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INTRODUCTION

Recent advances in the field of electrode kinetics have
served to illustrate the prominent role played by adsorgtion
in influencing the character of electrode processes. Tﬁé
addition of very small amounts of capillary active materials
to the bulk solution can produce a pronounced change in the
properties of the electrode-solution interphase which subse-
quently influences the character of the overall electrode re-
action. The use of makimum suppressors to alter the shape
of polarographic waveé in polarography, the pronounced effect
of proprietary brighteners upon the nature of metallic de-
posits in electroplating, and the inhibiftion of galvanic
. action by organic films in corrosion control are common
examples of this phenomenon. Until quite recently very few
electrochemical investigations have seriously considered the
pronounced effects of surface active non-electrolytes upon
the behavior of electrode reactions as anything but unfortu-
nate. However, it is now becoming apparent that the profound
alteration of the properties of the electrode-solution inter-
phase following the adsorption of cépillary active materials
may be a powerful tool for the investigation of adsorption
from solution upon adsorbents of very small surface area and

for inferring adsorption isotherms at solid-solution inter-

phases.



The application of this phenomenon to the investigation
of adsorption at metal-solution interphases is particularly
promising since the usual methods of investigating adsorption
on these adsorbents have been notoriously unsuccessful. The
possibility of developing a new method of investigating
adsorption in thes;ginstances is particularly intriguing and
it is with this subject that the present investigation is

concerned.



LITERATURE SURVEY

The Inference of Adsorption from Sclution by

Electrochemical Measurements

Adsorption data can be obtained from either electro-
kinetic or electrocapillary measurements. The former technique
involves measurements in the presence of a sol with a non-
polarizable electrode or an electrode which behaves revers-
ibly to one of the components of the system. An infihitesmal
variation of the electrode potential results in the transfer
of charge across the electrode interphase during the re-
establishment of equilibrium and, consequently, the equili-
brium potential is determined by the concentration of the ion
to which the electrode acts reversibly. Adsorption density
vs. log concentration of potéﬁtial determining lon curves can
be used within limitations as an index of the adsorption of
organic adsorbates by the sol particles (1). Unfortunately,
the inference of adsorption from electrokinetic data is
complicated by ignorance of the total surface area of the
sol particles and by uncertainties regarding the potential
of zero charge as well as the tenuous assumption of the
identification of surface excesses with surface concentra-
tions. Nevertheless, an attempt has been recently made to
infer the adsorption of acetone molecules at silver iodide

interphases from electrokinetic data (2).



Electrocapillary measurements, however, deal with
measurements made at an ideally polarized electrode. The
latter class of electrodes is not too familiar to chemists
and requires some elaboration. An ideally polarized electrode
is defined to be an electrode system in which at equilibrium
the concentration of all charged components remains finite in
one phase only (3), i.e., no Faradaic reaction occurs on-
polarization. This definition implies that the potential of
such an electrode can be varied at will without the passage.
of charge across the interphase. Thus, at equilibrium,
charges may approach and recede from the interphase but do
not cross it. Such an electrode is blocking to a direct cur-
rent flow and experimentally behaves like a condenser of
large specific capacity. 1In actual practice such conditions
cannot be fully realized. However, a close approximation to
ideality is possible within_the hydrogen o&er-voltage region
of many metals. Due to the irreversible nature of the hydro-
gen discharge reaction which permits the passage of a Faradaic
current, equilibrium at the metal iﬁterphase with the ionic
charges in the solution occurs more rapidly than the attain-
ment of overall equilibrium for the depolarizing reactions.
Consequently, within the hydrogen overvoltage region, the
electrode behaves as if it were ideally polarized.

Generally speaking, almost all investigations of electro-

capillary phenomena are conducted at mercury-solution inter-

phases. This is due mainly to the fact that mercury



electrodes in inert solutions of electrolytes may be polar-
ized as much as one volt with negligible hydrogen evolutién.
This offers a wide range of potentials over which ideally
polarizablé behavior can be approximated. In addition, mer-
cury can be easily purified and forms strain-free surfaces of
easily measured area and interfacial tension. These latter
properties make mercury a particularly attractive choice for
adsorbent in this and most electrocapillary investigations.

If the interfacial tension of an ideally polarizable
electrode immersed in a solution of inert electrolyte is
measured as a function of the polarizing potential, an
electrocaplllary curve is obtained. This curve which is
roughly parabolic in shape increases with increasing cathodic
polarization relative to some reference electrode until a
maximum value for the interfaclal tension is obtained and,
thereafter, continuously decreases with further polarization.
The potential at which the maximum interfacial tension occurs
is called the potential of the electrocapillary maximum. The
thermodynamic relationship between the interfacial tension,
polarizing potential, and solution composition is given by
the Gibbs adsorption equation modified to include the

2lectrical work:

a¥ = -0k - Rr2 [ ainay (1)
1 .

where § is the interfacial tension, E is the polarizing



potential, a; the activity of component i, and< is the sur-
face charge density. Consequently, it is seen that o is
equal to the slope of the electrocapillary curve at constant
composition. At the potential of the electrocapillary maxi—
mum the slope is zero. This potential is of particular
significance for 1t represents the point of zero change on
the electrode and, since it is éharaoteristic of the particu-
lar electrode-solution system,: furnishes a convenient refer-
ence potential. As the potential yecedes from the electro-
capillary maximum, the surface charge density increases. The
mutual electrocstatic repulsion of like charges in the
interphase results in é lowering of the interfacial free
energy which is manifested as a depression of the interfacial
tension.

If a capillaryQaétive‘material is added to the solution,
the electrbcapillary curve will become truncated in the region
of the electrocaplllary maximum due to a decrease in the
interfacial tension resulting from the adsorption of the
material at the interphase. Consequently, adsorption
: isotherms may be inferred by measuring the decrease in inter-
faclal tension as a function of adsorbate activity at
constant polarization. The surface excess of the adsorbate

is thus

[y =- 1/RT(Y /3 lnag)g - (2)



Information regarding the surface charge density at any point
of the electrocapillary curve, amount of adsorbed material,
variation of amount of other constituents present at the
interphase, orientation of adsorbed species, and heats and
entropies of adsorptian at any position of the electro-
capillary curve (4) can be derived from such measurements.
Unforvunately, tﬁe direct measurement of int¢rfacial tensions
of metals has proven to be practical at very few metal-
solution interfaces, mosf measurements being conducted on
mercury or gallium-solution interfaces. In even these in-
stances the measurements are extremely difficult to make.
Névertheless,‘there has recently been a renewed interest in
such adsorption measurements.

Melik-Gaikazyan (18) has reported electrocapillary data
for the system ﬁercury-potassium chloride-n-butylialcohol for
several concentrations of the alcohol adsorbate. Blomgren
and Bockris/(B) investigated the adsorption of a series of
aromatic amiﬁes in hydrochloric acid solution on mercury and
report that the orientation of the adsorbed species was in
every instance parallel to the surface. Los and Tompkins
(6) investigated the adsorption of methylene Elue at posi-
fively charged surfaces by a modification of the usual-
techniques. Interfacial tension depression curves for a
number of organic materials were ébtained many years ago by

Gouy (9) in conjunction with his extensive investigation of
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electrocapillary phenomena. However, Butler (10, 11) has
given the most comprehensive analysis of this‘method to date.
“-Despite the enormous experimental difficulties associated with
obtaining sensitive interfacial tension measurements, an
active interest in this field still persists. |
A quantity of comparable thermodynamic significance to

the interfacial tension can bé obtained by differentiating the
slope of ﬁhe electrocapillary curve once with respect to the

polarizing potential at constant composition:
20
N /3B =-—733—="Ca - (3)

The quantity on the right is called the "differential double
layer capacity”. The term "double—layer“ refers to the
electrical double layer which is the’arréy of charges and
dipoles which exists at all charged interphases in a solution
of inert electrolyte. Many comprehensive reviews of the
structure and properties of the electrical double layer are
available (3, 12, 13, 41) so a complete discussion of the

