq\/dqu will have a maximum 
value at 0 = 0.5 and will be zero at 6 = 0 and 0 = 1 . 
Therefore, according to Eq. 29, a distinct hump should 
be noticed at 9 = 0.5 and the capacity should come 
down to the base capacity value, namely 17 ;uf-/cm.2. 
Such a hump will not disappear with increasing tempera
ture (see Figure 33). The behavior of benzene-
w-disulfonic acid is in excellent agreement with these 
predictions. 

J. THE MINIMUM CAPACITY AND THE CATHODIC 

BRANCH OF THE DIFFERENTIAL CAPACITY CURVES 

As pointed out earlier, all the differential capacity 
curves for aqueous solutions coincide at one unique 
point, i.e., at —12 to —13 y.c./cm.2, the capacity value 
being 17.1 /uf./cm.2. Since this minimum is independ
ent of the nature of the anion as well as dilution, it 
can be inferred that it is characteristic of the solvent 
only. Hence the dielectric property of water can be 
derived at this point. From a simple calculation, it 
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is found (57) that the dielectric constant is 7.19, 
assigning a distance of 3.72 A. for the compact layer. 
This value appears to be a reasonable one because from 
dielectric constant measurements in the microwave 
region (275, 287), a value of 6 is obtained for H2O, 
corresponding to atom and electron polarizations only. 
This implies that at the interface, the water molecules 
have lost orientational freedom. This could arise if 
the electric field is sufficiently strong to cause dielectric 
saturation (213, 214) or if the chemisorption forces 
are sufficiently strong to hold the water molecules at a 
particular orientation irrespective of the field strength. 
As for values other than 6 to 7 quoted in the literature 
for water in the inner region, there appears to be no 
justification for their use. 

At QM = —13 ,uc./cm.2, it is known that all the ca
tions are in the diffuse layer, and the capacitance mini
mum is independent of the nature of the cation, the 
variation being less than 2%. It is obvious that if the 
dielectric constant beyond the outer Helmholtz plane 
is very much larger than 7, i.e., ~ 7 9 , then all hydrated 
cations whose centers lie beyond 3.72 A. will exhibit the 
same capacity as that of the compact layer in the 
absence of specific adsorption. Thus the essential 
requirement for the constancy of the capacity is that 
the dielectric constant should increase rapidly with 
distance. The rate of this variation has been dis
cussed by several authors (20, 38, 213, 232). In such 
discussions, the choice of the distance of the outer Helm
holtz plane is an important point. The model of 
Bockris, Devanathan, and Muller (20) assumes too 
large a distance for the centers of hydrated ions which 
gives rise to difficulties concerning the mechanism of 
electrodeposition and dissolution. I t therefore ap
pears that the previously estimated distance of 3.72 A. 
in which the ion is separated from the metal by one 
water molecule is more reasonable for the Helmholtz 
layer. This conclusion is also arrived at independ
ently (110) by plotting salt excess vs. bulk concentra
tion and then evaluating the slope of that curve. The 
value obtained is 3.3 A. which is in close agreement 
with 3.72. A. deduced for Devanathan's model (57). 

Beyond —13 ^c./cm.2, the capacity increases rather 
slowly. MacDonald suggested (213) that this is due 
to electrostriction since on the basis of his model the 
water is already dielectrically saturated. But accord
ing to Eq. 29, this increase must be regarded as due to 
the specific adsorption of cations. On this basis, the 
rate of increase must be greater for less hydrated 
cations as is observed. This gradation has been con
firmed independently from electrode kinetic data 
(see references in 112). 

It may be noted that the range available for specific 
adsorption of cations is much less than for anions. 
This is due to the fact that the hydration energy for 
cations is much larger than for anions of the same radii. 

Consequently, specific adsorption of cations is restricted 
to a small range on the extreme cathodic side. 

IV. ADSORPTION OF ORGANIC MOLECULES AT 

THE MERCURY-SOLUTION INTERFACE 

A. METHODS USED FOR THE EVALUATION 

OF THE SURFACE EXCESS OF ORGANIC MOLECULES 

1. Thermodynamic Method 

From the basic electrocapillary equation 

£>7 = -QM. dE - r0Ig d/iorg (Eq. 59) 

rorg can be obtained, at constant E, by graphical 
differentiation as in the case of ions (see section HI-A) 
from electrocapillary data. rorg can also be obtained, 
at constant qu, from surface pressure (259) data ob
tained from interfacial tension measurements, by dif
ferentiation of $ with respect to norg using 

$ = $ b - £ = 7 b - 7 - lM(Eh - E) = 
I org d/uorg (Eq. 60) 

2. Direct Method 

This method involves the measurement of difference 
in bulk concentration upon adsorption. By making 
the ratio of the area of the electrode to the volume of 
the solution large, it is possible by physico-chemical 
methods of analysis, e.g., potentiometry and spectro
photometry (10, 37, 39), to determine rorg directly. 
Hitherto, this method has been applied to study 
adsorption on solids at their electrocapillary maximum. 

However, recently a radiotracer technique has been 
perfected (14) for the in situ determination of rorg 

at different potentials. This method consists in lower
ing a Geiger-Muller counter with its window covered 
with a thin foil of the electrode material and measuring 
the change in the number of counts, as the electrode 
contacts the solution, at a particular potential. Since 
the j3-rays must penetrate the electrode foil to the 
Geiger-Muller counter, the metal foil should be as thin 
as possible and be free of pinholes. This restricts the 
use of the above method to gold. 

A modification (151) of the above method consists 
in sending a metallic tape through the solution con
taining the labeled species and measuring its radio
activity after adsorption when a thin film of solution 
of approximately 2 p. is left on the metal. This has a 
wider applicability and is used for studying organic 
adsorption (21, 22, 149, 150, 308) on a number of solid 
metals. 

S. Nonihermodynamic Approaches 

These are concerned mainly with the calculation of 
rorg or 9 from the differential capacity curves (Figures 
34 and 35) studied in the presence of organic com
pounds. 
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Figure 34.—Differential capacity curves (at 1025 c.p.s.) of 

thiourea in 0.1 N NaF on mercury, as a function of <ZM. A, 0; 
B, 10"» M; C, 10~2 M; D, 10"1 M; E, 0.5 M (from the data of 
Schapink, et al. (283)). 

a. Frumkin's Method 

In the case of aliphatic compounds, the charge de
pendence has been assumed (86, 87, 105) to be linear 
with coverage according to the formula 

(JM = 2e=o(l — G) + 3e=i0 (at constant 
potential E) (Eq. 61) 

or 

qu = 3e=o(l - G) + Ce=1(Er - E N ) G (Eq. 62) 

In terms of the measured capacity, the above equation 
can be written as 

C = ^ = e C e - i + (1 OE1 
G)C6=O + 

be 
(<Ze=i - Se-o) ^ T (Eq- 63) 

when OO/OET is assumed to be negligible; i.e., in the 
vicinity of e.c.m., the measured capacity is equal to 
the capacity of two condensers connected in parallel, 
one a water-filled condenser and the other organic, i.e. 

C = GC9=I + (1 - O)C6 (Eq. 64) 

Now for the calculation of G from the capacity values, 
CQ=I should be known. In the absence of a method for 
obtaining the Ce=i independently, an extrapolation 
procedure has been adopted. This consists in plotting 

05 O -05 
POTENTIALOn Volts ) 

Figure 35.—Differential capacity curves extrapolated to zero 
frequency for various concentrations of n-amyl alcohol in 1 M 
NaClO4 and 0.001 M HClO4 (reproduced from ref. 59). 

1/minimum capacity vs. 1/bulk concentration and find
ing the capacity value at infinite bulk concentration as
suming the curve to be linear. But from an inspection 
of the capacity curves (see Figure 35), it can be seen 
that the minimum capacity is linear with concentra
tion in dilute solutions and tends to become constant 
at higher concentrations. Hence the above method 
of getting Ce=i is not correct and has no physical 
significance. But if the value of the minimum capacity 
obtained at high concentrations is taken as Ce=i and 
used in Eq. 61 or 64, G values in agreement with the 
thermodynamic data have been obtained (31). How
ever, the values of G, obtained from Eq. 61 or 64, are 
reliable only in the neighborhood of e.c.m. 

But for calculating G over the complete range of po
tentials, Eq. 63 has to be used. For this purpose, the 
last term (bO/bET) can be evaluated from the thermo
dynamic identity 
fd In o0rg\/ dQ \ / d In aorc\ 1 / d i n \/bB\ / d i n 

GCorg \ 

V £>e J w = V bEr /r
 = ATr1 

/£>2M\ 

A be ) E , 
(Eq. 65) 

By substituting b In o0rg/£>G from Frumkin's isotherm 
(86) 
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Bc0 
e 

i - e 
exp(-2a9) (Eq. 66) 

and dgii/d© from Eq. 61, in Eq. 65, one can write Eq. 
63 in the form 

C — Ce_o(l 

where 

G) + Ce_o G + 

[ge-o + C e - i (&, -•&)]'& 

BTTn 

h = e(i - e) 
1 - 2o6(l - 9) 

(Eq. 67) 

(Eq. 68) 

This equation, though satisfactory for some compounds, 
breaks down when applied to compounds like n-valeric 
acid in 0.1 iV HClO4 (48, 155). Hence variation of a 
with E is assumed (45, 46). Therefore, Eq. 67 will 
read as 

C = Ce=o(l -6) + Ce=i9 + 

?e-o + C6=I ( £ N ° - E1) - 2RTT1nQ 
ba 

dEr 
(Eq. 69) 

where E* ° = £ N if da/dE r = 0. 
In the above equation, all quantities vary with 

potential except Ce-i- It can be solved for 8, pro
vided da/dEr or a is known, a can be evaluated from 
the experimental data as follows. The concentration 
dependence of the adsorption peaks has been shown 
(45) to be given by 

p/d log cors\ 

\ dEm*K ) 
= log 

1 + r p 

1 - r D " 2 V P (Eq'70) 

where 

' P 1 A 
JETa

 r _ JGL5 . 
hp™* 

hp being the height of the peak. 
Thus from the a values found at the adsorption-

desorption peaks and at the potential of maximum 
adsorption by Eq. 64 and 66, the dependence of a 
on E1 is evaluated. The a values for most of the ali
phatic organic compounds have been found (47, 105) 
to be ^1.0. The term da/dEr can be calculated from 
the a vs. E1 curve and is found (45, 47, 48, 105) to be 
linear with E7 for aliphatic organic compounds 

aQ + KE1 (Eq. 71) 

where O0 is the intercept of a vs. E1 curve. Now 
knowing all the parameters in the Eq. 69, 6 values have 
been calculated from the differential capacity curves 
for aliphatic organic compounds. 

From the base capacity curve, with the aid of Ce=i, 
and the values of da/dET and 9 obtained earlier, the 
experimental capacity curves in the presence of or

ganic compounds have been reconstructed (45, 47, 48, 
105). This shows the internal consistency of the 
method. However, in the case of aromatic compounds, 
it is not possible to calculate (47, 50) the 0 values from 
Eq. 69. 

It should be noted that the a parameter varies from 
one substance to another and for the same substance in 
different supporting electrolytes. Further the above 
treatment neither explains the a variations nor gives 
any method of independently obtaining a from molecu
lar parameters and thus obscures the physical picture 
of the double layer making the a parameter a "catch 
all." 

b. Devanathan's Model Method (58-60) 

This method is based on a proposed model for the 
structure of the double layer in the presence of organic 
substances. 

When an organic substance is added, the differential 
capacity varies because of two effects: (i) due to the 
contribution to the measured potential from the dipole 
moment of the organic molecule and (ii) due to the 
lowering in the effective dielectric constant of the com
pact layer. 

Since it is known that the components of ionic charge 
are not altered much in the presence of organic mole
cules, the qd/Km-2 term can be expressed as 

<t>u + A<£ion + A0org - <fo = qd/Km-2 (Eq. 72) 

Assuming that thb ion and its image form a dipole, 
A îon can be written as 

A0ion — 
47rrjeotti gi 

•Km- l 
(Eq. 73) 

The potential due to the dipoles is assumed to be equal 
to 

A0org = 
2 T H^T0 ^0-I org 

•"•orir 

(Eq. 74) 

when there is no change in dielectric constant of the 
compact layer, substituting Eq. 73 and 74 in Eq. 72, 
and by suitable modifications, it can be shown that the 
measured capacity is equal to 

1_ ^ _eo_ dTorg 
C Cb -Korg dgn 

(Eq. 75) 

Hence 

drorg / i I\KOIS 

dgit \C Cb/ e0 

The above equation can also be derived, in a much 
simpler way, as follows. The potential of the metal 
due to ionic and x contributions can be written, in 
general, as 

4>M = $ + x (Eq. 77) 
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Figure 36.—Differential capacity curves on mercury. 1, 1 N 
KCl saturated with octyl alcohol; 2, 0.1 N KCl saturated with 
octyl alcohol; 3, 0.01 N KCl saturated with octyl alcohol (repro
duced from ref. 221). 

where <f> is the potential drop in the absence of adsorbed 
species at a particular value of qu- In the presence of 
the adsorbate, e.g., thiourea, the dipole reduces the 
initial field by x which is assumed to be 27rrorgjUd/e and 
hence 

(Eq. 78) 

^ = ^ = ^ _ - ^ r p s (Eq. 79) 

which is the same as Eq. 75. 
Thus from the differential capacity curves, rorg 

has been obtained and found to be in agreement with 
thermodynamic values for the adsorption of thiourea 
where the capacity increases, because at constant 
gM, the field is reduced by the dipole in adsorbing 
with the S end of the C = S group toward the metal. 

