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Abstract—Those electrolyte double-layer theories are reviewed and compared which
involve detailed consideration of charge and potential conditions in the double-
fayer recgion. Separate consideration is given to those calculations where it may be
a good approximation to treat all charges as continuously distributed and those
where discreteness-of-charge effects must beinvoked, Three conditions are analyzed
(1) that where there is no specific adsorption and the (solvent) molecules in the mono-
molecular inner region of the double layer are all of the same type and close-packed;;
(2) specific ionic adsorption; and (3) specific adsorption of neutral ‘substances.
It is shown how previous treatments of (1) may be improved by including induced
molecular polarization and average planar dipolar interaction effects. Careful
attention is given to the calculation of the field which orients dipoles in the inner
layer, and it is pointed out how the inclusion of planar depolarization alters the-ap-
proach to dielectric saturation. Errors, defects, and simplifications in-earlier con=
tinuous-charge treatments of specific ionic adsorption are discussed: Some diffi-
culties arose from failure to distinguish properly mean fields, based onthe'con-
tinuous-charge approximation, and fields derived from the micropotential,a quantity
derived from discreteness-of-charge considerations. It is concluded that presently
available phenomenological treatments of specific ionic adsorption and the micro-
potential are inadequate since they generally involve improper calculations of the
micropotential, ignore various charge discreteness effects, and employ oversim=
plified statistical mechanics, Comparison of previous treatments of specific adsorp-
tion of neutral substances again shows unwarranted simplification. In particular,
it does not appear that the dipole moment and/or dielectric constant of adsorbed. .
molecules can be extracted with any confidence by applying current theory to ex-
perimental data. An improved treatment of the problem is outlined which makes.
use of an approximate formula of Frumkin that treats unadsorbed and adsorbed re-
gions in the double-layer separately but which is here generalized by coupling -
such regions together by planar interaction. Finally, -a statistical treatment =
of the discrete adsorption problem is briefly described whichis more nearly correct. .

than the usual Boltzmann expressions in those situations where competitionand - -

saturation effects are important.
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LINTRODUCTION

In THIS paper, we shall review sOmc recent theoretical treatments of
the electrolyte double layer adjoining 4 plane metallic electrode and shall
outline new approaches to certain parts of this problem. For simplicity,
we shall consider only a uni-univalent electrolyte and an ideal polarized
electrode. Only a fixed, static distribution of charges and dipoles will be
analyzed; thus, all differential capacitances which enter must be under-
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Fic. 1. Double-layer structure.

stood as applying in the limit of low frequencies where kinetic effects are
zero and charging and discharging are quasi-equilibrium processes.

A diagram of double-layer structure is presented in Fig. 1. It is fre-
quently convenient to separate the region adjoining the electrode into two
sections, an inner layer which may or may not contain specifically ad-

-sorbed ions and an outer, diffuse layer where solvated ions are held in
~ average positions by the balance between diffusive forces and the electric
_ field. When ions of a single type are specifically adsorbed, the inner layer
itself may be separated into two parts by the inner Helmholtz plane (IHP),
" the Ioc’t’is"of the center of charge of chemisorbed ions. Similarly, the outer
'Heli_mholtkz_‘plane‘ (OHP) is the plane of nearest approach of the electrical
centers of solvated ions and marks the beginning of the diffuse region.
There ,is‘kfgoqd, evidence that in the absence of specific adsorption the
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inner region consists of a close-packed monomolecular layer of solvent
molecules only.! 7% Its total thickness, d, will then probably be the sum
of a fraction of an angstrom from the surface atoms of the metallic elec-
trode,® * ¢ the diameter of a solvent molecule, and the radius of the major
ion type in the diffuse layer. When cations and anions are of different sizes,
d will thus vary depending on whether the first layer of the diffuse region is
primarily populated by cations or anions; however, such variation is fre-
quently a small fraction of the total thickness and is usually neglected.

A solvated ion retains its first shell of oriented solvent molecules much
more strongly than subsequent shells.” ® Thus, it is reasonable that a
solvated ion at the OHP should be separated from the electrode by only
a single solvent molecule. The process of specific adsorption then involves
the loss of the hemisphere of solvation toward the electrode and the
consequent approach of the ion to within approximately an ionic radius
of the surface.

In the present work, we shall consider the double layer without specific
ionic adsorption, with specific ionic adsorption, and with adsorption of
surface-active neutral substances. Most discussion of previous work will
be given in the text, but for the convenience of readers who wish to refer
to original papers, minor printing errors, etc., observed in these papers
will be noted after their reference. Further, the Appendix presents &
table comparing notation used by various workers, and a comparison of
numerical values actually used or suggested for several pertinent double-
layer quantities.

As Grahame and Parsons’ have pointed out, in the final analysis the -

double layer must be considered as a three-dimensional problem and the
interactions of all charges in solution and on the electrode considered
simultaneously. In the absence of a complete solution to this forbidding

task, it has been found useful to make the approximation of sphitting the
problem into two parts, a part for which it seems a good approximation to
consider continuous distributions of charge and a part where the discrete

nature and specific positions of charges must be considered. ,Co’ntinumygs',‘ o
charge distributions have been primarily employed to calculate double-

layer capacitance at a fixed (possibly zero) amount of specific adsorption.
On the other hand, the discrete nature of the actual charge distributicm has'
been invoked in calculating specific adsorption itself and in improving the
theory of the diffuse region. In the present work, we shall also make use
of the above continuous-discrete separation. It has been pointed out a

number of times, however, that corrections to the usual Gouy~— Chapmanf

theory of the diffuse layer™® 1%and to Debye Huckel theory 17 19 make a
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negligible change in the overall differential capacitance of the double
layer, the usual experimental quantity. We shall, theretore, follow most
other writers on the full double layer containing both an inner and a
diffuse region and use simple diffuse-layer theory for this region. Earlier
reviews of parts of the present subject may be found in Refs. 4 and 20
through 24. Their fullness makes it unnecessary for us to consider all
aspects of double-layer theory in detail, and we shall therefore concen-
trate on a comparative study of a few recent non-therrmodynamic ap-
proaches.

2., CONTINUOUS CHARGE DISTRIBUTIONS

2.1. No specific adsorption. Stern® was the first to suggest that because
of the finite size of ions, the diffuse doubie layer did not extend all the way
up to the electrode and that the total capacitance™ of the double layer
could therefore be considered as the series combination of the capacitance
of the inner, charge-free region and that of the diffuse layer. As mentioned
in the last Section, however, when ions are not specifically adsorbed it is
presently commonly agreed that the thickness of the charge-free region,
d, includes that of (at least) a single solvation shell as well as contributions
from ionic size and possible field penetration into the first layer of electrode
surface atoms.>*¢

In the absence of specific adsorption, let €, and C, be the differential
capacitances of the inner, charge-free region and of the diffuse region,
respectively. Then C, the total double-layer differential capacitance, will
equal (C; '+ C; 1)1 Using the Gouy—Chapman theory of the diffuse layer
for €y, Grahame?9-%¢ has employed experimental values of C and the applied
potential difference to calculate €, vs, total mean electrode charge, 4.
it is found as shown in Fig, 2 that the resulting ', varies strongly with g,

cand-Grahame®? and others suggested qualitatively that such dependence
might arise from compression and partial dielectric saturation of the inner
layer, whose material is exposed to a very high electric field at appre-
ciable jql:

The above derivations of €, were carried out using aqueous electrolyte

- withfluoride as the anion because it was felt2% 28 that fluoride ions remained
~ hydrated and  were not specifically absorbed even on strong anodic
“polarization; Devanathan® has suggested, however, that fluoride ions may

- * All extensive terms such as capacitance, charge, etc., are to be understood to Tefer
to unit area.:
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indeed be specifically adsorbed. Further, it has been ‘suggested by the
authors,®>* by Watts-Tobin®®, and by Mott and Watts-Tobin® that the rapid
increase in C with anodic polarization in fluoride solutions may arise
from a specific adsorption process involving fluoride ions, hydroxyl ions,
or adatoms. Clearly, in the charge regions where specific adsorption is
present, the C, obtained by Grahame’s method will not be that of a charge-
free region, and, in fact, the series combination of the two capacitances
used will then be incorrect as well, as discussed later 3 Mention should

C; (LF/cm?)

~

e 12 8 4 0 -4 -8 -2 -6 <20
g (ucCrscm?)

Fic. 2. Differential capacitance of the inner layer, ’5’1, calculated by Grahame
from his experimental results using a mercury electrode and assuming no specific
adsorption.

finally be made of Frumkin’s® observation that the anodic rise in NaF and
CsF is considerably reduced if purification is carried out in a Teflon rather .

than. glass vessel.
For cathodic polarization there is little or no specxﬁc adsorptaon of'

fluoride ions and none of cations such as sodium or potassium, at least

until nearly the limit of cathodic polarization is reached. Further; the shape
of C curves for ¢ <« ~ —10uC/cm?, where the ions at the OHP interface
are almost entirely cations, is almost independent of the cation involved. 8

In fact, it turns out that C,, the integral or static capacxtdnce of the mnerﬁ’w

layer, is about 10 per cent larger for CsCl than for LiCl, although the crys-
tallographic radius of Cs is much larger than that of Li, and dg may thus. o
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be expected to be about 25 per cent larger for CsCl than for LiCL* Mott,
Parsons, and Watts- Tobin® have explained the near constancy oft ‘he Courves
in this region of cathodic polarization by the assumption that the dielectric
constant in the inner region rises sharply toward the bulk solvent value
at the sutface of hydrated ions rather than at their charge centroids, as
is more commonly assumed. This would render &, virtually independent
of cation radius but would not explain the observed effect of a larger
differential and static capacitance with a larger cation. Perhaps the obser-
ved result is also associated with the likelihood® of weaker hydration for
larger ions, making their effective dy’s smaller than those of smaller ions,

An approach quite different from Grahame’s was employved by one of the
authors? (Ref. 2 will be referred to as I). There, the effect of high electric
fields in the inner region on compressing the layer and saturating its dielectric
constant was explicitly introduced. It was then possible to calculate directly
the dependence of €} on potential across the inner layer and, on using
diffuse layer theory, to calculate C'. With some rearrangement of the ori-
ginal work, the total mean p.d. across the double layer, ¥, can be written
as the sum of that across the inner layer and that across the diffuse region,

yieldlng
V. == dngq 2{{ af 4 2
0 "E;‘—' + ( P )S inh~ 2/‘4 » (4-4-1-1)

where the zero of V, is so chosen that ¥;=0 at ¢=0, the electrocapillary
maximum (ecm), and e is the magnitude of the electronic charge. Note
that here ¥, will be positive when the electrode charge ¢ is positive. The
quantity A=kTe,/4meLy, where ¢, is the dielectric constant of the solu-
tion, and the Debye length Ly, = (kT's /8¢ e2)'2==1-9881 3 10 ~1° [T’ /N2
¢m, where T'is the absolute temperature, N the normality of the solution,
and: ¢, the concentration of positive or negative ions in the solution far
away from an electrode.
Since both d and &y, the static dielectric constant of the inner region,
are taken dependent on Ej, the constant field in this layer, we also require
- the relation Dy==¢,E;=4nq. Given £y, one can then calculate ¢, d, ¢, and
_then V. Finally, ¢ may be obtained from ¢ ~'= -dV,/dg; the result is
'complzcated and need not be given, especially since € is easily calculated
‘w‘ith a digital computer- using differences.
. The specxﬁc dependence of d on E, used was

d/do = (1 +pP) 1, (2.1.2)

e |
P =e.E2f8n. (2.1.3)

Here: d 1s the value of d at zero elecirical pressure.
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Here the pressure £ is that arising only from the compressive effect of the
attraction of the charged capacitor “plates” formed by the electrode and
diffuse layer. Equation (2) involves the compressibility parameter §, is
properly linear for fP<=1, and yet requires infinite pressure to yield zero
thickness,

The following expression for e, proposed by Grahame® was used,

£y = b+ () — £2) [sinh ~U(Y{2bLE) [ {2B}ED], (2.1.4)

where ¢ is the value of & when there is no dielectric saturation, &, is
its value when the dipolar contribution to £ is fully saturated out, and b
is a dielectric saturation constant.