. subject woﬁld be superfluous. At the mercury solution inter-
face, however, it is generally conceded that the electrical
double layer consists really of three distinct layers of
charge, the layer of charges in the surface of the metal, the
compact layer of charge of opposite sign designated by the
term "Helmholtz plane” adjacent to the metallic phase in the

solution, and a diffuse layer of charge extending into the
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bulk of the solution of sign opposite to that of the Héiﬁholz
plane. A distinction is sometimes made between the inner
Helmholtz plane which is the plane of charge formed by‘the
locus of centers of adsorbed dehydrated ions at the electrode
interphase and the outer Helmholtz plane which refers to the
analogous situation for hydrated non-adsorbed ions (3). The
significant observation is made that the thickness 6f the
electrical double layer is of molecular dimensions which
means that the term 'plane of charge" is fully Justiried
since the radius of curvature of the interphase is usuéliy
much greater than the thickness of the double layer and, also,
that the specific capacity of a condenser formed by thesei
planes will have an extremely large value of the order ofv
10-100 microfarads per square centimeter ofk surface. ‘

Experimentally, the electrical double layer behave$ like
two parallel plate capacitors in series, one répresenting the
compact double layer and the other the diffuse portion of the
double layer. Under certain conditions, namely in the
presence of excess inert electrolyte, the capacity of the
diffuse region becomes very large compared to that of the
compact region. Since the two capacities are in series, the
effective capacity is attributable to the compact region of
the double layer adjacent to the electrode interface. The
great utility of the differential double layer capacity is
due to the fact that it is an electrical property subject
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to precise measurement. Indeed, electrocapillary curves oOb-
tained by double integration of double layer capacity data
have proven to be more precise than those obtained by direct
measurement of the interfacial tension (3).

Since the differential double 1ayef capacity 1s related
thermodynamically to the interfacial tension, inferénces
about equilibrium adsorption processes which can be made from
interfacial tension depression data can also be inferred from
differential capacity data. Some thirty years ago Frumkin
(14) published an extensive theoretical treatment of the
éffects of adsorbable materials which can be investigated by
means of differential capacity measurements. Essential fea-
tures of this treatment are the assumptions of a linear rela-
tion between Surface coverage and double layer capacity and
that the surface coverage can be described by a generalized
localized Langmuir adsorption isotherm. 'Recently, Hansen, Min?
turn and Hickson (15, 16) and Minturn (17) have extended this
treatment to establish the dependence 6f the differential
capacity on polarization and adsorbate activity. Information
regarding the orientation of adsorbed species and forces re-
sponéible for the adsorption of a series of simple organic ad-
sorbates was obtained. Melik-Gaikazyan (18) has used this pro-
cedure to study multimolecular adsorptioﬁ of n-octyl alcohol
on mercury. Recently Laitenen and Mosier (19) have reported

an investigation of the adsorption of several organic compounds
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also at the mercury-solution interphase. However, tﬁese
measurements were conducted at the potential of the electro-
,capillary maximum only. t was reported that in all cases
investigated, adsorption data could be interpreted in terms
of é simple Langmuir adsorption isotherm. Loveland and Elving-
(20 through 25) have investigated the effect of a sefies of
simple aliphatic alcohols adsorbed at the mercury solution
interphase upon the electrocapillary, surface charge density
 and differential double layer capacity versus polarization
curves by a novel electronic approach. Unfortunately, these
authors were unable to represent the results of their'in-
vestigations by any of the usual adsorption isotherms. Breyer
and Hacobian (26) have recently investigated the adsorption
- of several oréanic compounds at the mercury-solution inter-
phase by superimposing an a.c. potential of small amplitude
upon the d.c. polarization of the electrode and measuring the
a.c. current flowing in the circuit. The term "tensammetric
wave" was coined by these investigators to refer to the pro-
nounced capacity peaks associated with the adsorption-
desorption processes occurring at high field strengths within
the double layer at the interphase. These peaks are attri-
buted to a process of dielectric displacement of adsorbate
molecules by the more polar solvent molecules which results
in an overall decrease in the free energy of the system (26).
The differential double layer capacity possesses an‘

additional advantage for the investigation of adsorption
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processes in that 1t may also be a function of the frequency.
This circumstance has been used to investigate the kinetics
of adsorption from solution using capacity measurements.
Recently Frumkin and Melik-Gaikazyan (27) have proposed a
treatment for the inference of the rate controlling mechanism
of the adsorption process based upon the observed frequency
dispersion of the capacity in the potential regions of the
adsorption peaks. Contrary to the observation made by
Grahame (28) that the differential double layer capacity
exhibits.no dispersion with frequency in the presencé of
inert electrolytes, the differential capacity was observed
to display pronounced frequency effects in the neighborhood
of the adsorption peaks. Frumkin and Melik-Gaikazyan attri-
buted this dispersion effect to the occurrence of an
adsorption process proceeding at a finite rate.at’the inter-
phase and showed that a supplementary capacitive current
arises in the presence of such a process which may be used to
charactefize the rate controlling mechanism. Two possible
mechanisme were proposed: diffusion control and adsorpticn
rate contrél. Criteria which were diagnoétic of the pirocess
occurring which was rate controlling were derived. An
extensive investigation of the kinetics of adsorption of
several aliphatic alcohols on mercury surfaces by Melik-
Gaikazyan (18) indicated that diffusion was probably
responsiblé for the rate controlling mechanism in this in-

stance. The treatment of Frumkin was extended by Lorentz
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(29) and Lorentz and Mockels (30) to include the case of
éimultaneous diffusion and adéorption rate control and the
case of adsorption followed by a tﬁo dimensional association
of the adsorbate molecules in the interphase. The results of
Melik-Gaikazyan were apparently confirmed for the case of
adsorption of simple alcohols. Adsorption followed by two-
dimensionai association of adsorbate molecules was reported
tb be the rate controlling mechanism for the adsorption of
several fatty acids investigated. Delahay and Trachenberg
{31, 32) have recently presented a theoretical analysis of
édsorption processes occurring at pléne, spherical, and ex-
panding surfaces which are diffusion controlled and Delahay
and Berzins (33) have also presented an alternate treatment
for the casehof simultaneous diffusion and rate controcl. Los:
anleompkins (6) have investigated the kinetics of adsorption
of methylene Blue at the mercury solution interphase by
electrocapillary methods. The controlling mechanlsm was
found to be an exchange of methylene blue ions with ions
adsorbed on the surface followed by a two dimensional
dimerization.

Differential double layer capacity measurements are thus
seen to offer a versatile tool for the study of adsorption
from solution on adsorbents of small surface area. Virtually
all of the information one could desire to know about an

adsorption process can be.obtained by investigating the
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depéndencgpof the differential double layer capacity as a
funcfiqn‘pf the variables composition, polarizing potential,
fréqﬁéney, and temperature. Unfortunately, a complete in-
vestféation of all the variables associated with a given
adsofétion process would be a very arduous task by conven-
tional methods for measuring the differential double layer
capacity. Consequently, if the full potentialities of the
techﬁique are to bé exploited, a fast precise experimental

technique capable of measuring the double layer capacities

over a wide range of these variables is a necessity.

Electronic Methods for Measuring the Impedance of

the Elecﬁfical Double Layer

since in practice the electfical double layer behaves
likewé condenser of large specific capacity shunted by a large
leak'ge resistance, double layer capacities can be measured
by an& of fhe techniques employed in electrical impedance
vmeasufeménts. The procedure most frequently chosen is to
insert a cell containing a polarizsble electrode into one
arm of a conventional a.c. impedance bridge. After impress-
ing a:known d.c. potential across the electrode-solution
interface from an external potentiometer, the impedance of
the cell i1s balanced against a known impedance in the measur-
ing arm of‘phe bridge. The measurements are then repeated

at other values of the d.c. pclarizing potential to construct
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point by point a differential capacity versus polarizing
potential curve. Grahame (34, 35) has devised a very elegant
bridge arrangement for meaéuring the impedance of the
electrical double layer which was used in the investigation
of the structure and properties of the electrical double
layer. Melik-Gaikazyan (18) has also employed an elaborate
a.c. bridge capable of measuring capacities at frequencies
from O to 200,000 cycles which was used in the study of the
kinetics of adsorption of alcohols at mercury-solution inter-
faces. However, a.c. bridge measurements are operationally
laborious and time consuming to make but yleld the most
accurate results. |

If an investiga*ion of the effect of other variables
such as solutioh composition, electrode composition, fre-
quency, and temperature upon the properties of the electrical
double layer is to be conducted, the bridge technique becomes
very burdensome and tedious indeed. Consequently, a method
'of recording%the ﬁécessary double layer impedance data which
is more rapid and less arduous than the classical bridge
procedure is highly desirable even at the sacrifice of some
precision.