This procedure is absolute in that from the capacity 
data alone, the r0rg is obtained by substituting values 
for e0/KOIg obtained by independent data, unlike the 
method of Damaskin, and is very sensitive to the con
stants chosen. The excellent agreement with the ther
modynamic data shows that the magnitude of the con
tribution to the measured potential is correctly given 
by Eq. 74. However, it should be pointed out that 
formulas for xaipoie presently available represent ideali
zations rarely obtained in practice. This aspect is dealt 
with in greater detail in a later section. 

In the case of aliphatic organic compounds, Eq. 75 
or 76 cannot be applied to evaluate the rorg because 
most of the aliphatic organic compounds are adsorbed 
with their parafnnic group, which has no dipole mo
ment toward the metal, and hence there is no contribu
tion to the measured potential. As the adsorption of 

a hydrocarbon group displaces approximately two 
water molecules, each of dipole moment 1.87 D., 
the K0Tg has to be calculated on the basis of displaced 
water molecules. On this basis, the capacity lowering 
is the consequence of the presence of the hydrocarbon 
group, which has a dielectric constant of 1.6 in the 
inner layer. Consequently, the minimum capacity 
can be calculated, provided the compact layer thick
ness is constant, from the ratio of dielectric constants 
and is approximately 5-6 ^f./cm.2 at the e.c.m. Hence 
the dielectric constant which is now composed of con
tributions from water and the organic molecules can 
be written in analogy with the formula for the dielectric 
constant of mixtures as 

t' = e0e + ew(l - 9) (Eq. 80) 

Equation 75 can be modified, to take into account 
changes due only to dielectric constant variation at 
constant 3M, to read 

1 - «e e0 dr 0 

Cb K0Ig dqu 

where 

a = 
«w — 60 

(Eq. 81) 

(Eq. 82) 

This equation has been solved by successive approxi
mations for 6 from the capacity curves in the presence 
of amyl alcohol and found to be in good agreement 
with the thermodynamic values. 

With the aid of Eq. 81, the shape of the differential 
capacity curves can be understood. When 9 is very 
small, the capacity curve in the presence and absence 
of the organic species is the same. As 9 increases, 
d9/dgM increases rapidly and so the capacity increases. 
But this rise in capacity is immediately counteracted 
by the lowering of the dielectric constant as more 
organic molecules enter the compact layer, and this 
results in the decrease of the capacity, thereby creating 
the adsorption-desorption peaks. As the coverage 
increases, dQ/dqa becomes small and the capacity is 
below the base curve. If, in the initial stages of ad
sorption, d9/dgM is small, then no marked peaks should 
be observed, as found (306) in the case of dioxane in 
potassium halide solutions. 

The main postulate made in the above treatment, 
i.e., at constant gM, "The components of ionic charge 
are unaltered by the adsorbate," is its own limitation. 
Hence, Eq. 81 cannot be used when the compact 
layer thickness increases to a distance equal to the 
length of organic molecules from the metal as a conse
quence of expulsion of the water molecules due to the 
formation of water-free coherent film (124). Such a 
behavior is marked only when there is strong van der 
Waals' interactions as in the case of long-chain organic 
compounds. So, under these conditions, the minimum 
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capacity could be further lowered as is observed with 
hexyl and octyl alcohols (221) (see Figure 36). However 
for small molecules, the compact layer thickness in the 
absence of water-free coherent film is governed only 
by the water molecules. 

In contrast, the Ce=i value which is an important 
factor in Frumkin and Damaskin's theory is based 
on the assumption that the thickness of the double 
layer in the presence of organic compounds is greater 
than in the absence of organic compounds. But the 
factors which determine Ce-i> viz., the dielectric con
stant and the length of the organic chain, have not 
been separately evaluated and correlated with molecu
lar dimensions. 

B. POTENTIAL DUE TO PERMANENT DIPOLES 

AT THE METAL-SOLUTION INTERFACE 

Whether the expression to be used for calculating 
the 

X^ipole IS 47riVdw/'« or 27TiVdMd/e has been a subject 
of controversy for a long time among surface chemists 
and recently among electrochemists (58, 105, 215). 
The potential due to dipoles under vacuum, on a con
tinuous model, from classical electrostatics, is 4ir-
iVdMd/e. But on the basis of a discrete model for in
finite surfaces in vacuo, Gomer (125) has shown that the 
potential rises on either side of the dipole array slowly 
with distance (see Figure 37) and approaches a in 
formula. However, for a finite array of dipoles under 
vacuum at sufficiently greater distance, several times 
the dimensions of the sheet, the potential decays back 
to zero (1,153) as given by the classical formulas. 

When the dipoles are adsorbed on a metal, by con
sidering the interaction between dipole and its image, 
it can be shown that the potential is equal to 4irNava/e. 
But in the presence of an electrolyte, the potential 
is affected (61) due to two factors: (a) due to the ions 
in the solution and (b) due to the high dielectric con
stant of water. Consequently xdipoie is less than 4LT-
NdVd/t and is difficult to evaluate by means of an 
explicit formula. 

A simplification (61) can be brought out if one 
assumes that the electrolyte solution beyond the outer 
Helmholtz plane is equivalent to a metal. Only 
then one can apply the Helmholtz formula for that 
part of the dipole which is within the first water layer 
and not the dipole moment of whole molecule to cal
culate Xdipoie- However, this is open to the objection 
that the same medium is regarded as a conductor 
when discussing potentials due to dipoles and as a di
electric when discussing the potential due to ions as in 
diffuse layer theory. 

It should, however, be pointed that many workers 
(259, 283), unaware of the complexity of the situation, 
have used idealized expressions in which the dielectric 
constant is a disposable parameter. Thus the pro
ponents of the 4ir formula have used a value of ~ 1 4 

Figure 37.—Schematic representation of the potential due to 
dipoles. (A) Dipole in vacuo: a, potential drop based on the 
classical model; b, based on a discrete model. (B): 1, dipole 
in contact with a metal (on the classical model); 2 and 3, dipoles 
on a metal in electrolyte solutions. 

and those supporting the 2w formula a value of 7, 
thereby obtaining a good agreement with experiment. 

Now that the dielectric constant of water is known 
to be between 6 and 7 (57, 239, 275, 287, 305), the use 
of a 47T formula with the full moment leads to erroneous 
values of xaipoie- In the case of the 2ir formula which 
has been applied for thiourea, the agreement (58, 308) 
is fortuitous because, for thiourea, the product of 2w 
times the full moment is nearly equal to 4ir times the 
moment of the C = S group which is within the first 
water layer. In the case of water molecules, the degree 
of discreteness as defined by the ratio r/8 is so large that 
the potential at any point along the axis of the mole
cule gets little or no contribution from neighboring 
molecules. Under these conditions, the molecule is 
equivalent to a dipolar disk of molecular dimensions. 
For such a system, the potential decays in distances 
of molecular dimensions, even in case of a vacuum, and 
hence the contribution to the measured potential whether 
there is solution or not is 27rJVdMd/e. 

C. THEORY OF THE ADSORPTION OF NEUTRAL MOLECULES 

Adsorption is essentially a result (20, 34, 35) of com
petition for sites, at the interface, between the water 
molecules and the organic species. Since, at the point 
of zero charge, no electric field effects exist, the intrinsic 
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adsorption characteristics can be evaluated for the 
following four systems. 

Hydrocarbon Molecules.—The low solubility of hy
drocarbons in aqueous solution is due to weak hydro
phobic hydration. Hence the adsorption at the Hg-so-
lution interface is caused by squeezing types of forces 
(34,35,140,240), which eject the molecule from the bulk 
to the surface, and not as a result of specific interaction 
between the metal and the organic species. There
fore the adsorption at the mercury-solution interface 
should be similar to that at the air-water interface, 
as is normally observed. 

Hydrocarbons with Polar Groups.—The presence of a 
polar group attached to a hydrocarbon chain increases 
its solubility because of the interaction of the polar 
groups with water molecules. This reduces the energy 
of the squeezing type of forces with the result that the 
hydrocarbons with polar groups are adsorbed to a lesser 
extent than hydrocarbons. The polar group also 
confers a fixed orientation to the molecule which is 
adsorbed with the polar group in the water. As the 
length of the hydrocarbon chain increases, the influence 
of the polar group decreases. Consequently, the longer 
the chain length, the less is the solubility and the greater 
the adsorbability. 

When the chain length is sufficiently large, the van 
der Waals' forces between the adjacent hydrocarbon 
chains are sufficient to expel the intervening water 
molecules, forming condensed water-free films. 

Molecules with Specifically Interacting Atoms.— 
The above two systems refer to the adsorption which 
is a result of weak adsorbate-solvent interactions 
and not due to any adsorbate-adsorbent interactions. 
The latter type of forces between the metal and the 
organic molecule can be seen clearly when one con
siders the adsorption of urea and thiourea at the air-
water and the Hg-solution interface. At the air-
water interface, both are negatively adsorbed as shown 
(88) by an increase in the interfacial tension. But at 
the Hg-solution interface, thiourea is more strongly 
adsorbed than urea. This is due to the strong chemi-
sorptive or covalent forces between the metal (Hg) 
and the sulfur of thiourea. These interactions can 
be lessened if the molecule contains a hydrophobic 
group, e.g., N-methylthiourea, because now adsorp
tion is an outcome of the competition between the hy
drophobic group and the sulfur end of the molecule. 

Aromatic Molecules.—There is yet another type of 
electrostatic interaction between the metal and the 
organic molecule arising from T electrons (10, 11, 15, 
16, 36, 47, 50, 118, 119, 121, 123) of the unsaturated 
organic compounds, e.g., benzene, phenol, pyridine, 
etc. But this is dominant only on the anodic side of 
the e.c.m. 

The above conclusions can also be deduced from a 
thermodynamic standpoint (22). This consists in 

considering the usual thermodynamic cycles for the 
adsorption of water and the organic substances, for 
separately evaluating the standard free energies of 
adsorption of water and organic substance from the 
solution, starting from the vapor state. Since, ad
sorption from aqueous solution is a competitive process 
between the water and organic molecules, the free 
energy of adsorption (AG») is equal to the difference in 
the standard free energies of adsorption of water and 
organic substance and can be written as 

AG8 (water) = AGP (water) + AGV (water) (Eq. 83) 

AG9 (organic) = -AGd (organic) — 

AGp (organic) + AGV (organic) (Eq. 84) 

Therefore 

AG8 = AG8 (organic) — nAGB (water) (Eq. 85) 

The subscript s refers to the free energy of adsorption 
from solution; p to the term —RT In Po where Po is 
the vapor pressure at temperature T; v to the free 
energy of adsorption from vapor phase at 1 atm.; 
and d to the free energy of dilution which can be ex
pressed for organic substance as RT In C01Jc3, cs being 
the saturation concentration of the organic substance. 
n is the number of water molecules displaced by the 
organic substance. 

AG. = -RT I n - * - -RT In ^ ^ + 
55.4 P0" (water) 

AGV (organic) + nAGv (water) (Eq. 86) 

Thus adsorption is a function of the adsorbate-solvent 
forces (first two terms in Eq. 86) and also adsorbate-
adsorbent forces (the last two terms in Eq. 86). 

Now the effect of the electrical field can be discussed 
for the above four systems. Molecules respond to 
the electric field owing to their polarizability. Since 
the dielectric constant, which is a measure of polariz
ability, is 6 for water as compared to ~1.8 for hydro
carbons, the introduction of an electric field will tend 
to favor the adsorption of water molecules thereby 
decreasing the coverage of organic molecules, irrespec
tive of the direction of the field. Therefore the organic 
molecules are desorbed on either side of the e.c.m. 
The polar groups attached to hydrocarbons are nor
mally situated far beyond the outer Helmholtz plane and 
are subjected (64) to only the influence of the weak Gouy 
field. Hence the desorption of these substances is 
slow as compared to hydrocarbons with no polar 
groups. This behavior is noticed with butyl com
pounds with various substituent groups (see Figure 38). 

When the dipole of the molecule, e.g., C = S of the 
thiourea molecule or S of dibutyl sulfide, is oriented 
towards the metal in only one particular direction 
because of specific forces and is in the compact layer, 
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Figure 38.—Surface excess curves plotted as a function of qu-
A, A', and A" refer to 0.1 N solutions of butanol, valeronitrile, 
and valeric acid, respectively; B, B', and B" refer to 0.05 N 
solutions of butanol, valeronitrile, and valeric acid, respectively; 
C, C, and C" refer to 0.01 N solutions of butanol, valeronitrile, 
and valeric acid, respectively (plotted from the data of Blom-
gren, et al. (16)). 

then the field favors the adsorption on one side (anodic 
side in this case) and desorption on the cathodic side. 

In the case of compounds with IT electrons, the field 
once again favors the adsorption, but apparently only 
on the anodic side. This aspect is discussed in a later 
section. 

D. ISOTHERMS FOR ORGANIC ADSORPTION 

The most widely used isotherm (20, 59, 100, 198, 
209, 283) is that of Langmuir, although other isotherms 
like Frumkin's (86, 105, 155, 156, 239), modified 
Helfand, Frisch, and Lebowitz's (263), Virial (58, 
259), and modified Volmer (154, 175), which are 
basically Langmuir's with minor modifications, have 
been employed. However, the changes in the free 
energy of adsorption are not radically different if eval
uated by isotherms other than Langmuir's. Thus in 
case of thiourea, it has been shown (70) that the changes 
in the free energies of adsorption obtained from Virial 
and Langmuir isotherms are the same within the limits 
of computational error. 