Using the above equations, Grahame’s ¢ ( data for NaF at 25°C and
several solute concentrations was fitted by adjustment of the parameters
&, B,and b. Atthe ecm, the data gave 237 ¢9/dy = 3-3 A —*; the assumption
of a monolayer of water led to a thickness d, of about 4-6 A, finally yielding
=15, The quantity ¢_ was taken as 5, based on independent high-
frequency measurements. Fitting of the data was carried out only for g==
0 and was relatively simple since the effects of different values of 8 and
b interacted only slightly, Not only was quite accurate fitting of the data
found to be possible in this region where specific adsorption could ‘be
presumed absent but also the final values of § and b were in order.of mag- -
nitude agreement with results obtained by entirely different methods for
bulk water. In the actual comparison of theory and experiment, dielectric

saturation of ¢ by the field in the diffuse layer was also included. The inclu- -
sion of this effect, which is only one of the corrections to Gouy-Chapman ;;'
theory possible, made less than one per cent difference in the thcoretrcalj .

curves and so has been omitted from the present discussion.

When Grahame’s®® later measurements of C for NaF at-a vauety 0f
temperatures became available, the present authors®t improved a number
of points in the above theory and fitted this data as well (Ref. 4 will be
referred to as II). First, the earlier theory gave C curves symmetrical .
about the ecm, in contradistinction to experiment, and hence could not
fit =0 data simultaneously with ¢=0 data. In II it was attempted to o
avoid part of this difficulty by introducing an: effe:qtive or ‘“natural”
field,* £ . which gave a small amount of dielectric saturation (dipole
orientation) even at the ecm and allowed ;the'maximumvslto :oé.cur yatv‘smali. -

* * This field was denoted by Eyin 1L Herc; we shaﬂ usually use scnptE 8 for &ﬂfeatwe
fields solely: orienting and polarizing d;poles and 1tahc E’s f()t dvemge ﬁekiz: o
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positive (or negative) values of ¢- Such mimtauon was later also sugges-

ted by Parsons®* and by Watts- _Tobin® ’ ‘
In T, it was suggested that dipole orientation 11 t!u': 2117:%.311{:@ of an
external field might arise from some or all of the io}iowe’ag factors: per-
manent multipole moments higher than the dipole, an induced dipolar
moment, non-spherical molecule, electrode cimhon wave-function over-
lap and bonding, the non-planarity of the metallic surface on an atomic
scale, and differences in dipole image reflection in the mercury and in the
diffuse layer. Parsons,* on the other | hand, suggested as reasons a greater
specific attraction of one end of the water molecule to the mercury than
the other, the dipolar layer within the metal surface, or the fitting of the
surface water layer into the remainder of the water structure, Watts-Tobin®
has invoked the quadrupole moment of a water molecule in a detailed
way to explain the initial orientation, and finally Mott and Watts-Tobin®
have suggested that water molecules in the inner layer are surrounded by
mercury atoms, surely an extreme case of mercury surface non-planarity.
Parsons® has criticized I because he states it suggests that « at the
ecm (d,) is proportional to the radius of the cation. This is not so. The
theory of T was applied only for g == 0; in the absence of specific adsorp-
tion it was expected that over most of the ¢ range investigated cations
would greatly exceed anions in the first Iayer of the diffuse region. Thus, a
cation radius was included as a part of d, but amounts to less than 25 per
cent of the full 4, used in I. Going from Na * to K ¥, an increase in radius
of about 40 per cent, is reflected as only about an & per cent change in
dy:-A change of similar magnitude in d, occurs for NaF when Na™ i
replaced by F — in going from cathodic to anodic polarization. In a de-
tailed-theory some such interpolation formula for the effective ion-radius
contribution to d, as [r exp(—V,)+r_exp(V;)}/2 cosh ¥; might be
used, where V', = eV,/kT and V, is the p.d. across the diffuse layer.
One difficulty with the theory of T is that equation (2.1.4) does not
exhibit the proper high field behavior. In the limit of high fields, the
dipoles of the solvent molecules in the monomolecular inner layer may be

. expected to- be all lined up in the field direction, making the permanent

k',chpolar polarization a maximum. Since further polarization is impossible
k(omlttmg change of shape effects), the term multiplying (£9—e¢_) in (2.1.4)
“must decredse asE”l, vielding a constant polarization for sufficiently high

: \ﬁelds Since (2 1.4) does not give such behavior when ] (2b)E,>1, it has

 been replaced in II by
& = 1+ 2ew—~1) +ATah(E), (2.1.5)
h(E) = tan "X (Y [BIE)/(Y [B]E), (2.1.6)
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whete a= ef—¢_and E=E, &, The saturation term h(E) is again taken
from- Grahame’s work® and now exhibits proper high field behavior. In
addition, the new equation incorporates an experimentally necessary de~
pendence on density. In equation (2.1.5) A=o/o,=d,/d=(14mxP)/™
where ¢ is the density of the inner region, g, is its value at P=0,and x isa
compressibility constant. Insofar as its density dependence is concerned,
(2.1.5) represents a generalization and improvement of the Owen-Brinkley
equation,®® just as the above equation of state for o represents a generaliza~
tion and improvement of the Tait equation of state.*® The constants n, #,
and m were usually taken as 1, 0, and 1, respectively, in II on the basis
of reasonable arguments. Note that this choice still leaves some density
dependence of #, in distinction to (2.1.4) which includes none.

An application of linear elasticity theory in I1 yielded, to first order,
o/o,=dy/d=1-+aP, equal to the above expression for 24 with m==1
{and to its first order expansion for any m) and to equation (2.1.2) used
inlif o and § are identified.

Since (2.1.5) exhibits dependence on density as well as field, it may be ex=
pected that there will be electrostrictive as well as compressive contribu-
tions to P. The analysis of II yields

P = (£,E%/87) {1 + [0(Ine)/d(1nR)],} 2.1.7)

(E2/87) [26.c — 1 -+ah(E)]
- H.llw,’la(sw —D)(E287) (2.1.8

where the second equation only follows when n=m=1 and r==0.

Figures 3 and 4 show the agreement obtained for two temperatures

when the theory of I is fitted to Grahame’s®® data. In these figures, the
curves for different concentrations were progressively shifted upward by -
6 uF/cm?® to allow clear distinction between them. The only significant.

disagreement between theory and experiment for all temperatures and o

concentrations occurs on the anodic side and possibly arises from a
specific adsorption process in this region not included in the theory.
It is clear that although the introduction of a non-zero ¢, has made
the theoretical curves somewhat asymmetric and allowed better curve
fitting for low anodic potentials, especially for low temperatures, its intro--

duction is insufficient to explain the rapid anodic rise in C. Parsons®

has suggested that this rise comes not from specific adsorption but ‘from :
a much greater compressibility of the inner layer at positive than at
negative electrode charges. This is explained as arising from a difference.
in the strength of hydration of cations and anions, but the suggestion.
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5

ritns into difficulty because of the large temperature coeflicient of com-
pressibility needed in the anodic polarization region. The great similarity
between NaF curves and those ol other, specilically adsorbed electrolytes
also reduces the likelihood of correctness of this explanation
Considerable attention has been given by the authors™ and, approxi-
mately simultaneously, by Watts-Tobin® to the problem of explaining

el
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F1G. 3. Comiparison of the results of the theoiy of 1T and Grahame’s experimental
differential capacitance results for 0°C.

the relatively small value of ¢ = al ~£., the unsaturated dipole contri-

_bution to the dielectric constant in the inner layer. A common partial
. explanation involved the assumption that the field acting on the two-
o dimensional, inner-layer water molecules was essentially equalto the applied
field. In the present work, more detailed consideration of this effective
~ field leads, as we shall see, to the conclusion that the dipole reaction field

o ;'parnally cancels the applied field, rendering the effective field even smaller.
-Also, there is general agreement that the correlation between the instant-
"nebﬁs ~directions of neighboring dipoles is much reduced in a two-
imensional water layer from that in bulk water, and association
ie further reduced because surface water molecules will settle down
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somewhat between surface mercury atoms.®»% In addition, in ¥I the
effect on ¢ and on the saturation parameter b of single and infinite imaging
of surface dipoles was quantitatively evaluated and fair agreement with
experiment found,

In fitting Grahame’s curves in 11, it was found that excellent agreement
at all temperatures could be obtained by employing the theoretically

50
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FrG. 4. Comparison of the results of the theory of I and Grahame's expvrlmcnml
differential capacitance results for 85°C, :

expected temperature dependence of b, but that the temperature dependence -

of @ obtained from fitting curves at five temperatures was very regular -

but was appreciably greater than that predicted by any theoretical model
considered. Part of this discrepancy may arise from the neglect of molecular -

interaction in the plane, which would: itself be temperature dependem e
(see later discussion). In spite of the disagreement. in the temperature; e
coefficient of a obtained by curve fitting, the general rather close 4greementg .
found in I between the values of a, b, and « and either theoretical or

experimental values obtained in other ways is gqod evxdence of
reality of the compression and saturation eﬁ'ects "’mbodxed in the; theo :
The mtcrestmg hump which appears m Fxg 2 at low ‘,temperatur $ :
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and in Fig. 3 near but slightly to the anodic side of the eom was originally
explained by Grahame®® as arising from an increase in thickness of an ice-
like layer next to the electrode as the temperature is lowered. The present
authors®! and Watts-Tobin®® have alternatively suggested that it arises
from the proportioning of two factors: an increase in capacitance arising
from specific adsorption as anodic polarization is increased, and then
an initial decrease as dielectric saturation begins. Mott and Watts-Tohin!
in their further work have ignored the effect of the natural field o, in
shifting the hump to the anodic side of the ecm and have explained such
a shift on the basis of a displacerent between the zeros of charge and
potential arising from specific adsorption; this explanation will be con-
sidered in the next section.

Next, let us compare different methods that have been used to introduce
dipole orientation effects. We shall initially neglect the effect of density
changes on the dielectric constant and consider the potential difference,
V, across the inner layer only. In 1T, we took

Vy = 4ngd|e,, (2.1.9)
&) = oot [4TNy~ W(E)> [E] (2.1.10)
= &, + ah(E),

where < u(E)> is the average value of the permanent dipole moment
in the direction of the field E, E= E, + &, as before, and N is the number
of dipoles per unit volume. Their number per unit area in an adsorbed
monolayer will be denoted by N (not to be confused with the normality
of the solution). If we temporarily assume |&,|<< |E,|, write N d = N
and use E, = V/d, it can be readily shown that (2.1.9) and (2.1.10)

lead to

v, = dngd B 47N < w(E)= ’ @2.1.11)

Eoo Eoo

consistent with D == ¢ E, = 4mg. The approximate equality is exac’
~ when g, = 0.

In the present notation, Watts-Tobin* and Mott and Watts-Tobir
~ have esentially written

Vl - dngd  4nN=<u(E)= ’ (2’1"12)

€ Coo

’klch is exactly the same as (2.1.11) when &, = 0. On the other hand,
en &, # 0, equations (2.1.9), (2.1.10), and (2.1.12) are not entirely
sxstent.; ‘We are now of the opinion that the formulation of (2.1.12)
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is the more nearly correct; however, because {2,} < |E;] over most of
the range of £, the difference between the two approaches would have an
almost negligible effect on the curve fitting of I1.