Several electronic techniques have been reported in the
literature for the measurement of differential double layer
capacities which do not involve a.c. impedance bridges. In

general these techniques fall into one of three categories:
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the method of charging curves, oscillographic polarography,
and d.c. polarization with superimposed a.c. potential.
Several of these methods were considered as possibly adapt-
wabie to autométic recording of capacity data.

In the method of charging curves a constant cufrent
impulse is impressed across the interface and the rate of
change of the potential with time is measured. From the
initial slope of the potential-time curve the capacity of
the electrical double layer can be obtained from the follow-

ing expression:

i
j
(aB/at ),

C =

From a.c. bridge measurements it is known that the capacity
is not constant with changing‘polarization and, consequently,
the initial slope of the charging curve is specified for thé
calculation of the capacity of the electrode interface.

The capacity at the mercury-aqueous sulfuric acid inter-~
face was investigated by Bowden and Grew (36, 37) by this
technique and recently at several other metal-solution inter-
faces by Hackerman and Brodd (38). Hansen and Clampitt (39)
have used this technique to ihfer the equilibrium adsorpﬁion
of several organic compounds from acid solution by copper
and silver electrodés. Difficulties assoclated with the
detérmination of the 1nitial slope make this procedure a

poor choice for possible automatic recording of capacity data.
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In oscilloscopic polarography a periodically varying
potential sweep of known form is impressed across a cell con-
taining an ideal}y polarizable electrode immersed in a solu-
tion of inert eleétfdiyte. In the absence of any oxidizable
or reducible material, the current passed by the cell is due
to the alternate chafging and discharging of the electrical
double layer. This current can be made to generate a
potential across a standard resistance which is proportional
to the magnitude of the differential double layer capacity.
Capacity versus polarizing pétential curves can then be dis-
played directly upon the screen of a cathode-ray oscilloscope.
No attempt will be made to review the voluminous literature
on this subject as many excellent reviews are available (40
througﬁ L4k}, However, several papers relating directly fo
the measurement of double layer impedances by means of this
technique have appeared in the literature and should be
mentioned. ‘

Seveik (45) utilized a triangular potential sweep to
investigate ﬁolarographic phenomena and subsequently realized
the possibility of suing the oscilloscopic polarograph to
investigate electrocapillary phenomena as well. Several
simple experiments determining the capacity of mercury inter-
faces in contact with solutions of inert electrolytes were
made. However, these measurements were of an exploratory

character and were made primarily to demonstrate the
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versatility of the method and were not pursued further.

Recently the square-wave polarograph was appiied to the
study of the adsorption of organic adsorbates at the mercury-
solution interface. The square-wave polarograph was origin-
ally designed to permit the resolution of the total
polarographic current into its capacitive and Faradaic com-
ponents. This was accomplished by polarizing a mercury-
solution interface with a square-wave signal of sufficiently
long period as compared to the time constant of the inter-
facial impedance. The capacitive component of the total
current rapidly decays to zero during the early portion of
the polarizing cycle leaving the Faradaic component for
measurement at the end of the cycle. However, by measuring
the current at the beginning of each polarizing period,
Barker and Gardner (46) were able to determine the capacity:
of the electrical déuble layer. The effect on the capacity
due to the adsorption of n-octyl alcohol at the mercury-
solution interface was investigated with particular emphasis
on the behévior of the adsorption-desorption peaks with vary-
ing adsorbate concentration.

Perhaps the most comprehensive study of the application
of the cathode-ray oscilloscope to the investigation of |
electrocapillary phenomena is that of Loveland and Elving
(20 through 25). In a series of papers, these authors

describe electronic circuits which permit the direct display
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on the screen of a cathode-ray oscilloscope of differential
double layer capacity, surface charge density and interfacial
tension versus polarization curves. The basic measurement is
similar to that made by Sevcik. The cell cocntaining a
dropping mercury electrode which serves as the polarizable
electrode is swept with én alternating triangular voltage
sweep.‘ The output potential developed across a standard re-
sistance in series with the cell is proportional to the dif-
ferential double layer capacity and can be displayed directly
upon the cathode-ray oscilloscope screen to obtain a capacity-
polarization trace, integrated electronically once to obtain
a surface charge density-polarization trace, or integrated
electronically twice to display an electrocapillary trace.
This apparatus was used in an extensive investigation of the
adsorption of a series of aliphétic aléohols at the mercury
interface which would have been extremely difficult and
tedious to duplicate by the usual bridge techniques.
Although the actual recording of impedance data is very
rapid by this technique, the corresponding loss in accuracy
and increase in time due to the translation of photographic
traces into numerical data for the purposes of data inter-
pretation may prove detrimental for some applications. In
addition it was found that reproducible and undistorted
traces could be obtained only at very small frequencies

which is an additional limitatlon to the method.
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Breyer and Gutmann (47) have devised an electronic method
for measuring the impedahce of the electrical double layer
which is based on the principle of d.c. polarization of the
electrode interface with a superimposed a.c. sinusoidal
voltage of small amplitude. The d.c. polarization essen-
tially forms the electrical double layer at the interface
while the measurement of its impedance is accomplished by
the a.c. component. This measurement closely resembles the
procedure used in the a.c. impedance bridge methods but has
the additional feature of possible automatic reéording of
the circuit impedance. The a.c. component of the total cur-
rent flowing in the circuit which is proportional to the
impedance can be separated from any d.c. component by means
of a capacitive by-pass. The magnitude of the current can
then be measured by monitoring the potential developed across
an known standard resistance with a sensitive vacuum tube
voltmeter. This signal could, however, be used to drive a
recording devise.

Breyer and Hacobian (26) studied the effect of frequenéy ‘
and adsorbate concentratidn on the adsorption-desorption
peaks at the mercury-solution interface of several organic
materials and coined the term "tensammetry"” to describe the
study of electrode processes of this character. Doss and
Kalyanasundarum (48) have subséquently employed this technique

to infer the adsorption of several organic materials which

are commonly used as maximum suppressors in polarography.
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Randles (49) has described an apparatus which measures
the phase relétionship between the current and voltage vectors
which can be utilized to construct a vector impedance diagram
from which differential double layer capacities can be calcu-
lated. However, to the author's knowledge no adsorption
experiments have ever been performed by this technique.

Because of the many experimental varigbles associated
with a complete investigation of adsorption processes occur-
ring at electrode interfaces, a fully automatic and rapid
technique for measuring the differential double layer capacity
as a function of these variables is very desirable. The pro-
cedure selected should be sufficiently versatile in this
respect and in addition should avoid undue loss in accuracy
in the measurement of the impedance of the double iayer com-
- pared to the usual a.c. bridge methods. The results of the
measurements should be immediately and conveniently displayed
so that experimental failures can be rapidly detected and
corrected and should be in such a form that translation to
numerical results for the purposes of data interpretation is
easily facilitated. In this respect it is desirable to have
the response of the detecting instrument linear in the vari-
able measured to simplify the interpretation of the data.

An additional desirable condition not easily accomplished in
impedance measurements is the measurement of the impedance

vector rather than its magnitude or phase relations. It is
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in this respect that a.c. bridge measurements have a consider-
able advantage.