A slightly different approach (11, 15, 16, S6) that has 
been adopted recently is to consider that the Langmuir 
isotherm is the correct ideal form for low coverages 
and to introduce a surface activity coefficient factor 
to look after the deviations from ideality at high 
coverages. Thus when the lateral interactions are 
accounted for in this way, Langmuir's isotherm reads 
as 

In e 55.5' 

1 - 9 
- I n / e = -

AG° 
RT 

(Eq. 87) 

where / e , the surface activity coefficient at a coverage 
of 9, is a measure of the nonideal free energy of inter
action (G')e of the adsorbate dipole and is equal to 

Figure 39.—AG0 (kcal./mole) plotted as a function of 6*/'. 
1, 2-chloropyridine in N KCl at -600 mv.; 2, 1,2,3,6-tetra-
hydropyridine in N KCl at —400 mv.; 3, pyridine in N KCl at 
— 400 mv.; 4, 2-aminopyridine in N KCl at —600 mv.; 5, 
aniline in N KCl at —600 mv. (plotted from the data of Conway 
andBarradas(ll, 36)). 

/e = e x p U r J (Eq. 88) 

The nonideal free energy can now be expressed as 

G' = ^N*n*<t>n (Eq. 89) 

where N* refers to 1 mole of the adsorbed molecules and 
n* the coordination number of the adsorbate species. 
The <£n term is due to (i) dipole and dipole interaction 
energy between the neutral molecules at the interface 
and (ii) van der Waals-London interaction term. <£n 
is evaluated from the known constants according to 
the formula 

Md2e'/2 1190Z/i93 

4>i: 
e87r 

1Ro eo.wT Ro 
(Eq. 90) 

where es is the dielectric constant of surface layer, 
eo,w the optical dielectric constant of water, R0 the 
radius of organic adsorbate, Z the number of electrons 
in the outermost shell of the molecule, and h Planck's 
constant. The first term in Eq. 90, for organic ions 
is the Coulombic interaction between the neighboring 
ions, i.e., e^/^Ra. Hence the corresponding equation 
for ions (15) is 

Ne0
2Q^* 11WZM* 

4>u = -T7^- - J^T7, (Eq. 91) 
-/'R0 *0,wT3-ffo 

Neglecting the 93 term, since it is significant only when 
9 > 0.6, and assuming AM in the surface layer to be 
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twice its normal value, according to Eq. 87-90, the 
electrochemical free energy of adsorption AG° should 
decrease linearly with Ql/\ Plots of AG° vs. 8 ' / ! 

show two linear segments which have been interpreted 
as due to the change in the orientation of the organic 
species with 6. This approach has been used to infer 
(11, 36) changing orientation in the case of heterocyclic 
compounds like tetrahydropyridine and pyridine in 1 
N KCl, and constant orientation in the case of aniline 
and 2-aminopyridine in 1 N KCl solutions (see Figure 
39). 

It should be pointed out that the above method is 
applied to the systems at constant E. It is difficult 
to say to what extent this behavior is a consequence 
of the use of constant E scale. It appears necessary 
to re-examine these conclusions using constant ^M 
plots. 

Instead of obtaining the free energies and interpreting 
them in terms of molecular parameters, Parsons (258, 
262, 263) has chosen the isotherm a priori, assumes a 
pre-set dependence for the variation of the free energy 
with charge, and then works back the shape of the 
capacitance curve. This method even though correct 
in principle does not throw much light on the fine struc
ture of the double layer in the presence of organic mole
cules. Further, the physical basis for the assumed de
pendence is not explicitly stated except that any 
variation can be mathematically expressed in the form 
of a power series. 

Hitherto it has been the practice of most of the 
workers to employ the potential scale to depict the 
characteristics of adsorption. It has been correctly 
pointed out (20, 263, 264) that the potential difference 
at an interface is a complex quantity, being the sum of 
contributions from ions in inner layer, ions from outer 
layer, oriented dipoles, and diffuse layer, and does not 
represent a clear picture of the physical situation in 
regard to interactions in the electrical double layer. 
But the charge on the metal is a thermodynamically 
definable and obtainable quantity and enables the 
computation of the field due to the charge residing 
on the metal. Thus, for example, a comparison of ad-
sorbabilities at air-water and Hg-solution interfaces, 
is impossible on a potential scale. But on a charge 
scale, it is obviously the 9M = 0 value that has to be 
compared with the corresponding values at air-water 
interface, which is all the time at the point of zero 
charge only. Thus it appears reasonable to use the 
charge scale while discussing adsorption. 

E. QUANTITATIVE THEORIES OF THE EFFECT 

OF THE ELECTRIC FIELD ON ADSORPTION 

1. Frumkin-Butler Theory 

Frumkin proposed the first theory (86, 87, 105) in 
which the energy of adsorption («) was taken into ac

count by considering two effects: (i) the energy to 
replace the water molecules and the lengthening of the 
double layer and (ii) the energy to form a dipole array 
at the electrode. The formula for the work of adsorp
tion is 

co = V2(C9-O - Ce=O^r2 + C e - i M r (Eq. 92) 

As discussed already, this model, which is valid only 
under extreme conditions, leans heavily on the experi
mental data and further it makes use of macroscopic 
properties of double layer and is semiempirical. 

Butler (34) developed a molecular kinetic approach 
to the adsorption process based on the competition 
theory. The energy changes due to adsorption, accord
ing to him, are (a) due to alteration in the dielectric 
constant in the compact region which has been ac
counted in terms of the differences in the polarizability 
of the organic molecule (a0) and water molecule 
(aw) and (b) due to difference in the dipole moments 
of water (/*,») and the adsorbed molecule (/*<,). The 
expression for the change in the free energy of adsorp
tion, hence, is 

d(ACa) = [*/,(«„ - a0)X* +Cu* - ,X0)X]SV (Eq. 93) 

where X is the field strength expressed as the applied 
potential difference and 5 V the volume element of the 
surface layer. From the above expression, the cal
culated changes in interfacial tension caused by adsorp
tion are found to be in agreement with experiment. 
But in order to calculate the polarizability from the 
expression 

D - 1 
aw = — (Eq. 94) 

4ir 
bulk dielectric constant values have been used. Since 
the e in the compact region is much lower than in the 
bulk due to dielectric saturation effects at high field 
strengths, correct choice of molecular parameters is 
necessary for the successful application of the above 
expression. 

2. Bockris, Devanathan, and Midler's Theory 

The above theories do not specify any model for the 
structure of water at the interface. As shown earlier, 
the basic mechanism of adsorption is one of competi
tion between water and organic molecule for sites at 
the interface, and hence a correct molecular model 
for water at the interface is an essential prerequisite 
for evaluating its interaction with the field. 

An attempt in this direction has been made by 
Bockris, Devanathan, and Muller (20). They postu
lated the interface to be occupied by two types of water 
molecules, one standing up and the other standing down, 
independent of each other (Watts-Tobin's model (233, 
307)), and examined the problem from the point of 
(a) Xdipoio and (b) organic adsorption. The need for 
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considering xdipoie arises from the fact that any ex
planation based on water turning over with the electric 
field to promote desorption of organic compounds will 
also predict a large xaipoie and hence a low Caipoie for the 
base electrolyte. As a matter of fact, experimental 
data (see references in 71 and 109; 196) seem to suggest 
that xaipoie is constant with potential and also is neg
ligibly small (~60 to 70 mv.). 

For the above model, the x<j;Poie has been deduced as 

2 TT(IWNT HV1X 

Xdipoie = tanh —— (Eq. 95) 

Hence the contribution of xaipoie to the measured 
capacitance is 

dxd ipoic 1 8ir fi W T 

SkT 
sech; Mw-X" 

IcT 
(Eq. 96) 

dgii Cdipoie 

where Cdipoie is the capacity due to adsorbed dipoles. 
Since the capacity of the electrical double layer is 
mainly governed by ions and not the solvent mole
cules, the Caipoie should be high. Because water 
molecules reduce the applied field by proper orienta
tion, the measured capacity can be expressed as 

i = ~ p ^ - (Eq. 97) 
\y v^double layer ^d ipole 

Equation 96 gives a value of 14 f̂- at gj£ = 0 for Cdipoie 
which is too small. By assuming that the variation 
of free energy of adsorption of aliphatic compounds is 
governed only by the ^x term for water dipoles, Bockris, 
et al. (20), found that the organic compounds are 
desorbed more rapidly than shown by the experiment. 

Hence they invoked lateral interaction between the 
neighboring dipoles to reduce the applied field still 
further and thereby slowing down the turning over 
of the water molecules. Thus the expression for 
Xdipoie IS 

Xdipoi. = 2THWNT: t anh 

where 

R* = tanh 

MwX 

IcT 

* » * . . R*E*C* 
kT kT 

R* 

Nl 

C*E*~ 

kT . 

- 2 V l 
NT 

Consequently Cd ipole IS 

_ 1 8 T * M W W T ' 

C/d ipole tJkT 
(1 - i?*2) 

E*C* 
1 + ^ ( 1 " ^ ) 

(Eq. 98) 

(Eq. 99) 

(Eq. 100) 

Assuming a value of 8 for C* the coordination number, 
expressing E*, the dipole-dipole interaction energy, 
as equal to H^/e^kTr^ where r0 is the distance between 
adjacent dipoles, and giving a value of 6 for ew, they 
found that the adsorbed water dipoles do not contribute 
much to the measured potential, the value of Cdipoie 
being ~120 juf. at qu = 0. 

4 O -4 - 8 

Figure 40.—Comparison of the experimental adsorption curve 
(a) for 0.1 N butanol; with the theoretical curves (b) without 
taking into account lateral interactions, and (c) taking into 
account the lateral interactions (Eq. 102) (plotted from the data of 
Bockris, et al. (20)). 

F r o m th is model, the var ia t ion of free energy of ad
sorption h a s been expressed a s 

d(AGa ) = nR* 
MwX C*E* 

.kT kT 
(Eq. 101) 

Here n refers to the number of water molecules dis
placed by a single organic molecule. 

Assuming a Langmuir isotherm, they calculated 
the 9 values from the equation 

0 
1 - 0 55.4 

/ - A G . ° \ 
eXp[-~kT-J X 

exp<n.r? 
MwZ E*C*-

.kT kT 
(Eq. 102) 

(where ACa0 is the non-Coulombic free energy of ad
sorption) and found these to be in agreement with ex
periment (see Figure 40) for a 0.1 N butanol solution for 
appropriately selected values of E* and C*. However, 
the rate of desorption is critically dependent on E* 
and C*, and there is no basis suggested for the selection 
of these constants. Further, the values of E* and C* 
vary as the coverage changes, and this variation has 
been ignored. Any method for incorporating these 
dependencies will make Eq. 102 cumbersome for pur
poses of calculation. Besides, it is difficult to imagine 
the easy turning over of the water molecules, especially 
in view of the large heat of adsorption (17.6 kcal.) of 
water (177) on mercury. However, Bockris, et al., 
have stressed the need to consider the orientation of 
dipoles and emphasized the competitive basis for the 
adsorption of organic compounds. 

8. Absolute Calculation of the Electrostatic 
Free Energy of Adsorption 

An alternate orientation suggested (71) recently for 
the water molecules at a metal-solution interface is 
that they are adsorbed at an angle of 80° normal to 
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Figure 41.—Variation of the electrostatic part of the free 
energy of adsorption of amyl alcohol with qtt- A, experimental 
curve; B, by Eq. 103, taking into account the Mw term; C, by 
Eq. 103, omitting the jiw term. 

the interface, i.e., water molecules are virtually lying 
flat. This model is based on a critical survey of the 
existing literature on the nature and magnitude of 
potential due to water dipoles and gives a constant 
value of "^63 mv. for xaipoie, thus making the water 
molecules field insensitive. 

Aliphatic Organic Compounds.—Now the changes in 
the electrostatic part of the free energies of adsorption 
(A(AGa)) of organic molecules can be quantitatively 
evaluated by considering the changes in the primary 
water layer alone. Thus from an extension of Butler-
Frumkin concepts, it has been shown (71) for simple 
aliphatic molecules that A(AG») can be written in the 
form 

A(AGa) = 2Ttqu{-t - - ) + 

4irgM (Mo nnw\ 

to' «w / 
(Eq. 103) 

where (is the thickness of the water molecules, A0 the 
area of the organic molecule, «w the dielectric constant 
of water which is 6, and t0' the dielectric constant of 
the organic group within first water layer. Since only 
the paraffinic group of the hydrocarbons is inside the 
compact layer, Mo is zero, and, neglecting Mw, Eq. 103 
predicts the same symmetrical pattern for all the ali
phatic compounds, whereas the experimental data 
reveal the adsorption maximum to be at gM = —2 
MC/cm.2. A shift of this magnitude has been ob
tained by substituting the omitted Mw term in Eq. 
103 (see Figure 41). However, there is some disagree
ment on the anodic and cathodic side (see Figure 38). 
This is the consequence of ignoring the coverage of 
anions on the anodic side and not taking into account 
the interaction of the Gouy field with the dipole on the 
cathodic side. 
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Figure 42.—Variation of the electrostatic part of the free 
energy of adsorption of thiourea with gM. The full line is the 
theoretically calculated curve according to Eq. 103. 