Letus now consider how (2.1.12) may be derived and then 1mpr0ved
Following Mott and Watts-Tobin, in a layer containing dipoles we shall

give up the definition &, = D/E,. Instead, we may write
D = dpg == Ey 47Dy +Dy), (2.1.13)
Dy = (8o — 1) Iy 401, (2.1.19)
Py = Ny (llE)=. ‘ (2.1.15)

Seolving for the potential drop ¥, = E,d yields just (2.1.12). Note that
when ¢==0, £, = K, is non-zero and is given by

By = = s hetl) 2.1.16)
which must be solved by iteration when &, # 0 and £, 0. When
En =0, Ejy=0 and ¢ will therefore be positive when E = 0, the point
of no average dipole orientation where the hump may be expectcd to be
most prominent.

We believe that (2.1.12) and (2.1.16) still require considerable
further modifications which, for greater clarity, we shall introduce bit
by bit. The changes chiefly concern the proper inclusion of electronic
and distortional polarization and planar interactions. In the preceding
treatment, these polarizations were introduced through the ¢, or ),
term. Although the technique for handling this polarization is proper
for bulk, we believe that for the present case of a monolayer a more nearly
correct treatment should be based upon the actual monolayer structuré;ﬁ

Equations (2.1.13) and (2.1.15) require no modification if £'is properly G |

defined; we must, however, determine the proper dependence of 7}1
which will take the place of (2.1.14). For bulk one has the re]atnons

Pr = xyder, Q.1 17)
éen = Ey (4D, /3), S @28y
= ngl = El +4ﬂ(p1a el (2 1 19) :

connecting the microwave volume polarxzabxhty oy wﬁh £ Combmmgﬁ‘ g

these equations leads to the usual result, o = 3(8 ~~l)/4n(e +2),,

evaluated for bulk material. The polarizability constant oy wﬁl be. thel

same for the monolayer as for bulk except for a correction. ansmg om
differences in the density and for possible cova[ent bondmg eﬁ’ects whxchlw
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we shall ignore. On taking ¢, = density in the bulk at zero electrostatic
pressure and defining y, = go/0,. we have that 4y, = (5/0,) (0,/0,)
== olgo, & quantity of the order of unity, Inclusion of this factor
feads to the following relation for «, in the monolayer,

oy = Ay [3(Ew — 1) [4(e0s +2)] = Jotyg. (2.1.20)

Under the very high fields which may prevail in the inner region, o, may
show some saturation behavior and may decrease with increasing field
magnitude. This effect should be relatively small and will not be further
considered.

~ We shall now briefly set aside macroscopic electrostatics and determine
the polarization and local electric fields from microscopic laws, neglecting
discreteness of charge in the electrode itself.2°* Having then found the
total polarization, we may determine the macroscopic electric field acting
in the inner layer through relation (2.1.13) with D=7+, the total
“polarization.

In the monolayer, we still have D, =a; &, with «; given by (2.1.20),
but now &, no longer follows from (2.1.18). Instead, we find that
Zegr is made up of the applied field 4nq plus the fields arising from the
permanent dipole moment, and from electronic and distortional polari-
zations. Under some conditions, which will be explored elsewhere, it will
be desxrable to introduce a new natural field, different from the orienting
ﬁeld &n, which induces polarization even when g and -<u> are zero.
'Thls natural field will be taken zero here, but its introduction will
usuaﬂy lead to better agreement between theory and experiment and
‘ma be further justified on the basis of the likely presence of a strong
nogeneous field at the surface of a clean metal. Defining r, as
;separatlon of: atoms in the hexagonally arranged monolayer, we
8 (3/4)‘”"1N""2 Ignoring effects of correlations between
15 ntaneous onentatlons of different dipoles, we shall determine: the
( rlentmg the dlpoies and polarizing the electrons in a self-consis-
way by replacmg all dxpole moments by their statmtxcal time

: .txvt:y' ;‘:“rep(e‘:s’ents a geometrlcal facto,r which for a hexa~
ideal dipoles equals®’ 11:034; for a square array its value
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is 9-0336. For non-ideal dipoles, such as those of water molecules,
these factors will be somewhat reduced.®?

The above procedure leads to the result that the effective field acting
to create distortional and electronic polarization is

Sogp = g — (3[4 RN 2 [< 1= HPLNL, (2.1.21)
where = u= = < u(sl>, and ¢4 is an orienting field determined later.
This result together with (2.1.17) yields

Dy, = {dnglo, —sAN3 < p=1eqm (2.1.22)

where s = (3/4P/ ooy, and s, = I--sd, N2 In deriving (2.1.22), we
have made use of the monolayer relations N, = N/d = NA/d,; and we
have tacitly derived the polarizability parameter oy, from the properties of
the monolayer substance alone, ignoring the point that contributions from
electrode atoms and diffuse layer ions may result in a slightly altered value
of the average inner-layer polarizability. The effective dielectric-constant;
8o derived here from microscopic considerations, will usually range
from unity to two or three in magnitude. Combining equations (2 121
and (2:1.22) leads to , G

(’30” = [4nq i (3 /4)3/40«]\73 12 & ‘[L‘“»}/Eeﬁ ' ‘ (2 1 23)

The present expression for e, applies in the case of maxxmum surface o ‘;
coverage by a monolayer of dipolar molecules. For variable coverage,_',j -
aform of this expression was first derived by Roberts.*® —% In the maximum
coverage case, his result reduces to the present g except for the reptacw L
ment of the term (3/4)3/4x 11034 = 8-894 by 1x9:034 = 9, a change
appropriate for a square array. The near equality of ‘chese numbers
shows that the magnitude of g is virtually independent of which
of array is assumed. The present treatment seems to be the first for ¥

&y has been mtroduced in a self-consxstent treatment wath ’

when qw() and p=g,.
Now weturnto the problem of calculatmg = y = Iﬁ thzs faSk

dipoles. We have already taken into account all such cme ing effect:
independent of ¢ by the introduction of the natural field &,, ‘The assump o
tions of independence and additivity of &, and the extra field present - .
when g0 are prObably good under most candxtxons especxaily if &, is
found to have little or no temperature dependence‘ The onentmg ﬁeld
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given by (2.1 .12), by Watts- "[obm“’ and Mott and Wdtts Tobm." As
we have seen, these choices are not usually very different, but they share
the defect of treating the field arising from dipole onentatlon in a manner
appropriate only to bulk calculations.

If one removes a single dipolar molecule from the hexagonal sheet
but feaves all other charges fixed as they were, the true field at the vacancy
would, by the foregoing development, be just &=, With the missing
molecule returned to its site, the effective field acting on the permanent
dipole will be altered by the electronic polarization of that same molecule,
and this effect will generally depend on the specific orientation of the
molecule in a complicated and uncertain manner. Such dependence
upon orientation of the shielding of the permanent dipole moment by the
electronic polarization could actually affect the saturation function in a
drastic and asymmetrical manner, depending on detailed molecular struc-
ture. In the present work, however, we shall neglect such asymmetry and
assume that the electronic polarization shields the dipole through a factor n?,
the square of the optical refractive index, appropriately modified for
density .changes. Such™ modification, along the lines of equation (2.1.5)
with the parameter n==1, leads to the replacement of »* by 14 A(n*—1).
;(We then ﬁnally obtain the following result for the total orienting field

= dn+ [ﬁeeff/{l +A(n*—1)}] (2.1.24)

. Next, we need to calculate the pressure in the inner region in the present
. regime. Since ¢; has not been defined in the present treatment of a surface
. dipole layer, equation (2.1.7) relating pressure, &, and E; cannot be
. used here to yield the pressure P. Employing the same general approach
L g;as that used in II (but see the statement after Ref. 4 for minor corrections),

- WE btam the followmg generahzatmn of (2.1.7), .

L gk, op
e au(20)

e Zuq[q f/)vHx(%Z)) ‘} (2.1.25)

g (21 13) “The: total polarxzatlon @ follows immediately from
15) and (2 1 22) and s

fp = {4nqxocm+(m/do></»>1/aeff ’ (2.1.26)

Let us now wm:e = y,(&)> =4y, f(g), where the factor 4 ~1is introduced
o accaunt to ﬁrst order, for molecular compression in the inner region
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and consequent reduction of the magnitude of the permanent dipole
moment {see 11). The saturation function (&) obeys £(0)=0, f(e0)=1.
Note that the usual assumption of =0 in (2.1.5) is equivalent to taking
Ny == = No (&) fdy if N,=AN[d,, in agreement with the A-! term
introduced above. We may now express the pressure as

N 0
p = 2nq;:q- <7iofff> {f(z:) - ( i’;ﬁ”) H CRES
q

where terms in 70 and /92 involving the polarizability %y, have can-
celled out.

The mean field in the inner region now follows from (2.1.13) and
{2.1.26) and is

E\ = dng [L— Mmoo /eom)] — (4N, f(E) |yt o). (2.1.28)

Note that at g=0 the expression for E,, does not involve E,, itself in &,

Vi = doeqh 1dy [1 = Wdmmy )] — BN fO) Aol (2.1.29)

which may be compared with (2.1.12).

When this result is compared with (2.1.12) suitably modified to include
density dependence, one sees that the term {1—2A(4mex;o/e,,)} ~* replaces
the simpler {14-A(e,,—1)}. Since the terms multiplying A are not small
compared to unity, the A dependence of these two expressions will be
considerably different. Secondly, comparison of the second terms shows
that 2 {1+Me..—1)} is replaced by (A&, if the appreciable difference
between F and & is ignored. S

The potential drop across a dipole layer measured at points a'{lar'gef‘;,
distance on either side of the layer is frequently written as 4aN<p>. =

When the dipoles are non-ideal and the dipole-layer can be apprkoxima"tkedm
by two continuous charge layers with homogeneous material of
between them, the result of equation (2.1.12) follows, 4aN-<p=/e_.

Ignoring the differences between 4 and unity, one sees that the present “; ;
result, which includes planar interaction of ideal dipoles in a layer, isof the

same general form, if not magnitude, as these expressions. It will remain

essentially the same when the dipoles are only approximately ;id‘ekal,t“z‘: -
and we believe that it is pertinent not only to double-layer calculations

under close-packed conditions but also to the problem. of the potential
difference produced by a layer. of molecules having permanent dipole
moments adsorbed froma gas phase in a regular but'not nec&ssarily’close-} :
packed array on-a surface.40® , 5 G
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Finally, to obtain ¥, the total p.d. across the double layer, we must
include ¥,, that across the diffuse region. However, since it is customary
and desirable to measure potential inan unabsorbed system with refcrcnm,

Vo = dngh~3dy [1 — Mmoo /eerp)] +(2KT €) sinh~1{g/24)
— (47N o eere) [ () = [(20)]; (2.1.30)

where &, is the value of & at g= =() and is zero when &£,==0. Since P==0
when g=0, 1 = (1+maP)'™ will be unity at this pomt. The above
expression shows all A-dependence explicitly except that in f{(&£). It is
expected that the hump will appear at low temperatures in the neighbor-
hood of the ¢ value for which #=0. This will occur at a positive g for
$,=<0.

For f() we shall follow Grahame® and Il in using an expression of the
form (&) = (2/m) tan ~1(}/[p)¢). This form has the advantage discussed
in I1-of "being able to approximate either Langevin or dipole-image
saturation behavior by adjustment of the parameter 5. Both Langevin and
~dipole-image. saturation dre based on the assumption that dipoles are
free to point in any direction. On the other hand, Watts-Tobin®® and Mott
and Watts-Tobin® assamed that a water dipole could only take up two
positions, leading to f(E)==0tanh(6u,E/kT), where 6=1/[/3 in Watts-
- Tobin’s detailed treatment of the water molecule, and 6=1"when it was

' ~assumed® that the dipole could only be parallel or antiparallel to E.
- By selection of b, the tan ! form may also be made to approximate to
- this result in the saturation region of most interest.