It was apparent that none of the methods reported in vhe
literature for measuring double layer impedances fulfilled
all of these criteria but the oscilloscopic technique of
Loveland and Elving and the a.c. procedure of Breyer and
Gutmann appeared to offer the most promise as bases for an
automatic recording instrument. Subsequently, a novel method
for measuring capacities was developed in this work which

embodies several of the principles used in these two

techniques.
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OBJECTIVES

The objectives of the present investigation were four-
fold:

1. To devise an experimental technique for the rapid
measurement of differential double layer capacities over a
7sufficiently wide range of experimental cperating conditions
without undue loss 1n accuracy.

2. To demonstrate the utility of the method by conduct-
ing an investigation of the effect of frequency and tempera-
ture on the properties of the compact region of the electrical
double layer.

3. To apply this method in an investigation of the
equilibrium'adsorption of certain organic adsorbates aﬁ
electrode solution interfaces in the absence of electro-
chemical reactions.

4, To investigate the kinetics of adsorption of these
adsorbates at electrode-solution interfaces in the absence

of electrochemical reactions.
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EXPERIMENTAL
Automatic Impedance Recording Instrument

Theory of the measurement

In studying and interpreting electrical double layer
impedances at ideally polarizable electrode interfaces by a.c.
bridge methbds, the principle of equivalent circuits first
employed by Kruger (50) has proven to be of great value. In
the usual bridge mefhods'for measuring interfacial impedances,
differential double layer capacities and resistances are ob-
tained in terms of a known impedance vector. Resolution of
this impedance vector into its component parts is accomplished
by devising an electrical analog circult which is supposed to
represent the electrical properties of the electrode-solution
interphase. Usually these analogs are chosen such that the
capacities of the working electrode and complimentary electrode
interphase are in series when connected to form a cell. Since
the interfacial area and, theréfore, the interfacial
capacitance of the latter is much greater than the fcrmer,
the capacitive component of the impedance vector is attribut-
able to the interfacial capacitance of the working electrode
alone. The electrical analog for this interface is also
chosen to.be as consistent as possible with some physical
model representing the chemical and physical properties of

the electrical double layer.
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Obviously many models and analog clrcuits are possible
but for primitive solutions of electrolytes the analog which
best represents the model proposed by Grahame (3) and other
workers in the field is that of a capacitor shunted by a very
large resistance (Figure 1.A). This electrical circuit is
then placed in pafallel with a similar circuit which repre-
sents the contribution of any Faradaic current to the overall
impedance of the electrode interface (Figure 1.B). The
equivalent circuit for the cell is now completed by placing
a resistor which fepﬁesents the‘solution resistance in series
with the impedance of the interface (Figure 1.C). In con-
centrated solutions of electrolytes, however, the solution
resistance is usually considered to be negligible.

In the presence of an electrochemically iﬁert but
capillary active material and in the absence of any Faradaic
current, the equivalent circuit for the electrode interface
can be represented by two parallel resistance-capacitance
combinations in fturn connected in parallel. One of the former
represents the lmpedance of the adsorbate filled portion of
the surface and the other represents the 1mpedancé of the
vacant surface (Figure 1.D).

In both of‘the cases considered above, the total inter-
facial impedance of the working electrode can be represented
by a single parallel combination of a resistance which

represents the lumped sum of the electrical double layer



Figure 1. Equlvalent c¢ircult analogs for the
electrical double layer at an ideally
polarizable electrode-solution
interphase
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resistance and any resistance due to Faradaic processes or
adsorption processes occurring at the interface and a
capacitance which represents the lumped sum of the analogous
capacitances (Figure 1.E).

Assuming'that the equivalent circulit of Figure 1.E
represented the electrical properties cf a cell contailning an
ideally polarizable electrode immersed in a solution of an
inert electrolyte, an electronic appératus was devised which
automatically recorded the impedance of the electrical double
layer at a hanging mercury dfop electrodé as a function of
the d.c¢c. polarizing potential. A schematic diagram of the
electrical circult of the automatié recording instrument is

presented in Figure 2.
| The principle of the measurement is based upon a modifi-
cation of the procedure used by Breyer and Gutmann (47).
A triangular a.c. potential of small amplitude is sﬁperimposed
upon the d.c. blas potential applied across the interface by
means of a motor-driven potentiometer. As the d.c. potential
is slowly varied linearly with time, the triangular a.c.
potential sweeps the circult consisting of the cell and a
standard resistance. The alternate charging and discharging
of the electrical double layer due to the a.é. potential
sweep results in a current which flows through the cell and
the standard resistance in series with the cell. A square-
wave potential develops across this resistance whose ampli-

tude depends upon the circuit impedance. This potential can



Figure 2. A schematic diagram of the automatic
impedance recording instrument
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be amplified, rectified, and used to drive one d.c. circuit
of an automatic function plotting devise. The signal which
serves to drive the recorder through the second circuit is
obtained from the output Terminals of the motor-driven
potentiometer supplying the d.c. polarization to the ceil
and, hence, is synchronized wiﬁh the"output signal of the
measuring circuit. It was found that impedance data could
be rapidly recorded as a functien of the d.c. polarizing
potential with a precision approaching that of conventional
a.c. bridge measurements by this technique. |

Considering the a.c. portion of the recording circuit
to be represented by the analog circuit of Figure 1.E,

Kirchoff's loop rule requires

L]

g €r * €. : (3)

and

ec = ep (4)

where eg is the applied triangular'a.c. potential and eg, ep,
and e, are the respective potential drops across the series
resistance R, shunting resistance p, and capacitance C. If
Q. represents the charge on the plates of the capacitor and
de/dt and dQp/dt are the currents flowing through the cor-
responding resistive cilrcuilt components, the following |

boundary value problem arises

d®Qp/at® + (p + R)/pRe dQp/dt = eg/pRe (5)
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and

(a) day(0)/dat =0

(b) eg(t) =Vlwt/m 0 < t< T/w
=Vow /m (2T/w - t) Tho<t < 2T/w
eg(t) =es(t + 21/ )

This equation may be solved for the current flowing through
the shunting resistance and, hence, by the use of Equation 4
the total current flowing through the standard resistance in

series with the cell.

This current generates a potential across the resistance
which is used to drive the recording devise. The relation;
ship between the instrument response and the capacity of the
équivalent circult is obtained by averaging the instantaneoué
responses over one-half period of the a.c. potential and

- multiplying by the gain factor of the amplifiers in the

circult
§2n+l}w
. W
G w
Response = ————— Rg - 1gdt (7)
2Nt

The general solution of Equation 5 for the case of any
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periodic applied potential is given in Appendix A and the
solution for the response of the instrument for the special
case of a triangular a.c. potential is also presented. The
response of the instrument is found to be

V® Rg G
2(P + R)

R = {1 + (L/x - 1/%2 tanl'LX)P/Rl (8)

where

T(P + R)
2t FRC

Consider the practiéal case in which P is much greater
_ than R and in which conditions are such that m/2w RC is much
greater than unity. Then

o
GVuRSC

R =

(9)

=

or

i
i
R
e

’Consequently, if the resisyﬁﬁce shunting the capacity in
‘Figure 1.E is much greater than the total series resistance
and /2w RC» 1, the response of the instrument is proportional
to the capacity in the circuit at fixed frequency. This is
indeed found to be true for the case in which the cell is
replaced by a real capacitor.

The identification of C with the capacity of the elec-

trical double layer capaclty when the cell is inserted in the
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circuit depends upon the ability of the analog circuit of
Figure 1.E to represent the true conditions prevailing at the
interface. Until such an identification can be proven
expérimentally, the C measured by the instrument with the
cell in the circuit will be called an apparent capacity. It
willl subsequently be shown that this identification involves
subtleties which are not generally appreciated‘by many other

investigators in the field.

Choice and preparation of solutions

Perchlorio_acid was selected as the inert electrolyte in
preparing solutions in these experiménts. This choice was
prompted partially by précedent in this laboratory énd par-
tially by the fact that the perchloffate ion has 1ittle
tendency to complex other ions in the édiution and is only
weakly or not at all specifically adsorbed by mercury (3).