Adsorption of Thiourea.—Thus, it is possible to 
calculate absolutely the changes in free energy with 
charge. This procedure can be extended to the ad
sorption of molecules like thiourea. For thiourea, 
the area term is negligible since e</ — «w, and hence 
only the na% term represents the free energy variations. 
When such a calculation is compared with experiment 
(see Figure 42), the agreement on the cathodic side is 
found to be good, but on the anodic side the theoretical 
curve shows always an increase in AGa while the experi
ment points to near constancy of AG1. This reveals 
that the adsorption of thiourea is not purely electro
static, but is operative through covalent binding be
tween Hg and S. Hence the difference can be under
stood in terms of the decreasing concentration of elec
trons on the metal with increasing positive q-a, as a 
result of which the extent of covalent binding de
creases. The similarity of electrocapillary curves and 
capacity curves of thiourea with halide ions had 
prompted the suggestion (75, 215) that thiourea be
haves like the anion S 2 - . If this be the case, the free 
energy of adsorption after accounting for electrostatic 
contribution should be independent of <2M. But the 
above results suggest that the adsorption of thiourea 
is governed by covalent bonding. 

The above theory has been applied to HCHO and 
other compounds and is discussed in detail elsewhere 
(71). 

Aromatic Compounds.—Aromatic and unsaturated 
organic compounds, in addition to the above effects, 
exhibit attraction toward Hg due to x bonding. The 
effect of IT electrons has been demonstrated (111, 
118, 119, 121, 123) from a comparative study of the 
conjugated unsaturated hydrocarbons and their hy-
drogenated derivatives. These studies showed that 
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the unsaturation enhances adsorption on the anodic 
side when compared with the saturated compounds. 
This effect increases with an increasing number of ir 
bonds. The intrinsic free energies of adsorption (16) 
for butyl, phenyl, and naphthyl compounds are 
—6.4, —8.9, and —12.4 kcal./mole, respectively, and 
point to the increase of adsorbability due to the pres
ence of T bonds. 

These effects can be quantitatively (71) formulated 
by considering the polarizability of the ir electrons. 
Kemball (176) has shown that each r electron can be 
regarded as having a polarizability of 4.4 X 1O-26 cc. 
Hence the x-bond contribution (aT) towards the free 
energy from the six x electrons is Bw^v^aJ^kT. 
Here t is the dielectric constant of vacuum. Since 
aromatic compounds are adsorbed flat, the x electrons 
interact with the metal directly. The x contribution 
to the free energy of adsorption has to be included 
only on the anodic side, consistent with the known 
chemistry of the x complexes. 

Thus it has been possible to calculate the electro
static free energy of adsorption for the adsorption of 
phenol taking the area from Catalin models and as
suming that the hydroxyl group moment is parallel 
to the mercury surface and fixed in this position due to 
its interaction with water molecules. Such a calcula
tion is found to be in reasonable agreement with the 
experimental values (see Figure 43). 

A result of the above polarizability term is that it 
predicts the absence of desorption on the anodic side for 
aromatic compounds. However, there is experimental 
evidence (21, 74, 150) that, at extreme anodic polari
zations, aromatic compounds without any ionic group do 
get desorbed. This may be the consequence of a 
salting-out effect following an increase in the popula
tion of anions. Alternatively it is possible that x-
electron polarizability may apply only at low field 
strengths and may be much smaller at high anodic 
fields. However, the above calculation for aromatic 
compounds is only the first attempt at a quantitative 
formulation for what was until now only qualitatively 
discussed. 

F. ADSORPTION OF ORGANIC IONS AT 
THE MERCURY-SOLUTION INTERFACE 

Earlier, it was shown that the adsorption in the case 
of neutral organic compounds is governed by the solu
bility which is a result of the competition between 
polar groups for positions in the aqueous phase and the 
hydrophobic groups for sites at the interface. 

1. Anions 

When the polar group is replaced by an ionic group, 
then the tendency is for the ionic groups to be adsorbed 
at the interface forming part of the total charge at the 
interface. Thus when the hydrophobic group is small, 
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Figure 43.—Variation of the electrostatic part of the free energy 
of adsorption of phenol with qu. The open circles indicate the 
experimental values. A, by Eq. 103 omitting the second term; 
B, by Eq. 103 omitting the second term and then accounting for 
•K electrons on the anodic side only. 

the orientation is governed by the ionic groups which 
are adsorbed on the metal. This will not produce any 
lowering of dielectric constant since the hydrocarbon 
group will be pushed into the aqueous phase, e.g., 
di- and tricarboxylic acids like oxalic and glutaric 
acid, etc. (240), in the presence of the supporting electro
lyte. Hence the capacity increases with increasing 
coverage. 

In the case of adsorption of small ions like iodide, 
even though a maximum charge of ~160 nc. can be 
expected to be packed on 1 cm.2 of Hg surface, only a 
charge of 40 MC is observed. This is due to the lateral 
interaction between two ions, and thus each ion be
haves as if it has an area of ~40 A.2. If the ion size 
itself is greater than 40-50 A.2, then one should expect 
a unit coverage of the anions. This is observed with 
the benzene-m-disulfonate ion (254) which has an area of 
60-70 A.2/unit charge and hence a unit coverage cor
responds to only ~30 /ic./cm.2. If the surface excess 
reaches a saturation value, then the dqi/dq term becomes 
small (see Eq. 29), and hence the capacity should come 
down either to the supporting electrolyte curve or to 17 
Mf./cm.2 when there is no supporting electrolyte. This 
behavior is observed with ionized polymethacrylic 
acid (238, 240, 241) and sodium benzene-m-disul-
fonate. In the latter case, the SO3

- group is toward 
the metal and the benzene ring is parallel but away 
from the metal. With ionized polymethacrylic acid, 
the adsorption commences very near the e.c.m. and satu
ration coverage is reached within ~250 mv. Con
sequently, the differential capacity curve exhibits a 
very sharp adsorption peak in the vicinity of e.c.m. 

If the hydrocarbon group is very large, the hydro
phobic forces outweigh the electrostatic forces and the 
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Figure 44.—Differential capacity curves, for mercury, of so
dium decyl sulfate. A, 4.0 N Na2S04 alone; B1 0.02 N sodium 
decyl sulfate alone; C, 0.02 N sodium decyl sulfate in 4.0 JV 
NajSO* solutions (plotted from the data of Eda (76)). 

usual orientation will prevail. This behavior is ob
served with alkylsulfonic acids and alkylcarboxylic 
acids (53, 76-78). The potential variation of adsorp
tion (bT~/dE)a is very rapid in these cases. The dif
ferential capacity curves of alkyl sulfates (76, 78) 
exhibit peculiarities when studied as pure salts and as 
an added compound. In the absence of a supporting 
electrolyte, the capacity curves (see Figure 44) show two 
peaks marked /?+ and a~. /3+ occurs round about the 
e.c.m. on the anodic side and was named the rotation 
peak because of the change in the orientation of the ad
sorbed species. This is seen even in the presence of 
a supporting electrolyte and becomes dominant with 
increasing chain length and concentration. The a 
peak is the desorption peak, but is resolved into two 
peaks, /S- and a~, in the presence of a supporting electro
lyte. The /J - peak is independent of concentration and 
frequency unlike the desorption peak a - , but is a func
tion of temperature and disappears with increasing 
temperature. This has been interpreted as first due 
to the desorption of a gaseous film and then the con
densed film. The 0~ and a~ peaks normally are 
merged and can be separated by varying the concen
tration of the cation of the base electrolyte. The in
creasing ability of these cations to split the two peaks 
follows the lyotropic series for cations. This suggests 
a relationship between hydration of ions and their 
screening power or ion-pairing power against the 
SO 4

- group in the adsorption layer. The above behav
ior is also observed with higher fatty acids. In both 

cases, the capacity curves have been interpreted in 
terms of formation and destruction of micelles (53), 
but it is very difficult to conceive of micelle formation—• 
a three-dimensional effect—-at the interface unless two-
dimensional micelle formation is invoked. No evi
dence in favor of such a hypothesis is available. A 
plausible interpretation is that, since the concentration 
of these ions is higher at the interface than in the bulk, 
as soon as a critical concentration is reached, the 
micelles which are formed are thrown into the bulk. 
To compensate for the sudden depletion, ions adsorb 
quickly and hence this process might result in a peak. 
But a systematic study is necessary for further analysis 
of these systems. 

2. Cations 

The capacity of the electrical double layer is de
termined by the distance of closest approach of charge-
determining species (c.d.s.). If the c.d.s. is an anion, 
then in the absence of formation of compact films, 
the distance of closest approach is the radius of the 
anion itself. But when coherent monolayers are 
formed, the inner Helmholtz plane is pushed to a dis
tance equal to the length of the molecule. 

When the c.d.s. is the cation, then the distance of 
closest approach is its radius. Thus for tetraalkyl-
ammonium salts (51, 63, 84, 244), the capacity mini
mum is a function of the radius of the cation and also 
its dielectric constant, since the paraffinic groups are 
now in the first layer. These cations, too, appear to 
form compact films as shown (51) by a small hump in 
the capacitance curves. 

Aromatic cations (10, 11, 15, 36, 97, 120, 122) like 
anilinium, dimethylanilinium, pyridinium, etc., adsorb 
on the cathodic and on the anodic side of the e.c.m. 
as well. The adsorption on the anodic side has been 
attributed to the x-electronic interaction with Hg. 

The Esin-Markov coefficients for anilinium, amino-
pyridinium, pyridinium, and piperidinium ions have 
been found, from &E±/RT In a± and dqi/dqu plots 
(10) to be -0.24, -0 .14, -0 .22, and -0 .60, respec
tively. These values are much smaller than the ones 
observed for inorganic halides and also organic anions. 
The probable reason for these lower values is that these 
systems are complicated by the lowering of the dielectric 
constant, alteration in the compact layer thickness, 
and the effect of permanent dipoles and x electrons. 
These conclusions are obtained from electrocapillary 
studies. But information on the corresponding ca
pacitance curves is not available for these systems. 

Sulfoxides, sulfoxonium ions, and decylamines (249, 
250, 252) in moderate concentrations of HCl and H2SO4 

(0.1 N HCl, 1 N H2SO4) behave normally in that only 
one species is adsorbed. In concentrated solutions of 
supporting electrolytes (6 N HCl, 12 iV H2SO4), humps 
in the capacitance troughs are observed. This is not 
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observed with dibenzyl sulfoxide or dihexyl sulfoxide. 
These humps are frequency independent and are in
terpreted as due to transition of the adsorbate ion from 
the outer Helmholtz plane to the inner Helmholtz 
plane. However, these systems require further analy
sis. 

I t should be pointed that the studies so far made on 
the adsorption of organic ions are only of a preliminary 
type. In order to understand their complex behavior, 
systematic studies of the electrocapillary and dif
ferential capacitance curves should be made as only 
one type of measurement will not give the basic infor
mation needed for interpretation. 

G. ROLE OF WATER AT THE INTERFACE 

1. Relaxation of Water Molecules 

The electrical analog of the ideally polarizable elec
trode system is a condenser and a resistance connected 
in parallel. The resistance and the capacitance of the 
double layer should normally be frequency independent. 
But some workers (19, 79, 157) have found variations 
in the resistance and capacitance with the a.c. fre
quency and attributed the changes to the finite relaxa
tion times (242) of water at the interface. However, 
recent exhaustive studies (43, 126, 147, 220, 222) have 
established that all such variations are spurious 
and are due to improper electrode design; they are 
not reflections of the properties of the electrical double 
layer. Hence the resistance and the capacitance varia
tions appear to be a consequence of the nonuniformity 
of the a.c. voltage distribution on the mercury drop 
(132, 141), creeping of liquid film into the capillary 
(147), and the bridge circuit (43, 44). Thus the ca
pacity is found to be constant over a frequency range 
of 10-50,000 c.p.s. in 1 N KCl (220) to 10,000 c.p.s. 
in 0.01 N KCl solutions. Recent work of Lorenz (208) 
with the T-bridge has established the constancy of 
capacity up to 1 Mc.p.s. The resistance is also found 
to be constant up to ~9000 c.p.s. (147). 

The above studies point to the complete absence 
(147) of relaxation times in the range 10 - 8 to 5 X 10 - 2 

sec. Further, if the relaxation time of the water 
molecule is as low as 10~2 sec, then charge-discharge 
transients would have shown some indication. But 
until now no such influences due to water molecules 
have been noticed, and if noticed, one has to be cau
tious in interpreting them especially because of the 
influences of improper electrode designs. The above 
evidence is in favor of the theory (71) that the water 
molecules are adsorbed flat and insensitive to field. 

2. Hyperpolarizability of Water Molecules (71) 

It is interesting to find the reason why water mole
cules displace organic molecules so easily at high field 
strengths. The reason is obvious if one compares the 
dielectric constant of water at high field strengths 

(value of 6) with that of the organic molecules (value 
of -—-1.79). Whereas the ev of 6 for water is due to 
the nuclear and electron polarizations, the value of 
1.79 for t0 is only due to the electron polarization. 
Using the square of the refractive index as a measure 
of the optical dielectric constant, the dielectric constant 
of water free of any electronic contribution is 4.21. 
This can be ascribed to the contribution from protons 
of the water molecule and hence is a measure of the 
hyperpolarizability of water molecules. I t is this 
property of the water molecule that is responsible for 
the desorption of organic compounds. 

On this basis, any other substance with e greater 
than 6 in the microwave region should displace water 
even at high field strength with ease. The bulk di
electric constants of formamide, N-methylformamide, 
and butylacetamide are known to be higher than 
water. But they all attain dielectric saturation even 
at low field strengths. Thus it has been shown (49) 
that even though the D for N-methylformamide in 
the bulk is 132, it reaches a value of ~ 8 0 at the Gouy 
plane itself and attains a much lower value than for 
water at the interface, whereas for water the D up to 
the Gouy plane is ~ 8 0 and comes down to 7.2 in the 
inner layer. This shows that the hyperpolarizability 
of the water molecule is unparalleled by any other mole
cule because of the unique structure of water, especially 
its small size and its two protons. 