It ‘was shown in 11 that Vb must be proportional to the magnitude of

j,‘,the dlpole moment say p. But in both II and the present treatment we
Ly to account for dipole compression. Thus, /4 must be
( 1]/b and j(g) becomes

f(c") = (2lryan- 12- w(b)e’] | (2.131)
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The presence of = u= or f{£) in & itself shows that planar-interaction
depolarization may have an important effect on the approach to saturation.
The effect 5 to vetard the achievement of saturation, and its presence
makes the exact choice of tan ~%, tanh, or Langevin saturation expressions
both less certain and less important. In 11 the situation was examined where-
water dipoles were imaged in the electrode or in the electrode and the
diffuse layer. Single imaging produced little deviation from Langevin.
saturation but deviation was somewhat more pronounced in the case
of aninfinite series of images. Such imaging leads to a more rapid approach
to saturation, opposite to the effect of planar depolarization. Thus far,
no treatment has been given in which planar depolarization and dipole
imaging have been simultaneously considered. Because the effect of single
imaging is small and there is some doubt concerning the appropriateness
of infinite imaging (see later discussion), we believe that for the present
it is most reasonable to use the interpolation formula (2.1.31) with
b adjustable to describe saturation behavior.

Preliminary results of fiiting the present theory to Grahame’s NakF
data indicate that a reasonable fit to C curves may be achieved over almost
the entire experimental V|, span, anodic as well as cathodic. Such agree-
ment is produced without the need to invoke specific adsorption processes.
and indicates that the hump on the anodic side arises from an »£,<0
and from the presence of induced and permanent dipole moments which
depend quite differently on ¢. These results will be discussed at length
elsewhere,

2.2, Specific Tonic Adsorption

Let us now suppose that a charge ¢; (per unit area) arises from specifically’
adsorbed ions. It will usually be assumed that these ions are solely anions,
Since the actual dependence of g; on ¢ or ¥V, involves discreteness of
charge effects, such dependence will be discussed later. ‘

It is important to point out that the differential capacitances of the:
inner and diffuse layers are no longer exactly in series when g, # 0. Charge
neutrality requires that g==-(g,-+¢s), where ¢, is the total diffuse region -
charge. To the degree to which an OHP can be well defined; it is proper:
to write ¥, = V-V, with the zero of ¥, selected so that V, = 0 when
q==0 for the case of no specific adsorption of ions. Differentiation now
yields s e

dg T d¢ \dg)\dg ) (;2«‘;‘“'9
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Or
A dg, ot {0 d‘fa Y o o
C"j—*l - "f;}a e (dﬁ;) C‘El pel (2 1 - (§ e i({ } [OPI {2.2»2)

Since dg,/dg may be positive when ¢, 70, the possibility exists that ¢
may greatly exceed C,; this possibility is, however, usually experimentally
unimportant since |dg,/dg| is almost always found to be less than unity,
It should also be mentioned that specific adsorption can, of course,
cause a direct increase in €y itself compared to that without such adsorp-
tion. Grahame’® was the first to point out qualitatively that in the presence
of specific adsorption large capacitance values arise because of the change
of adsorption with potential. An equation fully equivalent to (2.2.2)
was given in I, and a similar, less general, equation was derived by Devan-
athan,?® to whom belongs the credit for first showing in detail the failure
of the series assumption when g;>0. Many authors have treated the
double layer with the simplifying approximation of neglecting the potential
drop across and capacitance of the diffuse region. Clearly, this will be a
very poor approximation when (dq,/dg) C;tis comparable in magnitude
with C%. Further, in this case it may not even be a very good approxi-
mation to use ordinary simple diffuse layer theory for C,.

Three different methods of calculating ionic surface charge excesses
at the mercury-solution interface are presently available. These are the
electrocapillary method,® which requires a graphical differentiation of
the interfacial tension; Grahame's*®*? capacity method, which requires
both a differentiation and a double integration; and the non-thermodyna-
mic double-layer model method pioneered by Devanathan.® Since these
methods have recently been discussed and compared by Devanathan and
Canagaratna,®® we shall here consider only the third.
~ Figure 5 is a conventional diagram for the diffuse layer in the presence

~of specific adsorption showing the thicknesses § and y, dielectric constants,
p.d.’s, and charges. Because of the smearing out of charge, all p.ds
shown are average values, thus V', is the mean p.d. between the bulk of the
'solutlon and the IHP. There are, however, conceptual difficulties associated
- with this continuously distributed charge model which we shall discuss
‘ 'before outlining its usual treatment and some generalization thereof.
i Let Gy be the saturated value of ¢, appropriate when all surface sites on
_ the metal are occupied by specifically adsorbed ions (to be denoted by
‘ SAI taken plural or singular) and no water molecules are left in the inner
ion. 'Further let 6 = q,/q,,, denote the fractional occupation of the
facc by specnﬁcaﬂy adsorbed ions:
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Now when f«<{, at any given time there will be appreciable surface
regions where there will be no SAI nearby and the surface will be occupied
as usual by water molecules in the inmer layer. For these regions, it is
proper to take fp=d, g5 = ¢, = ¢, and essentially ignore SAT when
calculating ¥,. Although the introduction of an g which includes dipole
otientation effects is not the best procedure, as we have seen in the last
Section, & will be used here as a shorthand way of refetring to and
including dipole orientation effects. On the other hand, in the neighborhood

i H] P O}-l{ P
METAL | L _DIFFUSE ! ik
ELECTRODE H REGION QF
sty SOLUTION
b
L
€ 1 €y £g &

N

i

Fic. 5. Quantities defined in the double layer when discreteness-of-charge effects =~
are ignored. : :

of a SAIL, the thickness 8 will be made up of a contribution from the
metal and one from the radius of the SAl,-and clearly gz will involve
no polar contribution and will generally differ appreciably from ¢
Also, it is reasonable to suppose that a SAI'will retain its first hydration
shell on the side away from the surface so that the center.of charge of the .
nearest diffuse-layer (hydrated) fon-will be separated from that of the

SAT by approximately two ionic radii (usually radii of an anion and a =

cation) and the diameter of a water molecule. In such regions, » will

approximately equal the above d, &, will approximately equal the "?”L’
appropriate at the field in this region, and §-+ will appreciably exceedd.
Thus, in the neighborhood of SAI, the distance to the OHP will be greater
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than that in a region where there are no SAI nearby and the OHP will
not really be a plane.

In the conventional model of Fig. 5, the use of £, y, egand e, represents
an averaging over the above situation, necessitated by the use of continuous
charge distributions. Unfortunately, such averaging, which may be
partly justified physically by thermal motion parallel to the clectrode,
will clearly be a function of § and is one reason why p/(£-+y) is usually
found to depend on ¢ (and so on ¢)) even without the introduction of
compression effects.

The usual treatment of the diffuse layer yields

Vy = —(2kT/e) sinh™(q,/24), (2.2.3)
and: electrostatic. theory Jeads to
Vg = 4nqf|ep, : (2.2.4)
; y = 4m(g+4)/ey. {2.2.5)
 The use of Vy=Vp+V,+V, and rearrangement gives
§ Vo = (21‘;) sinh~1 [(q,+q)/24] +4nq [é + Eyj + 4?/1’“/" (2.2.6)

;No dn‘ect dipole orientation. potential contribution has been included
o m (2 2 6) but 1t is mcluded inan approx:mate way, as shown prcwously,

:Was the ﬁrst to give Equation (2.2.6)
';‘3‘72A and B taken as the crystallo-
Onereason for the difficulty in properly
he .'present model is that there are
cerned whose proportions change
ercury away from SAI, and those
ns. Furthermore, the presence
‘the planar interaction effect




Equilibrium double-layer theory 221

which resulted in the introduction of ¢, in the last Section. This problem
will be further considered later.

Grahame®S? and Grahame and Parsons® have used an equation equi-
valent to (2.2.6) with 4 == ¢, = ¢, and no separate dipole orientation
contribution. If the second term on the right is termed »® and the last
y® following these authors, then {gy,/91%e) = y/(B-+v), but this is a
dubious equation for all the reasons discussed above. In an early treatment,
Grahame®® did distinguish between the dielectric constant e, in 9% and
that in y® when ¢ is taken equal to e, there, but this is clearly not a
meaningful distinction and can ouly be introduced heuristically in an
effort to correct for deficiencies in the equation.

Mott and Watts-Tobin® have also given an equation equivalent to
(2.2.6) when V, is omitted and eg== ¢, = e, (=3) is used. No direct
dipole orientation term was included although, as discussed previously,
this term did appear in their treatment when specific adsorption was
omitted.* They give as the condition that the field in the inner region be
zero, q(ﬁ-—}ﬂy) = ¢y, or ¢ = (y/B)g,. This condition makes V' = Vg
+Vy = 0 (when ¢4 == ¢,) but does not require a zero average field in the
mner region; instead, it only leads to fEg == -—yE,, where Eg and E,
are the mean fields in the 8 and y regions of the inner layer. There is thUb
no reason to expect, as do Mott and Watts-Tobin, that the hump on the
anodic side should occur just at this charge. The data of Grahame and
Parsons on KCl, in fact, do not substantiate the above relation between
¢ and g, at the hump unless y/(8-+7) is taken to decrease very rapidly
with increasing KCl concentration (or decreasing ¢). In general, we believe

the hump will appear in the neighborhood of the electrode charge for which -

there is zero average dipolar orientation. Ignoring rapid fluctuation effects, ;
we note that this is the charge for which the average dipole orienting

field, & in Section 2.1, is zero. This will, in general, 'not be the condition
which makes the mean fields £ and/or E, zero or the condition which

makes the potentialzero at the position of an adsorbed ion (the mtcmpoten« 1
tial — see Section 3). fo

Grahame and Parsons® have also taken the ﬁeld in the inner region
zero when ¥;==0 and are concerned that ¥, is not also zero at this point.

Although they indicate that this is a defect in the'model which may p’arﬂy‘
explain the appearance of appreciable dependence of y/(8-+7) on g, this
is not really the case. The model, in fact, leads to continuity_ of the:mean il

* A less accurate combination of dzpole Gnmtacmn and speclﬁc *td‘zorptson t ‘m‘
was, however, ‘given earlier by Watts-Tobin 2 -
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electric displacement across the OHP, us is required by macroscopic
electrostatics. At V=0, V,#0 since £,50. It is only when the picture
is used of a linear mean potential variation across the inner region even
in the presence of SAT that difficulties arise. The basic difficulty, as dis-
cussed earlier, arises from the use of the continuously distributed charge
model of Fig. 5 at all when 6= 0.

Devanathan? pointed out that (2.2.6) can give the shift of ccm poten-
tial with solute concentration provided ¢; at ¢==0 is known. One must
only calculate ¥, vs. gy at ¢=0. The resulting curve will be correct, of
course, to the degree to which (2.2.6) 1s an adequate description of the
true situation in the double layer. For reasons already mentioned, we
believe that (2.2.6) is only a poor representation of the true state of
affairs, either witheg = ¢, == ¢, or even with g5 # ¢, and ¢, including a
dipole orientation contribution which is saturable.

Grahame®® and Grahame and Parsons® are not concerned with using
(2.2.6) to obtain € by differentiation and either the derivation therefrom
of g, vs. g assuming values for (8-+y)/e,, and y/e, or vice versa. Instead,
they calculate g, vs. ¢ using Grahame’s capacity method, derive V' from
KIand K Cl differential capacitance data and plot ¥y vs. ¢,. This procedure
surprisingly shows that (8--y)/e, and y/e, are nearly independent
of ¢ over a wide range. Devanathan and Canagaratna® have, however,
called the accuracy: of Grahame’s capacity method into question on the
basis of a comparison of its predictions of surface excesses with those
of the electrocapillary method. Nevertheless, the approximate constancy
of the coefficients of g and ¢, in (2.2.6) is suggestive.