A solution about 0.1 molar was prepared by diluting a |
measured volume of Baker and Adamson reagent grade per-
chloric acid with conductivity water which was prepared in
a Barnsted conductivity still by distillation from alkaline
permanganate solution and which had a conductivity of less
than 10~7 mhos, This molarity was selected because previous
investigations (3, 15, 16) revealed that increasing the

acid concentration had little effect upon the capacity of
the electrical double layer indicating that the diffuse
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portion of the double layer had been effectively eliminated.

The chloride concentration of the solution was fixed at
0.001 N by the addition of an appropriate amount of either
hydrochloric acid or potassium chloride. This was necessary
in order to provide an ion reversible to the silver-silver
chloride reference electrode. The hydrochloric acid was
prepared by distilling é sample of Du Pont reagent grade
hydrochloric acid. The normality of the distillate was de-~
termined by titration with standard base and was found to be
6.22 N. The potassium chloride was prepared by treating a
solution of Baker and Adamson reagent grade pdtassium chloride
with chlorine gas to remove any traces of bromide or iodide
present &nd subsequently recrystallizing the potassium
chloride twice from conductivity water.

The solutions were further purified in the cell Jjust
prior to use by preelectrolysis to insure the removal of any
ions which might have interferred in the measurement of the

double layer capacity.

Mercury

The mercury which was used as an electrode material in
this investigation was purified by treating Goldsmith
Brothers triple distilled mercury with 50 per cent nitric
acid, filtering, dis?;lling 6nce or twice in a stream of air,

again filtering, and finally distilling in vacuo. Just prior
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to introducing the mercury into the cell, the mercury was

filtered through a pin hole filter.

Inert atmosphere

Hydrogen was used in these experiments for the purposes
of outgassing the solutions and providing an inert atmosphere
within the cell. Tank hydrogen was purified_by passage
over copper gauze at 600° C. to remove any traces‘of‘oxygen,
ﬁhrough a dry ice trap, through a bed of activated charcoal
maintained at liquid air temperature, and finally through a
trap at liquid air temperature to remove any residual stop-
cock grease from the gas stream. The hydrogen entered the
cell through a medium porosity glass disc and was dispersed.
The gas left the cell through a water bubbler. Provisioﬁ
was made for bypassing the hydrogen stréam above the solu-
tion during times when experiments were being conducted.
Thus, the cell was continuously flushed and was under a

positive pressure of hydrogen at all times.

Adsorbates

The n-amyl alcohol which was used as an adsorbate in
some of the experiments was purified by distilling a sample
of Baker and Adamson reagent grade normal amyl alcohol
through a 30 plate Oldershaw column at a reflux ratio of

10:1. The boiling point of the fraction used in these
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experiments was 138.4° C. at S.T.P. The vaiue reported by
Lange (51) is 138.1° C. The saturation concentration of n-
amyl alcohol in 0.1 N perchloric acid is reported to be 0.222
molal (17).

Electrodes

In order to avoid the necessity of complicated synchro-
nizing circuitry associated with instruments utilizing the
dropping mercury electrode, experiments were conducted with
stationafy hanging—drOp elecfrodes of small surface area.

An arrangement for the formation of such electrodes has been
described in the literature by Delahay and Berzins (52).

A schematic diagram of the arrangement used in thesé experi-
ments is presented in Figure 3. Suspended in the center of
the cell through a small greaseless ball joint was a thin
glass tube which had a short length of platinum wire sealed
in the tip at one end. This wire was gold plated and
amalgamated to insure complete wetting of the wire by the
mercury droplets which ser&ed as the working electrode. The
mercury which formed this electrode was obtained from a
dropping mercury capillary which was encased in a glass tube
to which a glass spoon was fitted at one end. The mercury
'drops after detachment from the capillary rolled siowly down
the spoon where they were'subsequently picked up by the wire

support by pivoting the wire tip up to the end of the spoon.



Figure 3. A schematic representation of the cell
illustrating the electrode arrangement
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After two or three drops of mercury had been collected to
form a single droplet of deéired size, this droplet was
pivoted away from the spoon into the center of the cell. By
measuring the rate of flow of the mercury into the cell and
knowing the humber of drops of mercury picked up to form the
working electrode, the surface area of the working electrode
could be computed. By this procedure freéh electrodes which
were almost identical in surface area with previous electrodes
could be obtained as needed. A silver-silver chloride
‘electrode prepared by the thermoelectric procedure of Harned
was suspended in the solution just above the working elec- |
trode through a standard taper joint and served as the refer-
ence electrode in the d.c. polarizing circuit. The whple
assembly was surrounded by a platinum wire screen electrode
which served as the complimentary electrode in the a.c.
portion of the circuit.

The flow rate of the mercury into the cell through the
dropping mercury capillary was determined by weighing the
mercury which flowed into the cell during a measured interval
of time. The dropping time was measured simultaneously by
means of a stop watch. The area of the electrode was com-
puted from the following'formula which assumes the drop to
be spherical in shape, a fairly good approximation for small
drops:

A =lr (3/% 7 (nmt/Td + v1))2/s
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where

A = the area in square centimeters

n = the number of drops of mercury used to form the
working electrode.

m = the weight of mercury which flowed into the cell
during the time interval T.

d = the density of mercury at the temperature of the
solution.

t = the dropping time.

V! = a small correction egual to the volume of the
support wire.

Thermostating

The cell was encased in a Jjacket through which water at
the desired temperature was circulated to insure adequate
thermostating. The temperature of the solution was read on
a thermometer which was immersed in the solution through a
greaseless standard taper joint and was constant to + 0.5° C.
At 0° C. absolute ethanol which had been cooled by passage
through copper coils immersed in a mixture of dry ice and
ethanol was used in place of the water as the thermostating
liquid. Immersion heaters were used to regulate the tempera-

ture of the ethanol.

Electronic apparatus

A schematic diagram of the complete circuit used in re-
cording the differential double layer capacity versus

polarization curves is presented in Figure 4. The triangular



Figure 4. A complete circuit diagram for the automatic
impedance recordilng apparatus
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voltage sweep was produced by a Hewlett-Packard 202A low fre-
quency function generator. The standard resistance Rg was a
Leeds and Northrup AC-DC decade resistance box variable to
11,000 -ohms. The standard capacitance, Cstnd, was a Freed
Transformer Co. Model 1350 decade capacitor variable from O
to 11 p f£. The recorder, manufactured by Minneapolis Honey-
well Co., was a Brown Electronic 153x31 Function Plotter.

The d.c. polarization was furnished by a ten ohm-ten turn
Beckman Helipot precision potentiometer, linear within + 0.1
per cent, which was driven after suitable gear reduction by
a two RPM reversible electric motor. Eg was six 1.5 volt
drycell batteries connected in parallel to insure a stable
source. In some experiments a Simpson D.C. Microammeter was
inserted in the d.c. portion of the circuit between the
potentiometer and the reference electrode in order to measure
the current flowing through the cell. A Kay Lab Micro-
voltmeter and Amplifier Mddel 202B was placed across the
terminals of the motor-driven potentiometer in order’to
measure the d.c. potential across the cell. This instrument
has an accuracy of 3 per cent of full scale on all ranges
according to the manufacturer and was used to calibrate the
potential scan of the function plotter. A potentiometer
which formed a portion of the 1000 ohm resistance in parallel
with the polarizing potentiometer was used to scale the d.c.

signal to the recorder. The 1000 ¥ f capacitor in series
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with the cell was included to eliminate a parallel path
for the d.c. current while permitting the a.c. current to
pass through the measuring circuit.

The signal developed across the standard resistance was
amplified by a four stage amplifier of conventional design.
Rectification of the output signal was accomplished with the
aid of the 6H6 diode. The amplitude of the output signal was
varied by means of a 50 ohm potentiometer which formed part
of the load resistance of the cathode follower circuit.

A Hewlett-Packard Power Supply Model T10A was used to furnish
the neceséary d.c. potential bias for the amplifier portion
of the circuit. Two eight microfarad capacitors were in-
cluded in the first twobstages of amplification to eliminate

a parasitical ground loop through the power supply.