V. ADSORPTION OF IONS AT THE MERCURY-SOLUTION 

INTERFACE IN NONAQUEOUS SOLVENTS 

It was pointed out earlier that the qu at which all the 
anions desorb is —12 to —13 /*c./cm.2 in aqueous solu
tions. Since the studies on mercury are confined only 
to a qu of +20 to —20 juc./cm.2, the range available 
for specific adsorption of cations is small (from —13 
to —20 /ac./cm.2, i.e., only 7 juc). In nonaqueous 
media (134) (see Figure 45), the corresponding charge 
on the metal for complete desorption of anions is —4 
to —6 nc./cm.2. Thus in nonaqueous media, the span 
available for the specific adsorption of cations is more 
than in aqueous solutions. On the other hand, the 
anodic branch is very small and rarely exceeds + 4 to 
+ 6 MC/cm.2. 

Now it is necessary to know the solvation forces 
in nonaqueous media. The essential physical proper
ties required (60) for a good ionizing solvent are: 
(a) small molecular dimensions with a nearly symmetric 
disposition of the dipole, which enables the solvent to 
cluster round cations and anions with equal facility; 
(b) large dipole moment, which means large ion-
dipole interaction energy and also large bulk dielectric 
constant. 

The above requirements are satisfied by the water 
molecules with the result that it is a solvent par excel
lence. Other solvents like methanol, formamide, N-
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Figure 45.—Differential capacity data on mercury of 0.1 
N solutions in methanol at 25°. Solid line, NH4Cl; dotted 
line, NH^NOj; dashed line, NH4F (reproduced from ref. 134 
with the permission of the editors). 

methylformamide, hydrogen cyanide, etc., because of 
their asymmetric disposition of the dipole, can solvate 
predominantly only one ionic species. Owing to the 
condition of electroneutrality, the solubility of the salt 
is restricted by the solubility of the ionic species which 
is solvated least. Since solubility is small in non
aqueous solutions, the adsorbability of both ions is 
likely to be greater. Owing to the large span available 
for cationic adsorption, substantial specific adsorption 
effects may be anticipated. However, for anions, the 
limited range is a consequence of an extremely rapid 
specific adsorption. 

The general Eq. 29 points to two salient features in 
the differential capacity curves, (i) When specific 
adsorption is absent (dqi/dq = 0), the capacity should 
be equal to the solvent capacity which can be calcu
lated from molecular parameters, i.e., e and L (ii) 
When specific adsorption is present (dqi/dq > 0), 
the capacity should increase. From this standpoint, 
the capacity curves in organic solvents and inorganic 
solvents can be discussed. 

- M -04 -0-6 -10 
Figure 46. Differential capacity of mercury 

solutions, a, 0.1 N KF; b, 0.1 N LiCl; c, 0.1 N NaCl; d, 0.05 
N KCl (reproduced from ref. 226). 

1-8 VOLTS 

in methanol 

A. ORGANIC SOLVENTS 

(BULK DIELECTRIC CONSTANT < 80) 

Thus in the case of methanol (134, 223-229, 234, 235), 
butanol (181, 182), and acetonitrile (230) the mini
mum capacity is 9-10 pif./cm.2. But for ethanol 
(186, 227, 230) and dimethylformamide (230) the cor
responding value is 6-7 ixi./cm..2. This pattern can 
be understood from the following model which serves 
for a semiquantitative calculation of the solvent ca
pacity Ks- If it is assumed that the solvent mole
cules are adsorbed with the oxygen end on the mercury 
surface and lie flat, then with the aid of Catalin models, 
it is seen that the distance of closest approach of an ion 
is approximately 4 A. (for an ion of radius 1 A.). 
In the absence of any known values of dielectric con
stant measured in the microwave region, we may 
assume that the « of methanol in the compact layer is 
the average of that of the water molecule (6) and of the 
methyl group (1.7), i.e., 3.8, because the area occupied 
by the OH and CH3 groups is roughly the same. 
For ethanol, the area occupied by the hydrocarbon 
group is roughly twice the area of CH3 group, and hence 
the average dielectric constant can be taken as 3.0. 
These models also show that propyl-, butyl-, and di-



ELECTRICAL DOUBLE LAYER AT THE METAL—SOLUTION INTERFACE 

methylformamide molecules are contacting mercury 
over an area roughly equal to that of the methanol mole
cule, the other section of the molecules being projected 
into the solution phase. In the case of ethanol and 
dimethylformamide, the area occupied is more or less 
equal to the area of the ethanol molecule. 

Now using the classical electrostatic formula, with 
the above dielectric constants and the same distance of 
closest approach, the solvent capacity is approxi
mately 9-10 /zf./cm.2 for methanol and 6-7 ixf./cra.2 

for ethanol, as observed. 
In the case of butanol, the solvent capacity is indeed 

seen clearly by its constancy from 0.5 to 1.7 v. at 9-10 
/if./cm.2. 

The rise on either side of the —4 yuc or —0.8 v. is due 
to the specific adsorption of ions (see Figure 46). 
The gradations in adsorbability of cations and anions 
follow the same pattern as observed in aqueous solu
tions, but the adsorption is stronger in view of the low 
solubility of the salts or smaller solvation number than 
in aqueous media. Further, the adsorbability increases 
with increasing charge of the cation (223). 

A study of the electrocapillary behavior (56, 266) 
and the differential capacity curves (234, 235) of HCl 
in methanol has shown that the anions are adsorbed 
on the cathodic side of the electrocapillary maximum 
also. This may be due to the fact that undissociated 
HCl molecules which may be present in substantial 
amounts in nonaqueous solutions may adsorb on 
account of the large dipole moment. A point of in
terest to be noted here is that the mole fraction of or
ganic substance to water at the mercury-solution 
interface at the electrocapillary maximum is the same 
as that at the air-solution interface for a series of mix
tures of water with methanol (56, 266) and ethanol 
(217). No capacitance humps are observed in the 
above solvents. 

B. ORGANIC SOLVENTS 

(BULK DIELECTRIC CONSTANT > 80) 

The general shape of the curves for formamide (230) 
and N-methylformamide (49, 54) is similar to the ones 
mentioned earlier except that broad humps are ob
served (see Figure 47) ( — 4 to —16 no. for KCl in N-
methylformamide (49). These humps occur (i) on the 
cathodic side of the electrocapillary maximum, (ii) 
do not disappear with increase in temperature but only 
decrease in height, and (iii) disappear when water is 
added. A comparison of these humps with the com
ponents of charge does not show these to be due to 
saturation adsorption of either cation or anion (see 
section IH-I). Consequently, this must be a reflec
tion of the reorientation of the solvent molecules. This 
hypothesis appears plausible in view of the solvent 
capacity variations. 
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Figure 47.—Differential capacity of mercury in 0.1 N halide 
solutions in N-methylformamide. 1, KCl; 2, KBr; 3, KI; 
4, RbCl; 5, CsCl (reproduced from ref. 54). 

C. INORGANIC SOLVENTS 

The only solvent in which the electrocapillary be
havior of organic molecules and halide ions has been 
investigated is liquid NH3 (236, 237). The anodic 
branch of the electrocapillary curve is very small 
perhaps due to the electron-donating ability of the NH3 

molecule which leads to a faradaic process. The ad
sorbability of halide ions and also tetraalkyl ions is 
found to be similar to their behavior in aqueous solu
tions. The minimum capacity (11 /uf./cm.2) calcu
lated from electrocapillary curves is lower than in 
aqueous solutions. Since the dimensions of the NH3 

molecule cannot be very different from that of water, 
it appears that the microwave dielectric constant of NH3 

molecules is around 4. 

The electrocapillary curves of the aromatic organic 
compounds in liquid NH3 do not show a shift of the 
point of zero charge as in alcoholic solutions (118, 
119, 121, 123, 187). Thus the ir-electron interaction 
observed in the later media are presumably absent in 
liquid NH3. 

Renewal of interest in nonaqueous solutions dates 
back only to about 10 years. The work reported is 
usually confined to a study of either the differential 
capacity or the electrocapillary curves at single con
centrations. I t must be stressed here that both 
electrocapillary and differential capacity curves have 
to be studied in a systematic way for further progress. 
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Figure 48.—Differential capacity curves on various metals in 
aqueous media. Hg, Ga, and Zn single crystal in 0.1 JV KCl 
against n.h.e. (293); Ag in 1 JV Na2SO4 vs. n.h.e. (165, 202); 
Pb in 0.1 JV H2SO4 vs. n.h.e. (165, 202); Sn in 0.1 JV KClO4 
solution vs. n.c.e. (276), and Cu in 1 N Na2SO4 vs. s.c.e. (219) 
(plotted from the data given in parentheses). 

VI. ADSORPTION ON SOLID METALS 

IN AQUEOUS MEDIA 

A. ELECTROCAPILLARY PROPERTIES 

Since the interfacial tension between solid metal 
and the solution is not directly measurable, the physical 
properties which should reflect the interfacial tension 
may be made use of for obtaining (see 91, 96, 101, 105, 
255) the analog of the electrocapillary curves. Such 
properties are contact angle, hardness, and friction. 
The contact angle is a direct measure of y, whereas 
there is no explicit relationship between y and the Mo
tional coefficient or hardness. These methods are 
described in detail elsewhere (see, for references, 
91, 96, 101, 255). By far the best method for ob
taining qualitative information on adsorption is the 
study of friction. Recently, this method has been im
proved (288) for electrocapillary studies on Cu and 
stainless steel in the presence of organic molecules. 
However, the main obstacle in interpreting these data 
quantitatively is the lack of an explicit relationship 
between the interfacial tension and the friction meas
ured. The contact angle method requires the knowl
edge of the interfacial tension between gas-liquid and 
gas-solid to obtain y and has not been quantitatively 
used to evaluate the Gibbs surface excesses. 

B. DIFFERENTIAL CAPACITY STUDIES 

Progress in the differential capacity measurements 
by the a.c. bridge methods or pulse methods (32, 219, 

IO 0-5 0 -0-5 - I O 
POTENTIAL (VOLTS VS. S.C£} 

Figure 49.—Differential capacity curves of platinum in aqueous 
potassium halide solutions (reproduced from ref. 66). 

273, 274, 278) is retarded mainly by the irreproduci-
bility of smooth electrode surfaces because surface 
roughness introduces (96, 293) frequency dispersion of 
capacity. In this connection, it is of interest to note 
that the frequency dispersion of capacity in the range 
1-10 kc.p.s. with zinc single crystals (293) is very small, 
about 5-8%, whereas with polycrystalline zinc, it is 
much more and is attributed to the surface heterogeneity 
and microscopic cracks. Another difficulty is the prep
aration of oxygen-free solutions, since the presence of 
O2 interferes with the required nonfaradaic capacity. 
This can be overcome only if the high purification 
technique, viz., distillation and preparation of solu
tions in situ in a current of hydrogen or argon, is 
adopted. The presence of oxide films on the surface 
and also adsorbed hydrogen introduce uncertainties 
in the measurements of the differential capacity. 
Hence it is necessary, in the case of solid metals, to 
first prove that what is measured is the true double 
layer capacity at the metal-solution interface under 
ideally polarizable conditions. However, the differ
ential capacity curves of Pb (23, 24, 165, 185, 202, 203), 
Zn (165, 202, 203, 293), Tl, Cd (23, 24), Ag (165, 202, 
203), Sn (276), Ga (107, 137, 140), and Cu (219) in 
contact with inert electrolytes are very similar to 
those with mercury. But the minimum capacity 
varies from metal to metal and is in the range 16-22 
/xf./cm.2 (see Figure48). 

The most exhaustively studied metal is platinum 
(see reviews 96, 98; and 9, 13, 28-30, 219, 274, 279, 
282, 285), but the data are conflicting. This is a 
consequence of the stable oxide on platinum which 
interferes with the measurements. But recently a 
method has been developed in this laboratory (66) in 
obtaining reproducible, oxide-free, platinum surfaces 
by treatment with potassium iodide solutions and 
washing with deoxygenated water prior to the capacity 
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measurements. These data on platinum show that 
the base capacity is 20 /if./cm.2 (see Figure 49). (Breiter 
(29) also obtained constant capacity with 10 ~6 N 
HI and 10 ~4 N HBr in 1 AT HClO4 solutions at ~ 2 0 -
25 /if./cm.2 from 0.3 to 1.3 v. on the anodic side but 
interpreted it as due to I 3 - ions which are larger in 
size compared to I - ions.) Thus it appears that, for 
most of the metals, the minimum capacity in aqueous 
solutions is around 16 to 20 /JVcm.2. These small 
variations can be attributed to the surface roughness 
of the solid electrodes. But the minimum capacities 
of mercury and gallium (140) in contact with 0.1 iV 
halide solutions are 16.0 and 17.5 /if./cm.2, respectively. 
This points to the specific influence of the nature of the 
metal in determining the base capacity in addition to 
the solvent capacity. 