“Levine; . Bell and- Calvert®® have used (2.2.6) in conjunction with a
‘theoretical relation between ¢, and electrode polarization, to be discussed
later, to test these relations by calculating ¥, vs. ¥, and comparing with
the results of Grahame’s capacity method for KI. Quite good agreement is
“obtained, but the -comparison of derived quantities is hazardous, and a
much more stringent test would involve the direct calculation of € vs.
, for several concentrations and temperatures.

“. Finally,  Devanathan, in his early?® and later® work with (2.2:6),
. has used it to calculate ¢y, assuming that 5, 7, and ¢, are known constants.
. A direct way of carrying out such a calculation would be first to obtain
o qgvs. V, by integrating the experimental C—V, curve in the conventional
. way;, then to caleulate g; from (2.2.6) for given ¥, and ¢ by iteration.
~ ;DW&Ua,than has used a more complicated but entirely equivalent method.
5 'ﬁk};ﬁgmiating,~(2.2.6) with respect to g and keeping 8, y, and e,
nt, he obtains an equation relating (dg,/dg) and C. This is essentially
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copverted to an integral equation for ¢, which is then solved by iteration.
Since no more information except for a constant of integration is used in
this method than in the direct method, they must lead to identical results
for ¢, vs. g if the zero of V, is picked consistent with the integration con-
stantmentioned. Devanathan has not realized this fact and has substituted
his ¢, values into (2.2.6) as a test of the theory. The resulting ¥, values
are compared, at equal ¢’s, with the experimental p.d. across the double
layer. The resulting ¥, ’s are found to differ from the corresponding
experimental p.d.’s by only a constant. This result is taken to be a stringent
test of the theory; it is actually only a guarantee of the accuracy of the
calculations. It is therefore not surprising that Devanathan’s calculations
of the shift of KCl ecm potential with concentration are in agreement
with experiment; they must be, since they are calculated with g, values
derived from the same data and nothing more.

It is worth pointing out that the ¢, values derived from (2.2.6) by the
direct or by Devanathan’s method using experimental € values are only
as correct as is (2.2.6) itself. In addition to the defects already mentioned;
we should expect ¢, and p to vary with field because of compression
effects. Therefore, it is surprising that surface excess values derived by
Devanathan’s method are frequently found to be in fairly reasonable
agreement with values found by the electrocapillary method.*® In fact,
¢y results derived from (2.2.6) with constant coefficients often seem
much better than we might expect. On the other hand, the application™
of this method for cathodic polarization seems to lead to small cationic
adsorption at strong cathodic charges. The presence of ionic adsorption
on the cathodic side of the ecmyis an alternative and much less satisfactory -
explanation of the shape of € curves than that which assumes no adsorp-
tion but the presence of dielectric saturation and compression effects.

This is especially so because for ¢ more negative than about = 10 ,wC/cm? s :

the specific adsorption found is independent of anion type and of
concentration® Further, specific adsorption should be quite strongly
temperature dependent, but the shape -of € curves: for g«—10 pClem?®
is very nearly temperature independent. Itis unfortunate that there is no
€' vs. g data available for which one can be certain that there i is no specxﬁc ~
adsorption over a wide ¢ range. o s :

2.3. Adsorption of Neutral Substances

Two - quite different types of differential-capacitance behavior haver
been observed for electrolytic solutmm contammg neutral substances -
Thiourea,® for example, leads to wsults very snmlar 1o thase foundf
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for the specific adsorption of simple fons. At constant thiourea concentra-
tion, double-layer differential capacitance increases rapidly on anodic
polarization. On the other hand, aliphatic molecules seem to reach
maximum adsorption at the interface in the region of the ecm, and capaci-
tance curves approach that of the purc solution at strong anodic or
-cathodic polarization.?

A number of different approaches have been made to the problem of
explaining the above behaviors. Since some of the earlier work has recently
been considered by Bockris, Miiller, and Devanathan,® we shall limit
the present discussion to some of the recent work in the field. Let the number
of neutral entities adsorbed per unit area be I (exclusive of water molecules
in the inner layer), and define 6 =1"/1",, the fractional surface coverage.*
Here I, is the number per unit area when the surface is entirely covered
with the neutral substance. Further, let the p.d. ¥ across the double
fayer i the absence of neutral-substance adsorption (6==0, but 0 not

. necessarily z ro) be now denoted as ¥ (¢g). Devanathan® now assumes
~wthat-when 6= 0, the new double-layer p.d. will be
Volg) = Vol@)+ 2l (2.3.0

[

~where 4, is the permanent dipole moment of the adsorbed molecule,
~and g, is again the constant (saturated) value of the dielectric constant
- ,ffof ‘water in the inner region, taken as 7'19, In order to take account -of
- the direction of the dipole, Devanathan rewrote the second term on
- the right as e,l'/K, ., where Koo = €./2nl, w, = eyl, and the charge
e, is positive when the positive end of the dipole is next to the electrode.
-~ Now: molecules of the adsorbed neutral substance may still be somewhat
fee to rotate, just as in the water molecule in the inner region, and it is
herefore necessary to replace u, by <p,(8))>, where &, is the effective
eI ‘tendmg to orient the permanent dipole. Its approximate calculation,
ering pIanar interaction, will be outlined later. Although Devanathan
en an argument to justify the factor 2 in equation (2.3.1), we
in dgféémen't With the discussion' of the matter by Higuchi, Ree,

‘antity or the corresponding ratio of surface excesses is called ‘0 by most
ere require another symbol in.order: to keep separate the treatment of
sorptxon (6>0) and ‘adsorption - of ‘neutral substances {(6>0). Note
16 andf are simultaneously non-zero, 0 =046 =1, =
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usual practice, and replacing ¢, by a constant factor n we have,
Volg) = Vi(g)— [4al’= py(&p)> . (23.2)

A somewhat improved analysis and some discussion of #,” which arises
from planar interaction and is more complicated than the previous Eorpr
will be presented later in the paper.

In order to use {2.3.1) to obtain [Y{g) for different concentrations,
Devanathan®™ has held p, constant and differentiated (2.3.1) with respect
1o ¢, obtaining a relation between the differential capacitances with and
without neutral-substance adsorption and involving the term dl7/dg.
Finally, I'(¢) is obtained by integration. Unlike the case of specific ionic
adsorption, data are always available where there is no adsorption of the
neutral substance considered and the above method makes use of them
directly without the integral equation and solution by the method of
successive approximations required in Devanathan’s treatment of specific
ionic adsorption.

A much simpler way of obtaining (g} than that of Devanathan is to
use (2,3.1), or, preferably, (2.3.2) directly. Since g vs. V, and vs. .V
may be obtained by integration of differential capacitance data, (2:3.2)
may be immediately used to yield (I7/n)<p (&)= vs. ¢ for a given
neutral-substance concentration. Note that only when there is. good- gvi-
dence to believe that =y, = =-u, and u, and 7 are known will it be
possible; however, to obtain /{g) separately. Further, it is important to
point out that Devanathan’s differential method will only vield f(g) when
< iu,p>» e :‘}: H »
are not fully pinned, differentiation leads to a term additional to dI'/dg,
which must be included. On the other hand, the use of (2.3.2) leads

independent of charge on the electrode. If the dipoles

to I=p ()= [y directly, independent of the restrictive coﬂditiqn,lf

L .

Unfortunately, (2.3.2) itself cannot be accepted as a very good equatxon .
for some of the same reasons as those cited in the discussion of qumtmn -
(2.2.6). Equation (2.3.1) or (2.3.2) has inherent in it the assumption

that the only effect of the adsorption of neutral substance is the change | ‘

in the double-layer p.d. in the manner cited. Actually, however, ,ﬂ’ea‘c;h',

molecule of neutral substance adsorbed displaces one or more ‘water :
molecules in the inner region. Such displacement changes the p.d. arising

from partly oriented water dipoles; “making the actual V '(q) ‘Variably_,

different from the ¥ (¢q) appropriate when 6 is identically zero. Furthﬁr,
the surroundings of an adsorbed molecule of neutral Substance w;il an

general, be somewhat different from those. of an mnemegxon waterz,“
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molecule, and planar interaction will play an important and more compli-
cated role than in the case of water molecules only in the inner layer.
Again, the difficulty arises from a too naive smearing out of the properties
of the inner layer in the presence of two or more species.

Devanathan® has used (2.3.1) to caleulate [{g) from the data of
Schapink, Oudeman, and Helle®* on thiourea in NaF. These authors
themselves integrated their differential capacitance results twice to obtain
interfacial tension vs, charge for each thiourea concentration, then applied
the usual electrocapillary method to obtain I'(g) by differentiation of
the interfacial tension with respect to the chemical potential of the thio-
urea. Contrary to Devanathan’s 3 statement, this is not a fully thermo-
dynamic method (since the capacitance measurements were made at 1023
c/s), but it should be valid if there was no frequency dependence of the
differential capacitance between zero frequency and 1025 c¢fs (Schapink
et al. do not mention testing this condition). The accuracy of the resuits
is limited, however, by the accuracy of the graphical differentiation,
itself applied to a curve plotted with relatively wide spacing of points.
Comparison of the result for 1(¢) shows fair semi-quantitative agreement
(not the “good agreement” mentioned by Devanathan®), with worst
agreement at high concentration in the lower cathodic polarization region.
Agreement is probably helped by the likelihood that the thiourea molecule
is, in fact, chemisorbed with its dipole pinned essentially perpendicular
to 'the surface and with its negative end (the S-atom end) next to the

~ mercury. Such specific adsorption probably arises from covalent bonding,*
_an overlap of mercury electrons with the lone pair of the sulfur atom.”
; ;Devanathan"’6 has refined the above approach somewhat in order to
e k;énaly”ze differential capacitance measurements on those kinds of neutral
~ substances most adsorbed in the neighborhood of the ecm. It is assumed®.%8
_ that aliphatic molecules are adsorbed with their hydrocarbon end (essen-
tially zero permanent dipole moment) toward the mercury and their poIar
oup outside the inner region. The dipole moment that enters into (2.3:1

s then that arising from the replacement of (assumed) fully oriented water
lipoles by structures without a permanent moment. Further modification
s made by using in the differential capacitance a d-dependent average of
‘ dlelectnc constant appropriate for 6==0 (water only in the inner layer)
ken as ~f~7-‘19 and that for =1 (hydrocarbon groups only in the inner
taken as I- 60. No correction for 6- dependent thickness change of
layer is made, no change of dipole orientation with electrode
included, and no compresswn and- electrostriction effects in the- -
ve are, consxdered S
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The above changes introduced by Devanathan act in the direction® of
increasing the applicability of his model and lead to reasonable ¢ values
for n-amy! alcohol in sodium perchlorate®® but require the solution of an
integral equation by successive approximations, just as in his earlier
ireatment of specific fonic adsorption. These changes would seem at Jeast
as appropriate for the analysis of the NaF thiourea data,’ however as
for the n-amyl alcohol, since there is probably less specific ionic adsorp-
tion for NaF than for sodium perchlorate and the introduction of the aver-
age dielectric constant is less satisfactory when ionic adsorption is present.
Further, since even Devanathan’s improved treatment is not easily amen~
able to inclusion of some of the omitted effects mentioned above, a more
satisfactory method will be outlined later.