Method of procedure

After cleaning the cell thoroughly, the bottom portion
was filled with coﬁductivity water. The platinum gauze
electrode was then heated to a red glow in the flame of a
Meker burner after withdrawing the dropping mercury capillary
up into the cap. The cell (Figure 5) was then asscmbled
lmmersing the gauze electrode in the conductivity water.
Plugs were then inserted into the standard taper Jjoints and
hydrogen was flushed through the cell. The conductivity |
water was drained through a teflon stopcock in the bottom of



Figure 5. The cell
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the cell. A half-cell consisting of a medium porosity glass
disc and a platinum flag electrode was inserted through one
of the taper Joints. A second platinum flag electrode was
inserted through the other taper joint. About one milliliter
of purified mercury was forced back through the teflon stop-
cock by means of a hypodermic syringe to form a continuous
mercufy ribbon. About five milliliters of purified mercury
were also placed in the reservoir of the dropping mercury
capiilary and connectlion with a leveling bulb was made.
After starting the capillary dropping within the cell by
raising the leveling bulb, ;bout 250 milliliters of the per-
chloric acid-chloride primitive solution were added to the
cell. Some of the solution was sucked up into the half-cell
and electrical connectionsvfrom the two electrodes were made
to a d.c. power supply. Preelectrolysis of the solution was
conducted at 5x1072 amps at 240 volts for at least two hours
and in many cases over night. A silver-silver chloride
electrode and a thermometer were then substituted for the
half-cell and platinum flag electrode and the support rod
was inserted into the cell. Degassing of the solution with
hydrogen was continued for at least one hour. The apparatus
was then activated by turning on the recorder, power supply,
-microvoltmeter and generator. The appropriate frequency was
then selected and the output of the generator adjusted to

give the desired input. After a sufficient warmup time,
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switch 8; was closed, S, opened, and Sz set at "standard
~capacitor”. A new cycle on the motor driven potentiometer
was startéd by allowing the motor to run until the reversing
switch in the gear train clicked over at the most anodic
potential of the potentiometer.as read on the microvoltmeter. .
With the motor and S; off, the microvoltmeter was zeroed on
the 300 millivolt scale. With S; on, the motor was then
turned on and the potentiometer was driven until the micro-
voltmeter read exactly 240 millivolts. The motor was then
stopped. Switch Sz was ciosed and the pen of the recorder was
set to read 10 millivolts on the chart paper by use of the
"pen" scaling potentiometer. The standard capacitance was
set at five microfarads and the "chart" scaling potentiometer
was adjusted to read the maximum vertical displacement on the
chart paper as determined by the stops on the recorder. The
range of the microvoltmeter was then changed to three volts
and the motor driven potentiometer turned on. At every
cardinal division of the chart paper the capacitance of the
standard capacitor was reduced one microfarad until two micro-
farads remained. Thereafter, the capacitor was reduced by
two-tenths of a microfarad at each cardinal division until
one microfarad remained. As the pen reached the end of the
chart paper the motor was turned off. The capacitor was then
reduced to zero and switch S, was opened. The potential

read on the microvoitmeter was noted and the motor again
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turned on to complete the half cycle and return to a potential
just above the shut off potential read previously. This
completed one cycle of the calibration procedure.

The bypass valve was then opened deflecting the gas
stream above the solution. The mercury in the bottom of the
cell was then drained out of the cell until the meniscus was
approximately half way up the capillary tube which led to the
teflon stopcock. The hairline of a telemicroscope was
trained on a point above the meniscus. As the mercury filled
the capillary tube and as fthe meniscus passed the hairline,

a "Timeit" electric timer was started. As the mercury con-
tinued to flow, the dropping time of three or four drops was
measured with a stopwatch to a tenth of a second. After re-
cording several drop times, the mercury in the capillary tube
was drained to below the hairline into a five milliliter
sample bottle. As the meniscus passed the hairline the
second time the timer was stopped. The total flbw time,
welght of mercury collected, dropping time, potential scan
calibration data and other pertinent information were re-
corded on special data sheets (Figure 6). After recording
the pertinent information, the.wire tip of the support rod
was pivoted up to the spoqn'and gseveral drops of mercury were
allowed to congeal to form a working electrode. This electrode
was then pivoted into the center of the cell away from the

spoon. The electrical connections to the cell were made,



Figure 6. The format of the data sheets
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Data Work Sheet

Date:

Time:

Experimental System:

Run No.:

1Temperature: frequency:

Density of Hg:

Bottle No:
wt. A:
wt. B:
wt. T:
Total Time: m:
Dropping Time: | , No. of drops taken (n)=__
1 6 |
2 7
3 8
b 9
5 10 t ave
nmt ave =
Bo =
k = 89.400 Zl lici =

P -

Comments:
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S, was closed, Sz swltched to "cell", and the motor driven
potentiometer was turned on. A polarization curve was
measured over a complete cycle. As the pen once more reached
the end of the chart the motor was stopped, S; was switched
to "StndCap", and S, opeﬁed.  The motor was then started and
the whole cycle completed and returned to the terminating
potential. S, was then closed and the motor was turned on.
One microfarad was set on the standard capacitor. 'As the
next cardinal division was passed, the capacitor was in-
creased by one microfarad to two microfarads. Thereafter,
the capacitor was increased by two-tenths of a microfarad
per cardinal division. At three microfarads and thereafter
the capacitance was increased by one microfarad per cardinal
division until the instrument returned to zero where it was
shut off. This rather complicated calibration procedure was

followed to facilitate the treatment.of the data.

A.C. Impedance Bridge Measurements

In one series of experiments the impedance of the
electrical double layer at the mercury-0.1 N perchloric acid-
0.001 N potassium chloride solution interphase was investi-
gated for frequency dispersion effects by means of a.
conventional a.c. impedance bridge. In these experiments
the solution purification and electrode preparation were

conducted in the same cell and manner described in the section
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on the automatic recording instrument. The cell with a
freshly formed mercury-drop electrode was inserted intc the
unknown impedance arm of the bridge circuit which is
schématically represented in Figure 7. This bridge circuit
was designed to measure the impedance of the cell in terms |
of a series combinaticn of a standard resistance, Ry, and
standard capacitance, Cp. Ry, R, and R, were Ieeds and North-
rup AC-DC Decade Resistance Boxes variable from O to 11,000
ohms in five decades. Cp was a Freed Transformer Co. Model
1350 decade capacitance box variable in decades from O to 11
microfarads. The input signal to the bridge was a sinuscidal
a.c. potential generated by a Hewlett-Packard Model 200 CD
Wide Range Oscillator and was applied acrOSS‘fhe bridge cir-
éuit through a General Radio Co. 578-A shielded bridge
transformér. The amplitude of the input signal was adjusted
at the oscillator to produce a four millivolt a.c. sighal
across the cell terminals as measured on a Heathkit Model
AC-2 vacuum tube voltmeter. The detector unit in the bridge
consisted of a high-gain "twin-tee" amplifier with provision
for wide range frequency selection by means of plug-in tee
units?t which wés coﬁnected to the vertical deflection plates

of a Du Mont 304H cathode ray oscilloscope. Bridge balance

1This instrument was designed and built by the Elec-
tronic Instrumentation Group, U.S. Atomic Energy Commission,
Ames Laboratory, (Iowa State College) Ames, Iowa.



Figure 7. A schematic diagram of the a.c. impedance
bridge apparatus
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was detected by a null signal in the vertical trace on the
screen of the cathode ray oscilloscope. The mercury elec-
trode was polarized at a known d.c. potential by means of
the external potentiometer, P. A seven henry-300 ohm choke
coil wés inserted in the d.c. circuilt to remove any a.c.
signal which might have entered the potentiometer portion of
the circuit. A d.c. microammeter was inserﬁed in the d.c.
circuit to measure the residual cuffent flowing through the
cell. Impedance measurements were ceased when this current
exceeded ten microamperes. Extenslve precautions were taken
to shield the bridge ffom stray capacitances and induced
currents. Shielded cable‘was used throughout in cdnstruction
and the general precautions for good bridge operation out-
lined by Hague (53) were observed.