The specific adsorbability of the halide ions is the 
same as obtained for mercury in the case of many solid 
metals except platinum. In the case of platinum, the 
constant capacity of 20 ^f./cm.2 is unaltered with KCl, 
KBr, and KI and also with HBr and HI. This result 
confirms the theory that specific adsorption is primarily 
covalent, and, since platinum cannot readily form cova-
lent complexes with halide ions, the capacity curves 
do not show any variations, thus revealing only the 
solvent capacity. But some results obtained from 
kinetic studies (see, for references, reviews 96 and 
98; 13) and radioactive studies (6-8, 172-174) on 
platinum indicate that the halide ions are adsorbed 
very strongly on platinum. It is quite conceivable 
that in all the above cases, the effects are due to the 
adsorption of halide ions in their neutral state and not 
due to electrostatic adsorption of ions, similar to 
what is observed on mercury or gallium. However, 
the differential capacity curves have not been thor
oughly analyzed (see section III) to obtain the com
ponents of charge because of difficulties in the determi
nation of the coordinates of electrocapillary maximum 
(e.c.m.) or the point of zero charge or Lippmann's 
potential. 

c. DETERMINATION OP POINT OF ZERO 

CHARGE ON SOLID METALS 

The point of zero charge (z.c.p.) is dependent on 
the nature of the metal and the solution as well. I t is 
an important reference point for every solution and is 
desirable to have methods of locating this point what
ever the nature of the solution. The following are the 
broad physical principles used in the methods avail
able at present (for original references see reviews 4, 
90,91,96,101). 

1. Expanding Surface Method 

The relationship between the current (i) and the rate 
of variation of electrode area (dA/dt) is 

I t follows from Eq. 104, that, when dA/dt is finite, 
i will be zero (under ideally polarizable conditions) 
only when gM is zero. Hence the problem is one of 
obtaining reproducible dA/dt. In the case of dropping 
mercury electrodes, it is automatic (142, 164, 271), 
whereas in the case of solid electrodes, dA/dt can be 
accomplished by dipping an electrode (163), by scratch
ing the electrode surface (3), or by suddenly bringing 
the solution in contact with the metal. Thus by any 
one of the above methods, from the current direction, 
the z.c.p. can be spotted. This assumes that the 
current in the circuit is entirely due to double layer 
charging. So careful purification of the solution to 
free it from O2 is necessary because the faradaic current 
due to O2 reduction masks the true electrocapillary 
maximum (72). 

2. Interracial Tension Method 

The analogs of 7 are the frictional coefficient and the 
contact angle. The former should exhibit a maximum 
and the latter a minimum at the electrocapillary maxi
mum. The accuracy of the value of electrocapillary 
maximum obtained using these methods is very poor 
and is probably ±0.1 v. 

3. Properties of Diffuse Layer 

Since the diffuse charge is minimum at the electro
capillary maximum (note the T+ variations in Figure 
3) in the absence of specific adsorption, properties 
which are dependent on diffuse charge can be utilized 
to spot the electrocapillary maximum. Such properties 
are capacity and force required to contact two wires 
(303) of the same metal. Both the methods exhibit 
minima at the e.c.m. The most extensively used 
property to locate the e.c.m. is the capacity minimum 
in dilute solutions. A serious limitation in this method 
is that specific adsorption should be absent. But this 
condition does not hold with most electrolytes. 

A different procedure making use of the diffuse layer 
properties has been recently (149) proposed to evaluate 
the electrocapillary maximum from the organic surface 
excesses obtained by the radiotracer method, in the 
presence of a dilute and a concentrated solution of the 
supporting electroh^te. The main assumptions are 
(a) the absence of shift of z.c.p. in the presence of 
organic adsorption (this assumption holds at low 
coverages for compounds with no permanent dipole 
moment); (b) constancy of z.c.p. with changing base 
electrolyte concentration (this assumption means 
that only a base electrolyte which shows no specific 
adsorption can be used). 

Thus the measured potential E may be written as 

E = £z.e.p + \frm-2 + <h (Eq. 105) 



672 M. A. V. DEVANATHAN AND B. V. K. S. R. A. TILAK 

Sample 
no. 

1 
2 
3 
4 
5 
6 

7 

8 

9 

10 

11 

12 

13 
14 

15 
16 
17 

Metal 

Hg 
Ga 
Tl amalgam 
Cd amalgam 
In amalgam 
Pt 

Ag 

Cu 

Au 

Pb 

Sn 

Tl 

Cd 
Fe 

Zn 
Ni 
Al 

POTENTIAL OF ZERO CHARGE 
Point of zero 

charge »s. n.h.e., v. 

-0.19" 
-0.61" 

41.5% -0.65" 
4.8% -0.466° 
58% -0.65° 

0.18* 
0.2e 

0.3'' 
-0 .4 ± 0.05' 
-0 .7 ± 0.05* 
-0.80 ±0.05" 

0.05* 
0.07' 

-0.35» 
0.3' 

-0.09" 
-0.64 to -0.676 

-0 .62 ' 
-0.56'' 
-0.55d 

-0.466 

-0.38' 
-0.826 

-0.69* 
-0.90" 
-0.376 

-0.34" 
-0.656 

-0.62^ 
+0.19' 
-0.52/ 

TABLE II 

FOR SOME METALS IN AQUEOUS SOLUTIONS 

Medium 

0.01 JV NaF 
IAT NaClO4 + 0.1 JV HClO1 

1 JV Na2SO4 

IiVKCl 
IiV Na2SO4+ 0.0IiV H2SO4 

0.005JVCs2SO4; pH2 .7 
0.001 N KCl 
0.IiVH2SO4 

0.1 N KCl; P H 1 2 
0.00IiVNa2SO4 

0.1 JV KCl; p H 7 
0.1 JVNaOH 
0.01 2V KCl 
0.1 JVKCl; p H 7 
NaClO4 + 0.00IiVHClO4 

0.1 JV KCl; p H 7 
0.001 JV K2SO4 + 0.001 JV H2SO4 

0.1 JV NaCl 
1 JV Na2SO4 

1 JV NaOH 
0.001 JV KClO4 

0.01 N KCl 
0.001 JV KCl 
1JV Na2SO4 

0.001 JVKCl 
0.001 JVH2SO4 

0.003 N HCl 
0.1 JVH2SO4 

1JV Na2SO4 

0.001 JVKCl 
0.01 JV KCl 

Ref.' 

131 
114 
106 
102 
272 

8 
303 
25 

3 
202 

3 
298 
163 

3 
149 

3 
23, 24,165, 202, 203, 276 

301 
301 
301 
276 
163 
205 
301 

23,24 
5 

303 
12 

301 
163 
163 

Superscripts in column 3 refer to the method used for determining the z.c.p.: ° From electrocapillary data. b Capacity minimum. 
"Null solutions (102). d Hardness (301). e Crossed wires (303). ' Dipping (163). ' Scratch method (3). * Adsorption of ions (8). 
' Adsorption of organic substances (149). ' Friction. * Contact angle. ' The sources for the values z.c.p. are given in the last column. 

From simple electrostatics, ^m_2 can be expressed in 
the absence of specific adsorption of ions as 

V^m-2 = 
qa^irxz 

(Eq. 106) 

Since ^m-2 does not vary with the supporting electrolyte 
concentration for the same maximum 6, and #2 can be 
neglected when the ionic concentration is high, E at 
high (Eh) and low (.Eu) supporting electrolyte concen
trations is given by 

Et = E1 + t« 
Ei = #,.0.p + 4>m-i + <t>2 

(Eq. 107) 

(Eq. 108) 

Thus from the potentials at the same maximum ad
sorption at two ionic concentrations, ^2 for the dilute 
solution can be found and hence ^m-2 from Eq. 106, 
where q& is calculated from the diffuse layer theory. 
Once ^m_2 is known, E,.B.P can be calculated. 

This approach has been used to obtain the electrocapil
lary maximum on Au in perchlorate solutions con
taining C14 naphthalene. The value of the electro-
capillary maximum obtained depends on the correct 

evaluation of the magnitude of ^m_s. This means 
that correct values of <7d,«, and X2 must be used. 

I t is likely that x% is unchanged. However, the value 
of e would be appreciably altered on the introduction 
of organic substances such as naphthalene into the 
compact layer. This has not been taken into account 
in the above treatment. Thus the method is restricted 
in its applications even at low coverages. 

4- Properties of the Components of Charge 
A unique feature in the components curve for the 

T+ and r~ (see Figure 3) is that only at the electro-
capillary maximum the values of T+ and T~ are equal. 
So from a determination of the adsorbed ionic quantities 
as a function of potential, the point of zero charge 
can be found (see Figure 50). This principle has been 
used (7, 8, 172-174) to determine the z.c.p. on platinum 
from the surface excesses of ions obtained by the radio
tracer techniques and is by far the best available 
method. 

However, it is to be noted that the experiments have 
been performed by taking the metal out of the solu
tion and then wiping the liquid film prior to the radio-
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POTENnAL(IN VOLTS) 

Figure 50.—Surface excess of Cs+ and SO4
2- ions determined 

by the radioactive methods from 0.01 JV Cs2SO4 + 0.01 JV H2SO4 
(reproduced from ref. 173). 

activity measurements. The surface excesses eval
uated by the above method agree with measurements 
carried out with internally polarized electrodes using 
potential buffers. This coincidence shows that the 
adsorption of ions like iodide is not electrostatic on 
platinum, since during washing the samples with water 
it is impossible to imagine electrostatic adsorption equi
librium prevailing at the interface. The adsorption 
that is observed could perhaps be due to the neutral
ized ions entrained along with electrolyte solution in 
the grain boundaries. It appears necessary to carry 
out an in situ determination of ionic adsorption by radio
tracer techniques in preference to the above method. 

The available data on electrocapillary maxima are 
summarized in Table II. 

D. ORGANIC ADSORPTION 

Only by direct methods outlined earlier, has it been 
possible to obtain Gibbs' surface excess in the case of 
solid electrodes (10, 21, 22, 37, 39, 150, 151, 308). 
Differential capacity data can be useful only in de
ducing (12, 26, 27, 165, 178-180, 188, 210-212, 253, 
284) the adsorption of organic substances qualitatively. 
This difficulty arises as a result of lack of knowledge 
of z.c.p. which is vital for quantitative interpretation. 
However, approximate values have been obtained 
(26, 27) using Frumkin's equation (see Eq. 64). 

Differential capacity data show that the adsorption 
of organic compounds on solid metals is similar to that 
observed on mercury, except for the following minor 
differences, (i) The adsorption-desorption peaks are 
smaller (204) on solids than on liquid metals. Further 
complete desorption of organic compounds is not ob
served (178). (ii) From a study of the adsorption of 
naphthalene (21) on various metals, it is found that 
the range available for adsorption (on the potential 
scale) differs from metal to metal (see Figure 51). 
This behavior is observed even with amalgams (270). 
Another fact to be taken notice of is that on gold 
(150) the adsorption of aliphatic compounds could 
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Figure 51.—Surface excess of naphthalene on various metals 
as a function of potential. A, platinum in 0.9 N NaClO4 + 1 A' 
HClO4 containing 10~4 M naphthalene; B, platinum in 0.9 N 
NaClO4 + 0.1 N NaOH containing IO"4 M naphthalene; C, 
gold in 0.5 M H2SO4 containing 1O-4 M naphthalene; D, copper 
in 1 JV NaClO4 containing 10~4 M naphthalene; E, nickel in 1 N 
NaClO4 containing 7.5 X 1O-6 M naphthalene; F, iron in 0.9 A7 

NaClO4 + 0.1 iV NaOH containing 1O-4 M naphthalene (plotted 
from the data of Bockris, et al. (21), and Green, et al. (150)). 

not be detected. (For the radioactive method to be 
successful, there should be a considerable difference 
between the surface to bulk concentration. I t is 
preferable to have low bulk concentrations of the 
organic substances so that the background radiation 
does not interfere with the radiation from the adsorbed 
species. Hence it is likely that moderate or high 
coverage can be obtained only with large bulk con
centration for aliphatic compounds, and large bulk 
concentrations give substantial background radiation 
with the result that the measurement of the difference 
in counts becomes difficult. If, however, dilute solu
tions are used, the coverage itself is small and therefore 
not detectable. Thus it appears that this anomalous 
result is a consequence of the technique rather than 
the weak adsorbability which has been attributed to 
the strong interaction between H2O and Au.) These 
differences can arise only as a result of the possible 
differences in the heat of adsorption of water on dif
ferent metals. For example, the double layer region 
or the nonfaradaic region for mercury is mostly on the 
cathodic side, whereas on platinum it is on the anodic 
side. Thus the stability of water which varies from 
metal to metal governs the range for adsorption since 
adsorption is essentially a competitive process with 
water in aqueous media. 

However, n-decylamine adsorbs (22) over a wide 
range of potentials on Ni, Pt, Fe, and also Cu (see 
Figure 52). Thus the narrow range of adsorption of 
naphthalene on copper appears to be anomalous 
and cannot be explained in terms of stronger adsorption 
of water. 
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Figure 52.—Adsorption of »-decylamine on various metals. 
a, b, and c are for Ni, Fe, and Cu in 0.9 JV NaClO4 (pH 12) 
containing 5 X 1O-6 M n-decylamine; d, Pb in 1 JV NaClO4 
(pH 12) containing 6 X 10~6 M n-decylamine; e, Pt in 0.9 JV 
NaClO4 (pH 12) containing 6 X 1O-5 M n-decylamine (plotted 
from the data of Bockris, et al. (22)). 

The adsorption data (150) for benzene and cyclo-
hexene show the importance of ir bonding as observed 
on mercury. Further the shift of the adsorption 
maximum for naphthalene adsorption on various metals 
suggests (21) the formation of a bond between the 
metal and the v orbitals with a moment whose negative 
end is towards the solution. Further, these ir complexes 
appear to be formed only with Ni, Fe, and Pt and not 
with Au and Cu. 