Another method of obtaining I (g) is to establish a two-dimensional
equation of state for adsorbed species, then obtain I” (¢) from the surface
pressure.’® This method, which will not be discussed herein, has been
applied by Parsons®? to Schapink ef al.’s thiourea data and the dependence
of the p.d, across the inner layer plotted vs. I" for fixed ¢. The ’res’ults
are of the form

Vi = (q/Ko) —(I'[D), (2.3.3)

where K is the integral capacitance of the inner region for =0 and D is
found to decrease markedly as ¢ becomes more negative. Parsons expréessed
Das & /4np,, but it seems more correct to write D=[dm~<u (2, )=/ 77
suggesting that the thiourea dipole is either not fully pinned-or that »n

vaties appreciably. Parsons instead considers that g, varies with ¢ and . -

finds that it changes from 11-4 at ¢=0 uC/cm2to 7-60 at ¢ = ~12 ,uC/cm“d
He also finds a somewhat similar change in a kind of differential dielectric

constant obtained from the change in standard free energy of adsorptmn i

with ¢, but here again it is assumed that < pu,(&,)> =-bp,.
In 1926, Frumkin® proposed the relation

g = (1—8)qa+dq, (2.3.4)

in a treatment of the effect of neutral-substance adsorption on electro-
capillary curves. Here g, is the charge when d=0, while ¢, is that when'
0==1 and the inner layer consists only of adsorbed neutral molecules
(other than those of the solvent). Both ¢4 and g, are to be evaluated at the
same total double-layer p.d. Equation (2.3.4) assumes that for charge“,

(or static capacitance) calculations, the charge of the adsorbed meutral
molecules covering a fraction ¢ of unit area of the electrode’is jugtﬁ;thb o
factor ¢ times the charge of a complete monolayer of neutral moleculesat
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the given polarization p.d. Further, it is separately assumed that the
charge per unit area associated with regions where there is no neutral
molecule adsorption is independent of the amount of such adsorption.
It is clear that (2.3.4) will approach exactitude as 6—+0 or as d-1,
We believe that it is likely to be very good in the intermediate 6 region as
well provided g, and g, are both taken dependent ond because of planar
interaction effects. This approach still involves continuous charge distri-
butions and so will not be useful in calculating d vs. g or ¥, ab initio, but
it does avoid the previous necessity of smearing out the properties of an
inner region composed of two or more different species and describing it
in terms .of averaged quantities which may depend on 4. Instead, as we
shall show later, g, vs. ¥, and ¢, vs. ¥; may be calculated separately
(except for planar interaction effects) using appropriate values of dipole
moment, thickness, natural field, and compressibility for each separate
calculation.
~-One probably minor defect in equation (2.3.4) is its neglect of any
~ variation of the specific area of adsorbed molecules with increased com-
~ paction in the layer.® Any such dependence of specific area on & requires
- that the total charge in (2.3.4) be computed on a molecular number rather
"than on an area basis.
o LetC, and C,, be the differential capacitances of the double layer when
~ 0=0 and 1, respectxvely, and (dé/dV ) ==0. Then differentiation of
. (2 3 4) w;th respect to-V, yields

= (1=8)Cq+6-Cp+(qp--94)(dd/dV ), (2.3.5)

W ,1ch shows that although the static capacitances are in parallel, the
‘ : 'f \coverage with polarization introduces a coupling in the differ-
sapa cxtance between the two contributions. On rewriting d6/dV as
q/dVo) (2 3. 5) may be alternatively written

(1 wa)ciz,, +8-C,
1—(qp—qa)(d0/dg) '

: on. (2 3 4) has been used by Breiter and Delahay®® to analyze
ir n-amyl alcohol data and leads to satisfactory agreement with & values

i ed by the: electrocapxllary method. They have also obtained con-
esults with (2.3.5) apphed in regions where the (dé/dV,) term
neg ected. This term has been omitted by Parsons®® in a consi-
dezauon of adsorptxon 1sotherms, and-he shows such omission leads:to
sistency with most isotherms. Hansen, Minturn, and Hickson®® %
S ‘,have,apph,ed equations (2.3.4) and (2.3.5) together with a specific form of

f fj_, ¢ = (2.3.6)
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adsorption isotherm and dependence of ¢, on ¥, given by Frumkin® to
obtain an explicit expression for €. This was then used to define an ap~
parcnt 4, essentially by omitting the last term in (2.3.5), obtaining 9, pp =

== (- Cd}/({m -C ). Analysis of adsorbed organic compounds led to
%p —2 under some conditions, showing the importance of the omitted
term in keeping 6=0.

Finally, it may be mentioned that if the g, and g, terms in (2.3.4) are
calculated separately, there is no guarantee that the p.d. ¥, across the
diffuse layer will be the same in both regions. When it is different, it is
of course not proper to separate out the effect of the diffuse layer and
treat an inner region separately. This is not a limitation but a virtue of
equation (2.3.4) and the separate calculation of ¢, and 4, Experimen-
taity, ali one can be sure of is that the same total p.d. ¥, is applied across
the double layer. In regions where there is neutral substance adsorption,
¥y and ¥, but not their sum, will be different from the ¥, and ¥, where
there is no such adsorption. The diffuse region must be treated separately
for each region and the OHP will lie at a somewhat different distance from
the electrode for each. Since individual hydrated ions in the diffuse region
may be expected to have considerable freedom of motion in all directions
except that toward the electrode, the different mean ¥7's across the ¢ and
(1 90) fractional areas imply that on the average there is some difference
in diffuse-layer charge in the two regions., Until the diffuse-layer charge .
in both regions is high, so the corresponding diffuse region capacitances
make a negligible contribution to the total capacitance, it will not be accu-
rate to consider a single (averaged) diffuse layer as Parsons has done.”

Perhaps this is one reason why he finds a variation of ¢, and inner layer
thickness with charge. Another reason, in addition to that discussed after

equation (2.3.3), may be that the use of the ¢/K, term with constant K

implies the independence of I' of the p.d. arising from adsorbeci‘water," o

molecules. As already mentioned, this will not be a good approxxmcmon
over most of the J range. , G

3. DISCRETENESS OF CHARGE EFFECTS

In this Section we shall consider some treatments of specifically adsorbed -
ions of a single sign only. Of especial interest is the dependmw of qxxantxty
adsorbed on ionic concentration in the bulkof the solution and on elect-

rode charge or applied p.d. For q;mphcxty, weshall wnsldar the adscrptmn’;" ;

of monovalent anions of a single type only. ;
Stern®® originally treated the gﬂnera} specmc adsorptmn snmatxon;.:
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using the Boltzmann distribution jaw. His results have been considered by
Grahame?® and Parsons?2, In the present case, they show that on the basis
of Stern’s analysis ¢; is given quite closely by

g = —2recy [l —(@/qm)lexp(—w, /K T), 3.1

where r is the radius of the non-solvated anion and ¢ is its bulk concen-
tration. The quantity w, was defined by Stern to be the work necessary to
move an ion from the interior of the solution to its adsorbed position at
the THP. Parsons™ has identified w, as the standard electrochemical free
energy accompanying adsorption and shows that (3.1) is based on a
Langmuir adsorption isotherm.

The quantity w, may be formally separated into two parts by writing

wy = —e(y; + ), (3.2)

where y, is the potential of the IHP relative to the solution and ¢, is a
specific adsorption potential for anions which may possibly depend on ¢
but is expected to be essentially independent of g;. There seems to be no
completely unambiguous method of carrying out the separation in (3.2).
If wy(¢) can be calculated accurately from theory, taking the discrete
nature of the adsorption process into account, then ¢,(g) can be calculated
using experimentally determined values of ¢,(g) and assuming (3.1) to be
adequate. Unfortunately, there is a pitfall in almost every step of such a
calculation.

The potential v, is a quantity of great importance. In the earlier
work20®  discreteness of charge was neglected, and v, was taken as the
mean potential of the IHP relative to the solution when the adsorbed
ionic charge was smeared out in this plane. Then it becomes equal to the

'Vi of Fig. 5 and, on assuming the applicability of equations (2.2.4)
énd (2:2.6) with eg=¢, =¢ is given by (Vy—¥p. This p.d., or

—~V Vo=V,, has become known as the macropotential.’®

; ]F‘rumkm64 in 1933 first suggested that a proper theory of the double
: ‘]ayer might require consideration of discreteness of charge effects. Esin
_and Markov' later observed that the shift of ecm potential with increase
~in concentration of ions which are specifically adsorbed was larger than

'ffco‘u‘ld; be explained on the basis of a smeared sheet of adsorbed ions. The
- problem is to calculate the actual adsorption potential y, when the discrete
 nature of the adsorbed charge layer is taken into account. This potential,
1cropotent1al has been variously rather loosely defined as the poten-
t the center of an adsorbed ion, the potential at a vacant ion position,
eheve it should more properly be defined as the potential.relative
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to the solution at the position of the center of an adsorbed ion with thation
absent but all other charges, including image charges, as they would be in
the presence of the ion. This definition is in substantial agreement with
those of Grahame®® and Ershler.%

The micropotential has been calculated in various approximate ways.
Esin and Shikov,*® Grahame,”® and Levine, Bell, and Calvert*® have consi-
dered a model where the adsorbed ions are hexagonally arrayed and are
paired with their images in the electrode or in the diffuse layer. Their
methods of analysis differ slightly but their results are in substantial agree-
ment, The correction to V; derived by Esin and Shikov turned out to
overexplain the Esin—-Markov effect. Therefore, Ershler,’ and later Gra-
hame,*® Levich, Kiryanov, and Krylov®” and Levine et al.,*® used a model in
which imaging of a hexagonal array of adsorbed ions takes place both in a
perfectly conducting electrode and in the diffuse layer, taken as an equipo-
tential at a distance (84 ) from the electrode and also with infinite dielec-
tric constant. The greater the charge density in the nearest part of  the
diffuse region, the more nearly it can be approximated as an equipotential.
All the above authors took ¢ p= £, &; it is notalways clear whether the &
meant was actually e_. Note that, when imaging of the charges of specific-
ally adsorbed ions occurs in both the electrode and the diffuse fayer, an
infinite set of images appears.

The inclusion of infinite imaging leads to better agreement than earlier

treatments between theory and the shift of the ecm potential with concen- k

tration. When 0 is less than approximately 0-3, about the limit of measure-
ment in most solutions, the above treatments agree in predicting that the

micropotential should be given quite closely by ¥V;— [4nqlﬂy/6(ﬁ i-*'y)] 4‘

Using this result, y, becomes
2T T
v =27 gl y)}1+<~-; )suh (‘%;,‘“) 69

where (2.2.4) and (2.2.5) have been used with &5 = ¢, =¢. This result is,

however, not very logically based since it combmes mean p.d.s with cor?"i e

rections based on departure from the smearing approximation. The dis-

creteness of charge correction to ¥; will be most accurate when § << land

each adsorbed ion is far away from other such jons. It is then reasonable

to take asa first approximation gg = g,== ¢ = ¢;, where g, is the usual satur- :

able dielectric constant including the effect of water dxpoles. On the other

hand, in the usual continuous charge approximation, it is not reasonabley'ﬁ e
to take g = &, for reasons discussed carlier, and these quantities should,
in fact, depend on 6. Further, even with ¢5 = ¢, the continuous ch’ayrgcb‘,f
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approximation leads to Eg# £, in general, while equation {3.3) is con-
sistent, as we shall see, with a constant field and linear potential drop in
the inner region.