After forming the working mercury-drop electrode in the
cell in the manner described in the section on the automatic
recording instrument and making the proper connections to the
cell from the bridge, the mercury electrode was polarized at
a known d.c. potential relative to a silver-silver chloride
reference electrode immersed in the same solution by means of
the potentiometer, P. An initial balance was made. The
amplitude of the a.c. signal across the cell was then ad-
Jjusted to four millivolts and the final bridge balance
attained by varying the impedance in the measuring arm until

a null signal was observed on the cathode ray oscilloscope.
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The procedure was then repeated at different d.c. potentials
to construct an impedance versus polarizing potential curve
point by point at any given frequency and temperature. At
each frequency investigated two curves were recorded, one
for increasing cathodic polarization of the mercury electrode
and one for decreasing polarization. Fresh mercury elec-
trodes were used for each curve recorded. The observed re-
sistances and capacitances were converted into specific
quantities by multiplyihg the observed series resistance by
the surface area of the mercury-drop electrode and dividing
the observed capacity by the surface area of the mercury
drop. The final specific impedance used in the caiculation
was obtained by averaging the two specific impedanées ob-
tained at any given polarization at the frequency and

temperature at which the measurements were made.
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RESULTS
Automatic Recording Instrument

The results of the investigations with the automatic re-
cording instrument were presented in the form of response
curves and needed to be translated into numerical form for
the purposes of computation and interpretation. For each
curve obtaiﬁed at a given frequency, temperature, and solu-
tion composition, two calibration curves representing the
response of the instrument with a real capacity in the cir-
cult in place of the cell were obtained. As was indicated in
the discussion of the theory of the measurement, the response
of the instrument to varying appareht capacity should be
linear and the calibration lines should pass through the
origin. This fact facilitates the treatment of the experi-
mental results if a certain procedural form is followed.

The response of the instrument to a given capacity, C,
is observed as a vertical deflection, 1, from the zero base
liﬁe on the recorder. According to the theory of the ihstrﬁ-

ment response,
1l =K'C

" Now K!' is determined by measuring the slope of the calibration
line which 1s obtained by measuring the deflection 1; for a

set of standard capacitors, C;. The best least¥squares
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representation for the slope of the line passing through the

origin is given by

K* = ZliCi/Z c$
1 i

But by standardizing the calibration procedure, Z:ci can be
made a constant, K. Therefore, if L, 1s the deflection from
the base line to the experimental curve, the apparent

capacity of the electrode interface is givén by

K
Chn=2X 7T " Im=PLn -
i ivi
To convert this apparent capacity to the apparent specific ‘
capaclty the latter expression was divided by the surface

area of the mercury drop.
Cg = /A Ly = Boly .

In the calibration procedure described above, K is 89.40.
Since one full recording cycle on the recorder results in two
experimental curves, one for the cathodic potential to
anodic potential scan and one for the reverse scan, an aver-
age of the two values of the apparent specific capacity
calculated at any particular polarization potential was made.
In Figure 8 the response of the instrument with a stand-
ard capacitor inserted in the circuit in place of the cell

is presented. . This is a typical calibration curve which



Figure 8. A typical calibration curve obtained
with real capacitors inserted in the
circuit
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illustrates the linearity of the response of the instrument
to varying capacity in the circuit.

The results of the experiments performed on the primitive
0.1 N perchloric acid—0.0Cl N hydrochloric acid solutions in
order to investigate the effect of varying temperature and.
frequency upon the properties bf the compact region of the
electrical double layer are presented in Tables 1 to 4.
Complete apparent capacity versus polarization curves were
obtained at frequencies of 230, 500, 750 and 1000 cycles/sec.
at any specified temperature. Each of the latter experiments
were then repeated at temperatures of 0°, 25°, 50° and 75° C.
to furnish information over a sufficiently wide range of
temperatures and frequencies. The apparent capacity calcu-
lated on the assumption of a linear dependence of the instru-
ment response on the‘capacity in the circuit is plotted as a
. function of the polarizing potential at various frequencies
for temperatures of 0°, 25°, 50° and 75° C. (Figures 9 to 12).
All polarization potentials are reported relétive to the
silver-silver chloride-0.001 N chloride ion reference elec-
trode at 25° C. The data for the variation with temperature
of the standard potential of the silver-silver chloride
electrode tabulated by Kortiim and Bockris (54) was used to
calculate the correction factor for converfing the standard
electrode potential at other temperatures to 25° C.

In Figure 13 the apparent capacity-polarization curves

obtained at a frequency of 1000 cycles/sec. are plotted as‘a
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Table 1. Dependence of apparent differential capacity at the
mercury-aqueous 0.1 N perchloric acid solution
interface on polarizing potential, temperature and
frequency. Capacity in p f/bmg. Pctential in minus
volts relative to Ag-AgCl in 0.001 N chloride solu-
tion at 25° C

Temperature 0° C.

5 Frequency
Polarization 230 500 750 1000
0.011 49,0 42.3 34,6
0.012 61.9
0.061 39.6 35.3 30.3
0.064 50.8
0.111 35.0 31.3 27.3
0.116 45.8
0.186 31.3 27.6 24.6
0.194 ho 4
0.236 _ 30.2 26.9 23.8
0.2L46 1.4
0.311 29.9 26.8 23.7
0.324 k1.0
0.361 ' 30.3 27.5 24,2
0.376 42,0
0.436 32.0 28.8 25.5
0.454 43,4
0.486 32.6 29.4 26.1
0.506 4i .0
0.561 32.7 28.8 25.9
0.584 4o 4
0.611 31.0 27.4 24,6
- 0.636 40.8
0.686 28.1 24,2 22.1
0.714 38.0
0.736 26.2 22.3 20.4
0.766 36.8
0.811 24,1 20.6 18.3
0.814 36.0
0.861 23.3 19.8 17.5
0.896 35.3
0.936 22.5 19.0 16.7
0.974 34.8
0.986 22.0 18.6 16.3
1.026 34,4
1.061 21.6 - 18.3 15.8
1.104 34.1
1.111 21.5 18.0 15.7
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Table 1 (continued)

Frequency
Polarization 230 500 750 ~ 1000
1.156 34.1
1.186 21.5 18.0 16.4
1.234 34.0
1.236 21.5 18.0 15.6
1.286
Table 2. Dependence of apparent differential capacity at the
mercury-aqueous 0.1 N perchloric acid solution
interface on polarizing potential, temperature and
frequency. Capacity in pf/ecm®. Potential in
minus volts relative to Ag-AgCl in 0.001 N chloride
solution at 25° C.
Temperature 25° C.
Frequency ‘
Polarization 230 500 750 1000
.026 64.2 58.8 50.% 40.6
.078 51.1 46.1 431.0 34.9
.130 4L .6 39.9 35.5 31.0
.208 4o ,2 34.8 30.9 27.3
.26 33.7 33.% 29.5 20.0
1335 %8'8 3253 %9'2 55'5
188 38:8 332 59:8 585
.520 38.7 33.4 29.6 26.3
.598 36.2 31.6 27.8 24,6
.650 34.5 29.5 25.8 22.8
.728 33.2 26.8 23.0 20.4
. 780 32.2 25.5 21.8 19.2
.858 30.9 24.0 20.5 17.8
.910 30.5 23.3 19.8 17.3
.988 29.9 22.7 19.1 16.6
1.040 29.8 22.3 18.7 16.3
1.118 29.7 22.0 18.6 16.1
1.170 29.7 22.0 18.4 16.1
1.248 29.9 22.0 18.5 16.1
1.300 30.1 22.2 18.5 16.3
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Table 3. Dependence of apparent differential capacity at the
mercury-aqueous 0.1N perchloric acid solution inter-
face on polarizing potential temperature and fre-
guency. Capacity in t)f/bm Potential in minus
volts relative to Ag-AgCl in 0.001N chloride solu-
tion at 25° C.