E. ISOTHERMS FOR ORGANIC ADSORPTION 

Pursuing the "water competition" model, the ad
sorption process has been represented (21, 22, 150) 
according to the chemical equilibrium 

organic (solution) + nH20 (adsorbed) ?± organic (adsorbed) + 
n(H20) (solution) 

The free energy of the reaction and hence the isotherm 

e je + wq-e)}"-1 &* (z^l\ 
-Q)- nn 55.4 V \ RT J 

(Eq. 109) 
( 1 - 9 ) 

Equation 109 reduces to the Langmuir form when 
n = l. With the aid of Eq. 109, the AG0 values have 
been evaluated for the adsorption of naphthalene, n-
decylamine on various metals, and the variations in 
the free energy of adsorption in the case of aromatic 
hydrocarbons on Au. The above calculations have 
been carried out at constant potential. 

An attempt (21, 22, 150) has been made to assess the 
influence of the metal on the adsorption process by 
considering (a) the variations in AG*0 (obtained by 
extrapolation of AG0 to zero coverage) at the potential 
of maximum adsorption and (b) the variations in the 
intrinsic binding energy AE0 (i.e., non-Coulombic or 
chemical interaction energy) at the potential of maxi
mum adsorption which can be obtained from the 
equation 

AE0 = - 2 M a Z (Eq. 110) 

Variations in AG 0
0 . - These values (see Table III) 

have been found to be constant for various metals and 
suggest the role of only physical forces, such as dis
persion forces between the adsorbed molecule and the 
metal surface. 

TABLE III 

SOME CHARACTERISTICS OF ADSORPTION OF ORGANIC 
COMPOUNDS ON SOLID METALS AT THE POTENTIAL OF 

MAXIMUM ADSORPTION (FROM THE DATA GIVEN IN 21 AND 22) 
AiJ0 for the adsorption 

Meta 

Ni 
Fe 
Cu 
Pb 
Pt 
Hg 

AGa0 for the adsorption 
of n-decylamine, 

koal./mole (ref. 22) 

- 6 . 8 
- 6 . 6 
- 7 . 3 
- 6 . 2 
- 7 . 4 

of naphthalene on 
various metals, 

koal./mole (ref. 21) 

2 
1.2 
4.2 

0.6 
0.7 

A calculation of the dispersion interaction 
using the relationship 

irNri 

(Wdisp) 

"Wdisp (Eq. I l l ) 

where N is the number of metal atoms/cc, r the dis
tance of the closest approach of the adsorbed molecule, 
viz., water, and rj a constant, has shown that Wdisp 
for various metals is also constant and almost same as 
AG.0. 

Variations of AE".—Starting from the "up and down 
water model," these changes (see Table III) have 
been attributed to the image interaction energy 
CEim»ge) of the two types of water molecules and also 
to the Awdisp of water in two orientations with the metal, 
since Eimite alone cannot account for the observed 
variations. But Awdisp, too, does not account for the 
observed AEC values satisfactorily. The difference has 
been attributed to the neglect of the influence of the 
surface dipole of the metal on Eimme and Awdi8P of water. 
The above behavior can be understood on the basis of the 
model previously discussed (see section IV-E-3); i.e., 
decylamine is adsorbed with the hydrocarbon end on 
the metal. The interaction of the latter with the hy
drocarbon is negligible. The free energy of adsorption 
is therefore governed primarily by the squeezing-type 
forces, and hence for this substance and the same solvent, 
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Figure 53.—Electrocapillary curves of Pb. 1, in NaCl; and 2, 
in KCl melts at 820°. Points refer to experimental values and the 
curve to the twice-integrated values from capacity curves (re
produced from ref. 297). 

namely water, the free energy of adsorption should 
be the same as is observed. 

An examination of free energy data for naphthalene 
also shows little variation with the nature of the metal, 
and this may be taken as an indication of the lack of 
specificity in the interaction of aromatic hydrocarbon 
with the metal. 

Interpretation of the AE" term must, however, await 
more reliable data on the z.c.p.'s of various metals in 
these systems. 

VII. ELECTRICAL DOUBLE LAYER 

IN MOLTEN SALTS 

A. SOLID METALS 

Capacity measurements have been carried out by 
a.c. bridge methods (158, 197, 199, 201), by relaxation 
methods (200), and by measuring (159) the faradaic 
capacity and extrapolating to infinite frequency. 
The capacity data are frequency dependent to a very 
great extent. This has been ascribed to various reasons 
like the presence of traces of water and impurities. 
However, the studies so far on this subject are not re
liable enough to draw any conclusions on the double 
layer capacity on various metals. 

B, LIQUID METALS 

Even though systematic electrocapillary work in 
molten systems had started as early as 1936 (168), 
attempts at elucidation of the structure by differential 

0-2 0 - 0 4 - O B -1-2 
POTENTIAL ("IN VOLTS) 

Figure 54.—Differential capacity curves. 1, molten Bi in 
KCl-NaCl mixtures at 700° (20 kHz.); and 2, molten Tl in KCl-
NaCl mixtures at 700° (200 kHz.) (reproduced from ref. 296). 

capacity studies (33, 294-297, 299) are of very recent 
origin. The major contribution to this field, except on 
Hg (277), is from the Soviet electrochemists who have 
kept an active interest in this subj ect. The experimental 
aspects have been described in detail elsewhere (see 
references in 297). 

The measured capacity has been established to be 
the true double layer capacity by integrating the 
capacity curves twice and obtaining concordance (see 
Figure 53) with independently measured electrocapil
lary data (see Eq. 10). 

The capacity data obtained on as many as 16 or 17 
metals in alkali halide melts show that for most of the 
metals the capacity curve is parabolic with a pro
nounced minimum (20-75 /xL/cm.*) at the z.c.p. and 
steep rise on either side of the electrocapillary maxi
mum. But for Ag, Tl, and Sn, there is a flat region 
in the capacity curve on the cathodic side, the anodic 
side being the same as observed for the above metals 
(see Figure 54). The cause of this step is not well 
understood. 

The following are the experimentally observed trends 
for the capacity minimum (Cmin). (a) Cmin occurs at 
the point of zero charge and is not significantly de
pendent on the nature of the metal, (b) For the same 
cation, at constant temperature, the Cmin (i) increases 
with increasing radius of the anion (see Figure 55) and 
(ii) increases rapidly when a bigger ion is replacing a 
smaller ion and is at a low concentration. When the 
concentration reaches a particular value, the Cmin is 
constant and is independent of the concentration (see 
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Figure 55.—Variation of Cmin of Pb at 800° (in the case of NaCl 
the temperature is 820°) with the radius of the cation keeping 
the anion constant; A, chloride; B, iodide. Variation of Cmi„ 
of Pb at 800° (for NaCl the temperature is 820°) with the radius 
of the anion keeping the cation constant: C, potassium; D, 
sodium; and E, cesium (from the data of Ukshe, et al. (297)). 

Figure 56). (c) For the same anion at constant tem
perature, the Cmin remains constant up to a cationic 
radius of ~ 1 A. and rapidly decreases with increasing 
radius of the cation. When once the radius increases 
above ~1.30 A., Cmin is again virtually constant with 
cationic radius (see Figure 55). (d) The Cmin increases 

MoI -•/. N a I 
Figure 56.—Influence of NaI concentration on the C11 

NaCl at 820° (reproduced from ref. 297). 

IOO 

of Pb in 

- 0 4 -0 -6 -0 8 - I O 
POTENTIAL (VOLTS) 

Figure 57.—Differential capacity curves of Pb in KCl-LiCl 
(1:1) melt. 1, 450°; 2, 600°; 3, 700°; and 4, 800° (reproduced 
from ref. 297). 

with increasing temperature (see Figure 57). (e) 
The temperature coefficient (per 100°) of the minimum 
capacity is large for small crystal volumes and small 
for larger crystal lattices. Thus for NaCl and LiCl, 
the dCmin/dT/100o is 11.0, and for KI and CsCl it is 
3.3. For intermediate volumes, for example, KCl-
NaCl or KCl-LiCl, it is 5.0. 

These features, viz., the capacity minimum and the 
steep rise, can be understood qualitatively if one first 
looks at (i) what is hydration in molten salts and (ii) 
what is the nature of specific adsorption. 

1. Minimum Capacity 
Since there is no solvent in molten salts as the ions 

themselves form the solvent, it is reasonable to expect 
anionic solvation in terms of cations surrounding 
anions and cationic solvation in terms of anions sur
rounding cations, giving rise to short-range order, 
characteristic of such systems. Specific adsorption 
in aqueous solutions has been defined as dehydration 
in the direction of the metal. But this concept is un
tenable in molten salts since there is no solvent. Hence 
both ions approach the metal thereby determining 
the minimum capacity depending on their size. But 
there is yet another factor to be considered, i.e., the 
electron envelope from the metal which, as a prelude 
to electron emission, protrudes from the metal surface 
as the temperature is increased. This effectively 
reduces the distance between the metal and the locus 
of the centers of the ions and hence increases the capac-
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ity. Further it provides a clue to the increasing ca
pacity with temperature. Thus it is necessary to 
view the double layer from a structural angle. This 
is because a calculation of Cmill from diffuse layer theory 
shows that Cmiri should decrease with increasing tem
perature, but actually the reverse is true. Hence any 
attempt to explain these data from a diffuse layer theory 
is bound to be futile since the formation of a diffuse 
layer itself is a consequence of an equilibrium between 
thermal and electrical forces and thermal forces domi
nate at higher temperature to promote the diffuseness 
at higher temperature. Further, one cannot calculate 
the capacity from the Helmholtz formula using for the 
thickness the actual radius of one ion only, as in 
aqueous solutions. One has to take into account the 
distance between the locus of centers of the nearest 
ion and the advancing electron envelope of the metal 
and then calculate the capacity as a parallel combina
tion of two capacitances due to anion and cation. 

Recently (73) a quantitative attempt has been made 
in terms of a distribution function of ions in the diffuse 
layer taking into account short-range interaction and 
its perturbation due to the electric field. This ap
proach which leads to an oscillatory distribution of 
charges in the diffuse layer has been proposed by some 
other workers (81, 218, 297, and 291 for ionic systems) 
also. The expression for capacity is 

Cmin = ^ f (Eq. 112) 

where d is the distance of first maximum of the oscil
latory distribution of charges, X its wave length, and 
Xd the Debye-Hiickel length. This equation predicts 
that C is inversely proportional to 1/T whereas ex
perimentally C cc T. This is explained (73) as due to 
the neglect of the increase of X. However, no expres
sion for X as a function of temperature has been de
duced and any estimate of it shows it to be not suf
ficiently sensitive to temperature. The explanation 
must therefore be regarded as ad hoc. 

2. Steep Rise 

This rise has been attributed (297) to adsorption 
resulting in a rearrangement of ions in the double layer 
and the consequent electrostriction of the adsorbed ions. 
An alternate way of understanding is by invoking ad
sorption pseudo-capacity prior to discharge or dissolu
tion. This, of course, gives very high capacities, as 
observed, and also is very reasonable because of the 
very short potential range available for the electrode 
to be ideally polarizable. I t may be noted that a wide 
range of ideal polarizability can be obtained only at 
low temperatures. As temperature is increased, the 
steep portions on either side approach each other 
resulting in a diminuition in the range of polarizability 
(see Figure 57). 

c. ELECTROCAPILLARY STUDIES OF ALLOYS AND 
AMALGAMS (lN MOLTEN AND AQUEOUS MEDIA) 

Most of the investigations have been carried out to 
study the dependence of the electrocapillary maximum 
on the composition of the metallic phase. The systems 
studied are Tl-Sb (302), Cd-Bi (192), Sn-Au (167), 
Sn-Zn (169, 170) (in chloride and iodide melts), Sn 
amalgam (166), Bi amalgam (166), Tl amalgam (106, 
170), Cd amalgam (102), Bi-Te (167), Sn-Cd (194), 
Te-Tl (191), and Cd-Sn (243). The electrocapillary 
curves are determined either in molten systems or in 
aqueous solutions for a few cases. The observed facts 
are (i) Antonov's law for interfacial tensions is not 
obeyed, (ii) In some systems like Sn-Au, Sn-Zn, 
Sn-Hg, Bi-Te, Bi-Hg, in chloride melts, there is a 
minimum in the surface tension vs. composition of 
the alloy curves. This is not present in iodide melts, 
indicating the importance of specific adsorption, (iii) 
The variation of surface tension with melt composition 
(in vacuo) parallels the variation of interfacial tension 
of the melt-alloy, (iv) The surface concentration of 
the added metal, for example, Tl in Tl-Hg, is a linear 
function of the bulk concentration up to 20%. In 
Sn-Cd system, the surface concentration of Cd is less 
than in the bulk, (v) The main purpose behind these 
investigations appears to be to verify Frumkin's theory 
that the electrocapillary maximum is a function of the 
composition of the surface layer. Thus in Cd-Bi, 
Sn-Cd, and Te-Tl, the electrocapillary maximum is 
found to be a linear function of the added metal, but 
this is not true for Hg-Tl and Sn-Bi systems. I t is 
also to be noted that in the Te-Tl system, the surface 
excess determination showed that the Tl layer is uni-
or dimolecular. 

VIII. NATURE AND SIGNIFICANCE OF THE 

POTENTIAL OF THE ELECTROCAPILLARY MAXIMUM 

It is known from electrostatic considerations that 
when two metals are in direct contact or through a 
series of intervening electronic conductors, the measured 
potential difference is equal to the inner or Galvani 
potential difference. This assumes the absence of any 
specific interaction at the interfaces. The equilibrium 
in this case is achieved by an instantaneous transfer, 
across the interface, of electrons. But since the charge 
transferred is of the order of micro-microcoulombs, the 
two metals can still be regarded for practical purposes 
as uncharged. 