Next, we note that from (2.2.3) and (2.2.6) with eg = g, == ¢, V—V, =
V, may be expressed as

vy =D g i+ (3.4)

It then follows from (3.3) and (3.4) that
p—Vy = {p/(B+M} V1, (3.5)

implying a linear potential dependence for the micropotential in the inner
region. Note that we have taken especial care to denote average p.d.’s with
the symbol V and have used the different symbol ¢, for a p.d. which in-
volves the micropotential. The problem of correctly separating the two
“ has apparently led to the difficulties concerning the inner-layer field of
Mott and Watts-Tobin and Grahame and Parsons discussed in Section 2.2,
Incidentally, the derivation by Mott, Parsons, and Watts-Tobin™ of a
potential term equivalent to that in (3.5) by writing u=ey is not well
- founded for ionic adsorption; a detailed consideration of the micropo-
tential, such as that above, is actually required.
ooAllbof the above difficulties arise from the lack of a double-layer theory
_in which the discrete nature of all charges, those specifically adsorbed and
those in the metal and diffuse layer, is simultaneously taken into account
- and their thermal energy is included. Since we believe such a theory will
- bea long time in arriving, it appears best to use continuous-charge equa-
~ tions such as (2.2.3) to (2.2.6), to calculate mean potentials, fields, and
«'*meared charges, and to use equation (3.3) with & == ¢, for the micro-
otential which relates amount of adsorption and electrode charge. It
"'must be again emphasized that this is a patchwork procedure and not
Y satlsfylng Further dxscussxon of this matter is given in the last

, ",rathame50 has denved an equation analogous to (3.1) by considering
‘both the spe01ﬁc ‘adsorption of anions and the concomitant adsorption
mns m the dlffuse layer. Under most conditions of interest his result

(3.6)

Kexp (e%/kT)a‘ exp (ewl/kT) = ~K’a, exp (ey, [kT),

; ,early'the same- form as (3 b with 3.2) substltuted therein and 6 neglec~
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ted compared 1o unity. Such neglect is equivalent to the use of a Henry
rather than Langmuir adsorption isotherm. Detailed analysis by Grahame?®
and Grahame and Parsons? of K1 and Kl data leads to a linear increase
ing, as g decreases from large positive values, a maximum in the neigh-
borhood of g==0, and some decrease thereafter. Further, g, is found to be
larger for K1 than for KCL The decrease in chemical bonding of the
chemisorbed halogen ions as ¢ increases positively-is contrary to expec-
tation and almost certainly indicates the inadequacy of (3.6) or (3.3) or
both, Another indication of weakness in these equations is that they lead
to an appreciable decrease in y/(f+4v) as ¢ decreases from large positive
values.

In Watts-Tobin’s®® and Mott’s and Watts-Tobin’s® work, ¥, has been
neglected and 2 Bolizmaun distribution law for adsorbed amions -(or
anion-adatom complexes) has been employed. Watts-Tobin has taken the
entire mean p.d. ¥, as the potential which enters into the electrostatic part -
of the adsorption energy. This assumption is modified in the work of Métt
and Watts-Tobin where essentially the potential {y/(ﬁ ;y)} Vi-is used;
consistent with (3.4) and (3.5) when ¥, is neglected. Mott and Watts-Tobin
have also derived, by considering imaging of adions in the electrode only
and planar interaction, an added term in the micropotential intended to
correct at least in part for failure, a8 § increases, of the usual assumption
that the micropotential can be derived from a linear potential variation
in the inner region. In the present notation and using a corrected value for
the correction term,® the result for g, is i

g = —~aecyexp [(e/kT){p,+ /(B +)] V1“‘¢’}’2(7’7‘fln /3)3[2!'3«:}1 (3 7):

where a is here a length of the order of a molecular diameter. Although. .
(3.7) does not agree, even after a change in notation, with the final expres<
sion given by Mott and Watts-Tobin, because of compensating errors in
sign in their actual calculation, equation (3.7) was in fact empmyad and
leads to their Fig. 12, The resulting theoretical ¢; vs. ¥y curve is in faxr
qualitative agreement with similar experimentally determined curves
obtained by Grahame for a variety -of specifically adsorbed &mons,
These curves are actually plotted against a p.d. which includes: I{ agwell
as Vy; comparison with a curve plotted vs. ¥, is not quite correct, but the
change in shape arising from this. dxfference should. not uwaily be very? £
important. ; i

In Mott’s and Watts-Tobin’s treatinent of the mlcropstenuai f‘or adsorp— ‘
tion of ionms, the energy of adion-adion and admnwxmage mteractmns
was calculated by smearing the adxcm ;magc charges in thexr pian, _and
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similarly smearing the adions in their plane down to a distance equal to the
mean distance between adions. This procedure is only approximate since
it ignores discreteness of charge except insofar as the adion spacing is
identified with a lower Limit of integration. An improved discrete model
calculation of the micropotential for the adsorption of ions follows from the
work of Esin and Shikov,* Grahame,® and Levine et a/.*® in which adsor-
bed ions and their images are treated as dipoles or as parallel layers
of discrete charge. In such single-image treatments, however, one is still
neglecting infinite imaging in the diffuse layer and the electrode, discrete
planar interaction between inner layer water molecules and adions, and
the alteration of water—water dipolar interaction arising from the presence
of nearby adions. Further, we wish to emphasize that the procedure
of regarding adions and their images as dipoles, ideal or non-ideal,*?is only
valid ‘'in .obtaining the contributions to the energy from adion-adion and
adion-~image interactions. It would be nonsense, for example, to base a
calculation of the energy of interaction between the charged electrode and
- the adions upon a picture which replaces the adions with dipoles. Finally,
- Levine ef al* have pointed out that the inclusion of multiple imaging
~of adions in the electrode and in the OHP causes the planar interaction
~ term, proportional to ( |g.|/€)*% in any of the above treatments, to be essen-
" txally eliminated. This result also follows from Grahame’s®® earlier treat-
- ment and explains why. no lg2/*” term appears in the micropotential
‘expressmn (3:3). The appropriateness of including infinite imaging will
be discussed in the last section.

' «;Quite recently, Levine et al* have considered discreteness of charge
@ﬂ'ects in detail and have derived a new relation between ¢; and g, etc.

s was done by equating the chemical potential of a specifically ad-
sorbed ion thh that of a similar ion in the interior of the solution. Two
nts were incorporated. First, it was assumed that there were
orption sxtes per unit area on the electrode surface and that an
cup1es P such sites, where p need not be integral. Further,

) ,that adsorbed ions occupy sites which are unavailable

orbed ions, a fact which alters their entropy of distribution - ‘
1. potential. This effect was also independently recognized
the present authors (C. A. B., Jr.) and treated differently — see
ion. Levine et al. have incorporated it into their theory by using
rder approximation to the entropy of mixing molecules of
1 ijykdefdl‘ by the volume-fraction statistics of Flory and Hug- :

here seem to be two difficulties in this procedure. First, the Flory-
ggins statistics are derived for three-dimensional mixing while the effect
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to which they are applied here is two-dimensional. Secondly, it is desirable
to take into account simultaneously the competition for adsorption sites
of inner layer water molecules and adsorbed ions.

In the present notation, the result of Levine et al. for adsorption of a
univalent anion may be written as*

where v, is given by (3.3) with ¢ apparently equal to &9, a_ is the activity -
of the anion in the bulk of the solution, and n,is the concentration of water
molecules. As pointed out by Levine er al. this result essentially reduces
to that of Grahame, equation (3.6), when p==0. Further, it is clear that
it essentially reduces to the Stern result, equation (3.1), when p=1, By
using the specific values p==183, N==5x 10" cm™2, and y/(f-+y) = 04, S
Levine ef al. showed that Grahame’s® K1 data led to little or no Variation,, L
of ¢, with a_ or g and was consistent with a constant value of y/(ﬂ»twy) o
On the other hand, they found that Grahame’s derived curve of ¥, vs. ¥y
for 0-05 N KI could be fitted quite well by a value of p=2, (ﬂ—}«y)wSA
and y/(B--v) again 0:4. The derived & value for. the inner 1ayer, ‘whic
was taken independent of g, varied appreciably with solute concentratmn,
however.
The above results certainly suggest that (3.8) is consxderably sup or
to earlier formulas in which p=0 and possibly even to those for w
==1. On the other hand, the use of volume statistics for a surface problem'
the omission of consideration of the role of water molecules, the neglect
of any variation of ¢ with density or saturating field, the on‘ussmn of
dependence of 8 and v on inner-layer pressure, the. omission of son
ar-interaction effects, and the use of equation (3. 3) for yy, whict
on a combination of mean p.d.’s and dlscrete-charge p.d’s, sugges that
there is even yet considerable room for xmprovement ‘nkthe
the present problem. ; ;
Finally, it is worth mentxonmg that in: recent work‘Parrv and
have used the Stern result (p=1), equation (3. 1), to analyze th
adsorption of benzene m-disulphonate ions. It is found that @y, the
cific adsorption potential, is independent of both gandgq; Pl‘OVldﬂd thet ~~
¥ [(B-+y) term appearing in (3. 3) is allowed to vary with g(1 A dxstmctlon~~" .

*We have written ‘the result ina shghtiy different form from that of bevme et -
al.to avoid. the appearance -of: terms like: (—wN e)” L whxch may lead to COmpleX" ‘
numbers for p non—mtegral : S . :
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is made between y/(8-Fy), which measures the proportion of ¥ involved
in the micropotential (equation 3.5), and the actual distance ratio (x,~
X1)/%,, where x, is the distance between the electrode and OHP and x, is
the separation between the electrode and the IHP. This latter ratio is
found to be 0-25 and nearly independent of g,. This distinction is made in
an attempt to correct for the expected failure of the constant-field approxi-
mation in the inner layer (see earlier discussion). If it could be certain that
@y should actually be entirely independent of ¢ and ¢, the variationiny/
(8++y) obtained by Parry and Parsons (about 0-3 to 0-9)would be meaningful
within the limitations mentioned in the preceding paragraph. Actually,
it seems possible that o, might increase somewhat with increase in g be-
cause of increased covalent bonding and might decrease with increase in
quz unless the increased planar interaction as # increases is explicitly inclu-
ded 'in the theory.

4, FURTHER IMPROVEMENTS

In Section 2, some improvements were discussed of earlier equilibrium
~double-layer theories for the case of no specific adsorption. When there is
. no specific adsorption of'ions, adatoms, or even of other dipolar molecules,
the inner region of the double layer is composed of material all of the same
~species, such as water in the case of aqueous electrolytes. Even in this
f J::sxmplest sittiation, we have seen that when compression and planar inter-
. action eﬁ'ects are even approximately included the result is relatively com-
- _pltcated
In the present‘ Section, we shall outline an improved approximate means
of analyzmg the s1tuat10n where the inner region contains two different
pecies havmg dxﬁ"erent permanent dipole moments and polarizabilities.
n far as the eﬁ'ects of specifically adsorbed ions imaged in the electrode
atoms may be approximated by their effective permanent and in-
ole mements, this approach will apply to these cases as well as
he adsorpnon of neutral substances at the interface. Note, howevet,
in the ‘foIIowmg treatment it will be assumed that the centers of dipoles
1t specxes lie in the same plane. This will not be the case when
pecxes:are water molecules in the inner layer and adzen «image dlpOlCS.’ ‘

111 be Iess lmportant for farther mtcracnom

nteractmn could be neglected between: the moments of a
spemes X adsorbed in a surface region where it is almost
unded m the plane by molecules of species ¥ with the induced




Equilibriom double-layer theory i 237

and permanent morents of the latter, to good approximation the problem:
could be handled using Frumkin’s g-formula, equation (2.3.4). Tt would'
also be applicable whether species X were uncharged or charged: In this
case, the calculation of ¢, and g, for the same applied ¥, could proceed in-
dependently by the methods of Section 2, and ¢ finally calculated for a given
4 (or 8 in the case of adsorbed ions) using (2.3.4). This procedure would
yield a ¢— ¥ curve for each neutral substance concentration, which could
be compared with the experimentally determined results. The § values
used would need to be found independently by a separate method, suchas
that used by Parsons.®% Alterpatively, the experimental ¢-V, curves
could be used to obtain 8 vs. g or ¥, for each concentration, again using
equation (2. 3.4). :
Unfortunately, it appears likely that in general the planar surroundings
of an adsorbed molecule or ion will have an.important effect on it§ own
electrical behavior in the double layer. If this is the case, it is clearly a =~
poor approximation to cluster all adsorbed molecules of a given species
together and calculate their ¢,V behavior without regard to the presence
of molecules of different species. We believe, however, that 1t wxll ,kstx |
be a better approximation than any previously considered to take accou
first of the planar interactions and consequent coupling between the eﬁe
of molecules of the two different spe01es then to set up expresswn rele

tion (2 3.4).
Because of planar interaction, the V0~qd and Vo~qp relatxons

It this more comphcnted case, 1t is-not poss1ble to assiime 6 and’
the q corresponding to a given V(,. Instead,k, in ,Qrdelf, ;t,Q sat?,ﬁ,f (

cable thha digital computer.. For gwen clectrolyte an,
bulk concentxattons one w111 ﬁnany cbtam theoretic 1 values of

for thisto be possxble for many ranges of concentratmns and tempﬁmm‘e -
is that the model analyzed bear a close resemblance to the actual situation .
and that the approximations introduced be sufficiently well justified. ,

It should be emphasized that one does not have unlimited flexibility- m", ,
adjustment of constants. When the concentratxon of neutral substam:e i5 o
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zero, one has only one species in the inner region (if simultaneous ionjc
adsorption and/or adatom formation is prohibited or absent) and the cop-
stants needed in the ¥-¢, relation may be selected by curve fitting under
this condition. These constants should then remain fixed while those neces-
sary in the Vy-g, relation are determined from curve fitting when the
neutral-substance concentration is non-zero. The final complete set of
constants should then lead to good curve fitting for wide ranges of electro-
lyte and neutral-substance concentrations.
Although detailed curve fitting according to the above procedure will
be presented elsewhere, we shall here briefly outline some of the approxi-
mations and considerations which seem reasonable. First, if the sizes of
‘the two different species of molecules are not greatly different, it will be
~ a good approximation to take N as before as the maximum number/unit

area of molecules in the inner region and to consider that N remains con-
~stant-as & varies. This will be an excellent approximation for 6=:0 or
“d= 1 independent of the size ratio and will clearly be a better and better
approximation in the intermediate J region as the ratio approaches unity.
1t will also be a good approximation for all & if the molecules are not
cIose-packed inthe plane when the maximum surface coverage is attained
ut are somewhat separated from one another because of the presence of
isolated adsorption sites and/or of dipolar and other repulsive forces. In
thxsycase they may probab%y still be consxdercd to be ina hexagonal or

ken independent of 8, the term [ = pr= (PN rg which
€ zem—specxﬁc~adsorpt1on treatment of Section 2 will st11

] mber/umt ared :md speuﬁe effective malccular area of
: "then d=N 4;;1(%/1 +N, A4y, For the interaction ofa -
“ule thh its surrounding molecules, it is the number of these
dlffe ent typeﬁ not their surface area, which is important. Let
fine 8 =N (N, +N)=0/[6+(4,/4,) (1-0)]. In the 20
> it will be a good approximation to consider average su-

 replace [= = (r/)i,w ) by (1=97) (“*l“d(‘zd)> o
‘}T5~,{<Mp(c‘5p)>~ H(P1p/N,)) It s this replacement in the“ﬁ_;k’, i
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calculation of /), and ), whichleads to the coupling between the electrical
effects of the two kinds of molecules. In addition to the appearance ‘of
direct coupling in the Vj—¢, and¥V—q,, equations, it also turns out to appear
in the expressions for the orienting fields ¢; and £, themselves. Note that
either u; or w, may be identically zero in the present general treatment,
Although we shall not give the rather complicated equations here, it is
worth mentioning that when d’< 1, they can be approximately reduced toan
expression somewhat like (2.3.2). In particular, direct dependence of the
second term on I'=1", is then found, but the term < p,(&,)> /n with 5 a
constant is replaced by a much more complicated expression which in-
volves induced polarizabilities, =, (&,)>, <ps(&)>, ¢y and ¢, Future
numerical work may show that further simplification may be possible .for
a limited range of &’ or 9, but it appears that the use of (2.3.2) to obtain
< f(&p) > o1 even =y (&)= /1, where 7 is a constant, is usually a
hazardous and unwarranted operation. : i
We have referred throughout this paper to the practice of many workersk
of considering the charges in the inner layer as being imaged both by the
metal and by the diffuse layer of ions; some further comment is needed 'o‘n";
this point. To begin with, let us assume that the diffuse layer is mdeed a
good imaging plane. Then, there will result an infinite set of I Images fer(
every elementary charge in the inner layer; thus, all mner~1ayer dlpole
will be imaged as well as jons, and it is the resulting set of i image monapoles "
and dipoles upon which the micropotential will depend. Since ddxons wi
very likely retain part of their solvation shells containing hlghly polam
dipoles, we feel that a proper calculation, taking simultaneous imaging of
both adions and dipoles into account, might produce results. appremably_
different from treatments in which such dipole imaging is. neglected Note
that neglecting imaging of the solvent dipoles is just another aqpect of 1]
basic approximation of neglecting all or part of the discrete structure £t
system. : e
Secondly, even if one neglects solvent dxpole lmagmg anci makes/,hﬁ
risky approximation of replacing the mner-layer solvent byahon
medium of dielectric: constant different from: unity, the queted
several workers require some further discussion. o ,
Grahame® has calculated the micropotential for the mﬁmte imaging
case making the assumption that the local field is uniform throughout the -
inner layer; that is, that the potential varies linearly with distance ffomthe:;
electrode. This assumptlon is sometimes quite far from correct, particularly -
for high coverages and/or fijy =1, and leads to the absence of terms
inthe mxcropotentlal proportmna} to Iq1 [3/2 and higher orderin | ¢ f Whlch T
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must become important in the above limits. He furthermore makes two
errors in his treatment of the total p.d. across the inner layer which by
coincidence are exactly compensating, making his expression for the tota]
inner layer p.d. fortuitously exact. Furthermore, Levich, Kir'yanov, and
Krylov® in an apparently exact treatment have found that for coverages
less than 25-30 per cent and (necessarily, although this was not explicitly
stated in the brief communication of Levich ef al) lor f=v the uniform
field approximation is very good. Qutside of this range the situation is not
so clear. Unfortunately, length restrictions prevent us from enlarging
upon the above comments in the present work; however, we shall present a
detailed analysis and numerical results for some cases where § and y are
not nearly equal in a future communication,®®
A question more fundamental in a sense than those we have just been
considering is the pertinence of considering imaging in the diffuse layer of
“ions at all, We feel that even this is in some doubt; in any case the pro-
cedure must certainly be regarded with suspicion when the Debye length of
the diffuse layer is larger than cither the mean adion separation ory. In
such a case; it appears that thermal motion within the diffuse layer would
“largely “wash out” the lonic imaging process leaving only bulk-watera imag-
- ing. Both the underlying faults in current infinite-imaging treatments and
-the absence of a theory which properly cousiders adions and solvent from
_ a discrete viewpoint in the single-image regime lead us to the view that
- the Bsin-Markov effect is as yet inconclusive evidence for the importance
of "inﬁnite imaging.
- Finally, we should like to point out a deficiency in conventional adsorp-
tzon theery based upon the Boltzmann factor. The general practice in ob-
ing adsorption isotherms from statistical theory is to assume that the
str;butwn function describing the system contains the usual Boltzmann
and that the chief theoretical problem is the calculation of self-
sisten 'micropoteutzalq to go into this factor. When one considers,
hat in many instances the adsorbed phase is a two or more
nent mixture in which, because of the competition between the
- species for occupation of the “completely filled” surface, the
s leading to Boltzmann statistics are no longer present, it becomes
hat a first-principles statistical treatment is desirable. The goal
 treatment would be the determination of the proper expression
> place of the Boltzmann factor and the establishment of the
Vhwh that proper factor would be well approximated, as ina
an ange it ‘must ‘be, by the Boltzmann factor. Thus, such ares .
€% mmatlo 'of the statxsucal mechanics of adsorption in multlcomponent
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systems in which the different species may differ as to size, charge, and
other properties, would be quite independent of the rather involved ques-
tion of the correct choice for a micropotential. This independence of the
problem presently considered from that of choosing the appropriate
micropotential means, of course, that one may consider, up to a point,
charged and uncharged objects on exactly the same footing.

The present authors have carried out such a program and find that the task
was quite straightforward. The procedure essentially involved the counting
of complexions leading to a given system condition with a constraining
relation requiring that the total coverage of the active surface be com-
plete, The microcanonical ensemble was used; however, it has been shown
that the canonical ensemble leads to the same conclusions.”® The chief results,
insofar as we have examined them up to this time, indicate that the ad-
sorption of a given component properly approaches Boltzmann behavior
in the limit of zero adsorption of that component; however, as the ad- -
sorption increases, the competition and saturation effects cause appreciable \
departure from the usual expressions based on -Boltzmann statistics,
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~ APPENDIX

i TABLE 11 COMPARISON OF SYMBOLS USED BY VARIOUS AUTHORS

o Author, "

 (Reference ynumbér)ff\ Symbols
= ' | T
Present;kworkr q 0 d d B y v, Vel Vol Vil V2 E y, | -
, , | !
Macdonald, (2)
Macdonald and q d v, vy V,
Barlow, (4)
Levine, Bell and oy ag a, d Bs v Wy W, Vg 4
Calvert, (49)
Watts-Tobin, (30) ¢ d d { P @ neg~ | [gl | P
o | lected j
Mott and Watts-Tobin; (6) o,q | -en; en, )
- Mott, Parsons, and @B+ B vy — | neg- — Ay =
Watts-Tobin, (34) [ lected ““‘}/iﬁ'/(ﬁ“(}‘?')
Grahame, (20) a—q| 7 2 7 | yt
Grahame, (50) — p’ ‘ o 7
Grahame, (28) q it B+ B ¥t {94} | pu A @l o=
Grahame and Parsons, (9) — My -+ (p4+p%
___ni
! §

FMOTEVE YV D ANV (TTYNOUIVIN

e

UL




Author,

{(Reference number) Symbols
Parsons, (22) I P T e e | oS
x) ) — @S]
g {p 27
: %)
Parsons, (58) (oM —
. @)
Parsons, (60) q g M-s
2 . q @ M2
Parsons, (57) X, i
’ Lo M
Parsons,: (24) q gt Xy X (G~ | @] (eM—1 o, "
: —Xxp) % ~ @)
Devanathan, (29) g gy lgaigl Xy a (= | Pm Ps @y
Devanathan, (54) =, Paes
e Iaq

In Table 1, the zero of ¥ is generaﬂy taken at the point g==0 in the absence of

g fapecﬁic adsorption. When the same quantity appears in more than one column of

en row, the author in question did not distinguish beétween the different quan-

. tines involved. Square brackets are used where the author did not distinguish or

dxseussxon in’ text)

di

not d:stmgmsb properiy between niean potentials and micropotentials (see

£xooyy Jefepequop wnuqpinbg

%04
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TABLE 2. COMPARISON OF ESTIMATED DOUBLE-LAYER PARAMETERS AT 25°C,

Author, Mate- o | A 1‘ , | .
(Reference number) rial & foe ; B+ b ]f 7 =
| | !
Macdonald (2) NaF | 15 s 46 {
Devanathan (29) Various | 7-19 749 1372 [Crys- J ’
| tallo~ | |
graphic| ]
radius |
of
adsor-
bed ion
Grahame (28) Ki | 1 0-3-0-8
Grahame and *
Parsons (9) KCl | . 0-1-0-5
Parsons (57) NaF 149, 360
Thio- | 114 470 |
, urea
Watts-Tobin (30) (NaF) 1,2 345 {0-69) (2:76) 08
Mott' and
“Watts-Tobin (6) 3 4 2 2 ©5)
Macdonald ‘and
~ Barlow 4) NaF 149 6 4-4
“Levine,: Bell
~.and Calvert (49) KX 1020 5 3) 2) 04

Tn Table 2, anumber of the values are only rough estimates; also, values not
- “explicitly given by the authors but derivable from their work are given in paren-
‘ theses sttances are given in' Angstrom units.
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