When two metals (A and B) are separated by an 
electrolyte under ideally polarizable conditions for 
the two interfaces, it is not possible to obtain equi
librium between the two metals and the potential 
will be indeterminate. However, the exchange currents 
due to traces of extraneous substances, which exist 
even in highly purified solutions, provide the necessary 
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Figure 58.—Relationship between the z.c.p. (referred to n.h.e.) 
and the electronic work function. Full circles represent the data 
obtained in molten salts and recalculated on the n.h.e. scale as
suming that the differences of z.c.p. values in molten salts and 
aqueous solutions are identical (reproduced from ref. 101). 

micro-microcoulombs at each interface for the at
tainment of equilibrium. 

Thus the measured potential difference can be 
written as 

<t>A - 0B = (^A - <AB) + (XA - XB) (Eq. 113) 

and is equal to the Volta potential difference if (XA — 
XB) is either small or constant, i.e. 

(PA — ^A — -AB (Eq. 114) 

Since (^A — ^B) is a measure of the difference in the 
electronic work functions of the two metals, it is ob
vious that the difference of z.c.p. of different metals, 
when measured with respect to a constant reference 
electrode or an electrode at its z.c.p., should be equal 
to the differences in the electronic work function (W6) 
of the two metals, i.e. 

4>K - <2>B = We W* (Eq. 115) 

The experimental findings to support Eq. 115 and 
Eq. 114 are (i) it is found (190-195) that in molten 

Metal 

Sn 
Sn 
Sn 
Bi 
Bi 
Tl 

TABLE IV 

VOLTA POTENTIAL DIFFERENCES AND ZERO CHARGE 
POINT (193, 195) 

Alloy 

Sn-Te (0.15%) 
Sn-Tl (23.8%) 
Sn-Cd (53%) 
Bi-Te (3.6%) 
Bi-Te (9%) 
Tl-Te (50.5%) 

Volta potential 
between the 

metal and alloy 

- 0 . 1 5 
0.17 
0.25 

-0 .30 
- 0 . 3 5 
-0 .65 

Difference of 
z.c.p.'s between 
the metal and 
the alloy in 

KCl + NaCl 

-0 .18 
0.24 
0.27 

-0 .25 
- 0 . 3 3 
- 0 . 6 7 

alloy systems, the z.c.p. differences of molten alloys 
referred to the z.c.p. of Pb are more or less the same as 
the measured Volta potential differences in vacuo (see 
Table IV). (ii) (a) The electrocapillary maximum 
differences of Tl-Hg in aqueous solution and molten 
salts agree (170) with each other, (b) The values of 
electrocapillary maximum of metals in aqueous solu
tions and molten salts are virtually the same (101, 
171, 292) but for a minor difference of 60-70 mv. when 
referred to the z.c.p. of Pb (see Table V). (iii) The 

TABLE V 

POTENTIAL OF Z.C.P. OF VARIOUS METALS REFERRED TO 
THE Z.C.P. OF Pb IN AQUEOUS AND MOLTEN MEDIA (101) 

Metal 

Te 
Hg 
Bi 
Sn 
Ga 
Ag 
Tl 
Cd 

Aqueous media 

1.25 
0.46 
0.29 
0.19 
0.04 

-0 .05 
-0 .17 
-0 .25 

Molten salts 

1.06 
0.52 
0.23 
0.31 
0.13 
0.01 

-0 .15 
-0 .12 

z.c.p.'s of various metals in aqueous media and melts 
vary linearly (101) (with a slope of 1) with electronic 
work function (see Figure 58) when fitted to the equa
tion 

E1 = We 4.72 (Eq. 116) 

This idea was proposed first by Frumkin (88, 101, 106) 
and supported by others (280, 300). However, the 
data for both the potential of e.c.m. and the thermionic 
work function is unreliable with solid metals as both 
these quantities are extremely sensitive to the presence 
of traces of impurities. A proper verification can 
therefore be carried out with liquid metals and amal
gams for which both the quantities can be determined 
accurately. Such a verification has been given by 
Frumkin (101). 

Fact (i) is understandable because of the absence of 
Xdipoie in molten salts. The 60-70-mv. difference ob
served in (ii) can be attributed to the xdipoie in aqueous 
solutions and is consistent with the suggested (70, 71) 
model for water dipoles at the mercury-solution inter
face. A suggestion that should be made here is that 
Xdipoie for solvents other than water can be obtained 
by comparison of the electrocapillary maximum in 
that solvent with the corresponding data in molten 
salts. 

The above discussion refers to the electrocapillary 
maxima in ideally polarizable systems. Hence whether 
the electrode is externally polarized or internally 
polarized (in reversible systems), the potential of point 
of zero charge should be same. This has been proved 
(91, 101, 102, 166) by the studies on thallium amal
gams and Cd amalgams which show that the z.c.p. 
value determined under ideally polarizable and non-
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polarizable conditions (null solution method) is the 
same. Thus the notion that the Billiter potential is 
the electrocapillary maximum or z.c.p. for reversible 
electrodes (245-248, 280) is misconceived. Had it 
been the z.c.p. of reversible systems, then it must have 
been a measure of the work function of the metal. 
But the value of Billiter potential (+0.475 v. on the 
hydrogen scale) is remarkably constant with various 
metals. Since these experiments have been performed 
without observing any precautions regarding deaera-
tion of the solution or the surface of the metal, the in
dependency of Billiter potential with the nature 
of the metal suggests that it must be due to some 
common oxidation-reduction process involving O2. 
However, the exact process which is responsible for this 
value of the potential remains, at present, obscure. 

ACKNOWLEDGMENTS.—We wish to thank the fol
lowing authors for their kind permission to reproduce the 
figures: Dr. P. L. De Bruyn (Figure 19); Dr. R. 
Parsons (Figures 26, 28-31, and 33); Dr. V. I. Melik-
Gaikazyan (Figure 36); Dr. S. Mine (Figure 46); 
Dr. B. B. Damaskin (Figure 47); Dr. V. E. Kasarinov 
(Figure 50); and Dr. E. A. Ukshe (Figure 53, 54, 56, 
and 57). We wish to express our gratitude to Prof. 
J. O'M. Bockris of the University of Pennsylvania, 
for keeping us informed of the developments in his 
laboratory, and to Professor A. N. Frumkin, Insti
tute of Electrochemistry, Moscow, for advance copies of 
some papers pertaining to this work and for kind per
mission to reproduce Figure 58 and Table V. Our 
thanks are due to Mr. V. K. Venkatesan for discussions 
and translation of some Russian articles, Mr. P. V. 
"Vasudeva Rao for translation of some German articles, 
and Mr. S. Lakshmanan for his assistance in the course 
of this work. 

IX. GLOSSARY OF SYMBOLS 

o = at t ract ion coefficient between the adsorbed mole
cules in Frumkin ' s isotherm 

a+ ( a - ) = activity of cations (anions) in the solution 
oorg = activity of the organic compound in the solution 
O 3 = activity of the salt in the solution 
B = constant of adsorption equilibrium in Frumkin 's 

isotherm 
C = differential capacity (measured) of the electrical 

double layer 
C+ = pa r t of the total differential capacity which is due 

to cations only and is equal to Z+5(dT+/dE)iia 

Cd = differential capacity of the diffuse layer 
C H = differential capacity of the compact layer or HeIm-

holtz layer or inner layer 
Ce-» = differential capacity when 6 = 0 
Ce-i = differential capacity when G = I 
Cb = differential capacity of the base electrolyte, i.e., 

in the absence of added organic compounds 
Cdipoie = capacitative contribution of water dipoles to the 

measured capacity 
Cdoubie layer = capacity of the electrical double layer due to ions 

only 
c = molar concentration of ions in the solution 

C0T1 = molar concentration of the neutral organic species 
D = bulk dielectric constant of water 
E = potential difference at an ideally polarizable inter

face as read on the potentiometer 
E+ (E ~) = potential difference at an ideally polarizable in

terface when the reference electrode is re
versible to cations (anions) of the salt solution 

•Ee.o.m (E2.c.p) = potential of the electrocapillary maximum 
(e.c.m.) or zero charge point (z.c.p.) 

Ent = potential of the ideally polarizable electrode 
measured with respect to a constant reference 
electrode 

Eb = potential of ideally polarizable electrode in the 
absence of organic compounds in the solution 

E1 = potential of the ideally polarizable electrode with 
reference to the point of zero charge in the ab
sence of organic compounds in the solution 

Ex = shift of the potential of zero charge when the 
coverage changes from 9 = 0 to 9 = 1 

2Jm»x — potential of the adsorption-desorption peaks 
E9 = the width of the adsorption-desorption peaks in 

terms of the potential E1 

e0 = e lementary electronic charge 
JF = Faraday's constant 
AG = nonelectrostatic free energy of adsorption 
AGa = electrostatic part of the free energy of adsorption 
AG0 = standard electrochemical free energy of adsorp

tion at concentration corg and at a particular 
value of 9 

Km-i = integral capacity of the region between the metal 
and the inner Helmholtz plane 

Ki- 2 = integral capacity of the region between the inner 
Helmholtz plane and the outer Helmholtz plane 

K, = integral capacity due to the solvent 
ko = dielectric constant when the dipoles cannot rotate 

(according to Mott and Watts-Tobin) 
Kotg = integral capaci ty of organic species ( = e/2wl) 
k = Boltzmann's constant 
I — length of the organic molecule 
N = Avagadro's number 
./Vd = number of dipoles on 1 cm.2 of t he surface 
JVT = total number of water dipoles, i.e., (N] + Nj) 

at the interface 
iVT = number of water molecules standing up at the 

interface 
N { — number of water molecules standing down at the 

interface 
n\ = number of specifically adsorbed ions on 1 cm.2 of 

the surface 
no = number of ions/cc. in the bulk of the solution 
M = Madelung constant 
qP or q = charge density on the solution side of the electrical 

double layer 
qu = surface charge density on the metal 
gi = quant i ty of the specifically adsorbed charge (i.e., 

the charge in the inner Helmhotz plane) 
3d = charge density due to the charges in the diffuse 

layer or Gouy plane 
je_o = surface charge density of the metal when 9 = 0 

at .E1 

3e-i = surface charge density of the metal when 9 = 1 
at E1 

3M,inflection = the charge on the metal at which an inflexion in 
the gi »8. qj& curves is observed 

SM.hump = charge on the metal a t which the hump in capacity 
curves is noticed 

R = gas constant 
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distance between the neighboring ions in the 
specifically adsorbed plane 

radius of the i th ion 
surface excess of entropy 
absolute temperature 
electronic work function of the metal A (B) 
field strength in the compact layer, which is 

equal to 4;rgM/« 
mole fraction of the salt (water) in the solution 
distance between the metal and the inner HeIm-

holtz plane 
distance between the metal and the outer HeIm-

holtz plane 
valence of the cation (anion) including sign 
absolute value of the valence of an ion 
the metallic phase of an ideally polarizable elec

trode 
nonmetallic phase of an ideally polarizable elec

trode 
distance between the metal and the inner HeIm-

holtz plane (according to Grahame) 
Gibbs' surface excess of the ith component in the 

system. A superscript when used refers to the 
phase in which the component is present and 
a subscript, to the species concerned 

Gibbs' surface excess of cations (anions) 
surface excess of the organic molecules 
surface excess of organic molecules when the bulk 

concentration of organic substance is infinite 
interracial tension 
distance between the inner Helmholtz plane and 

the outer Helmholtz plane (according to Gra
hame) 

interfacial tension a t the potential of electro-
capillary maximum 

interfacial tension of the base electrolyte, i.e., in 
the absence of organic compounds 

distance between the inner Helmholtz plane and 
its reflection in the bulk with reference to the 
outer Helmholtz plane 

diameter of the ion 
effective dielectric constant in the compact layer 
effective dielectric constant in the Helmholtz 

layer in the presence of organic molecules 
dielectric constant of organic molecule in the inner 

region 
dielectric constant of the water molecule in the 

inner region 
fraction of the surface covered by the organic 

molecules 
electrochemical potential of the i th component 

in the system. A superscript when used refers 
to the phase and a subscript, to the component 
in the bulk 

chemical potential of the i th component in the 
system 

chemical potential of the neutral organic species 
chemical potential of the salt 
dipole moment of the water molecule 
dipole moment of the dipole 
chemical potential of the anion (cation) 
number of cations (anions) formed by dissociation 

of one molecule of the electrolyte 
£ of the base electrolyte, i.e., in the absence of 

organic compounds (see Eq. 11) 
inner potential of the phase /3 

<t>a (4>A) (4>B) = inner potential of the phase a (i.e., metal or A or 
B) 

0 m = potential of the metal surface with respect to the 
interior of the solution taken as zero 

fa = potential of the inner Helmholtz plane with re
spect to the interior of the solution taken as 
zero 

fa = potential of the Gouy plane with respect to the 
interior of the solution taken as zero 

A^ion = contribution to the measured potential from the 
specifically adsorbed ions 

A</>0rg
 = contribution to the measured potential from the 

adsorbed organic Bpecies 
x = potential difference due to surface dipoles (sub

script in the text refers to the species, except 
A or B, for which the surface potential is be
tween surface A or B and vacuum) 

^u = experimentally observed potential drop across the 
Helmholtz layer after correcting for the poten
tial of e.c.m. of an unadsorbed electrolyte and fa 

iAm-2 = potential drop across the compact layer 
^A = Volta potential of the metal A 
^ B = Volta potential of the metal B 

(1 

(2; 

(3; 

(4 
(5 

(6 

(7 
(8 

(9 

(10 
(H 

(12: 

(13 

(14 

(15 

(16 

(17; 
(18 
(19 

(20 

(21 

(22. 
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