Temperature 50° C

_ Freguency
Polarization 230 500 750 1000
04k | - 51.0 50.0
.093 57.5 48.5
.096 : 46.0 k2.0
L1143 50.3 41,7
148 39.3 36.6
.218 4y .5 35.7
226 31.6 31.4
.268 k2.5 33.6
.278 31.0 29.4
.343 41,1 32.1
.356 : 29.5 28.1
.Egg 40.8 31.7 2.1 277
L4168 ho.2 31.1
L1486 28.5 27.1
.518 39.3 30.5
.538 27.5 26.4
.593 37.4 28.4
.616 25.4 2L.3
643 35.9 26.7
.668 23.9 22.7
.718 34,4 24 .6
.746 21.9 20.5
.768 33.7 23.5
.798 20.9 19.5
.843 33.0 22.3
.876 20.0 18.6
.893 32.7 21.8
.928 , 19.5 18.1
.968 32.3 21.3
1.006 19.0 17.6
1.018 32.2 21.1
1.058 18.9 17.3
1.093 32.15 20.8
1.163 ' 18.7 17.0
1.143 32.15 20.6
1.188 , 18.6 17.0

1.218 32.2 20.6
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Table 3 (continued)

Frequency
Polarization 230 500 750 1000
1.266 18.5 17.0
1.268 2.3 20.6
1.318 _ 18.6 17.0

Table 4. Dependence of apparent differential capacity at the
mercury-aqueous O.1lN perchloric acid solution inter-
face on polarizing potential, temperature and fre-
quency. Capacity in Llf/bma. Potential in minus
volts relative to Ag-AgCl in 0.001N chloride solu-
tion at 25° C.

Temperature 75° C.

Frequency

Polarization 230 500 750 1000
.063 : 54,6 47.8
.113 52.8 52.5 4y .5 40.6
.163 b5,6 Ly.0 37.9 35.4
.238 39.6 36.9 31.7 30.0
.288 37.3 34.2 29.2 27.6
.363 35.3 31.5 27.0 25.2
413 34.2 30.4 26.0 24.3
.488 33.6 29.0 24.8 22.9
.538 32.0 27.9 23.7 22.0
.613 30.3 25.5 21.5 20.1
.663 29.3 24.0 20.4 18.9
.738 27.9 22.6 18.7 17.2
.788 27.3 21.7 18.1 16.5
.863 26.9 20.7 17.3 15.8
.913 26.6 20.6 - 17.0 15.6
.988 26.6 20.4 16.8 15.4
1.038 26.5 20.3 16.6 15.3
1.113 26.5 20.3 16.6 ~15.3
1.163 26.6 20.3 16.7 15.3
1.238 26.9 20.4 16.9 15.3
1.288 27.1 20.6 17.0 15.4




Figure 9.

Apparent specific capacity of the
electrical double layer on mercury in
0.1N perchloric acid versus polarizing
potential at several operating fre-
quencies at 0° C.
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Figure 10.

Apparent specific capacity of the
electrical double layer on mercury in
0.1N perchloric acid versus pclarizing
potential for several operating fre-
quencies at 25° C.
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Figure 11.

Apparent specific capacity of the
electrical double layer on mercury in
0.1N perchloric acid versus polarizing
potential for several operating fre-
quencies at 50° C.
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Figure 12.

Apparent specific capacity of the
electrical double layer on mercury in
0.1N perchloric acid versus polarizing
potential for several operating fre-
quencies at 75° C.
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Figure 13.

Apparent capacity of the electrical
double layer on mercury in O.1lN per-
chloric acid versus polarizing potentlal
for several operating temperatures at
frequency of 1000 cycles
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function of the temperature. The polarizing potential is re-
ferred to the potential of the silver-silver chloride refer-
ence electrode at 25° C. as explained above.

The effect of the adsorbate pentanol-1 on the apparent
capacitance at mercury-0.1N perchlorié.abid-0.00lN hydro-
chloric acid solution interfaces was investigated as a func-
tion of adsorbate activity and frequency at 25° C. The
activity was taken to be the reduced concentration (ratio of
concentration to saturation concentration). The apparent
differential double layer capacity was investigated as a
function of the polarizing potential at frequencies of 230,
500, 750 and 1000 cycles for each of six different adsorbate
concentrations covering the complete solubility range for
this adsorbate. The results obtained at the various ad-
sorbate concentrations are presented in Tables 5 to 8 as a
function of the frequency and polarization and are plotted
in Figures 14 to 17 as a function of the polarizing potential

at each of the frequencies investigated at 25° C.

A.C. Impedance Bridge Measurements

The impedance of the electrical double layer at a
mercury-0.1N perchloric aclid-0.001N potassium chloride solu-
tion interphase was investigated at temperatures of 0°, 25°,
50° and 75° C. at frequencies of 250, 500, 750, 1000, 5000

and 9200 cycles, respectively, by means of an a.c. impedance
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Table 5. Dependence of apparent differential capacity at the
mercury-solution interface at 25° C. on polarizing
potential, frequency and concentration of pentanol-1
in 0.1N HC1l0s. Capacity in p f/cm®. Potential in
minus volts relative to Ag-AgCl in 0.001lN. chloride

solution
Frequency 230 cycles/sec.
) Reduced concentration
Polarization 0.0 0.075 0.15 0.30 0.60
.026 64,2 64,1 -- 68.1
.oeg " 8 87.4
.O l'l - - .
-08% 5 53 57.7 59 84 .0
.% 0 44 .6 48,1 53,4 59.7 o
Igo§ 40.2 Ly, 7 51.5 64.1 32'8
.260 38.7 45,1 5k .7 50.8 )
.280 28.0
.32% 38.0 50.6 40.1 31.8
) 25,
.390 38.4 46.3 32.7 28.7 2.3
.120 25.2
463 38.8 31.9 29.3 27.2
.50k oL .6
.g 8 38.7 29.0 28.5 26.8 o
598 36.2 27.8 27.9 26.6 -3
LolL , 24,2
.650 34.5 27.6 27.8 26.6
.700 24,5
.728 33.2 27.7 27.8 26.2
. 780 32.2 27.9 27.8 26.
.78% . 24.5
840 24 .5
.858 30.9 29.0 28.0 26.8
.92% 24 .6
.910 30.5 30.2 28.4 27.1
.980 24 .9
.988 29.9 33.2 29.5 27.6
1.040 29.8 35.2 30.7 28.4
1.064 25,2
1.118 29.7 35.4 34,1 31.2
1.120 25.4
1.170 29.7 34,5 36.7 36.1
1.20 26.6
1.24 29.9 33.6 38.0 4y .6
%'%88 30.1 32.9 37.4 45.0 28.7
1.3Lk ’ ) ) ) 34.8
1.400 37.
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Table 6. Dependence of apparent differential capacity at the
mercury-solution interface at 25° C. on polarizing
potentlal, frequency and concentration of pentanol-1l
in O0.1N HC10,. Capacity in p f/bmg. Potential in
minus volts relative to Ag-AgCl in 0.001N chloride
solution '

Frequency 500 cycles/sec.

Reduced concentration

Polarization 0.0 0.075 0.15 0.30 0.60

.026 58.8 56.5 57.3 57.3
.028 67.2
.078 46,1 45,2 47.9 49.8
.084 76.1
.130 39.9 Lo.0 43,1 4g .8
.140 56.8
.208 34.8 36.1 ks, 5 61.0
224 25.1
.260 33.3 37.1 50.7 40.0
.280 17.8
.338 32.8 bi.4 28.6 21.1
.364 ' 13.3
.390 33.2 34.5 19.9 16.6
420 l2.4
.468 33.7 20.6 15.4 13.9
. 504 11.8
. 520 33.4 16.9 14.3 13.1
.ggg 6 11.5
. 31. 15.0 13.7 12.
644 ; > 3 T 11.4
.650 29.5 14.7 13.6 12.6
700 11.5
728 26.8 15.0 13.7 12.7
.780 25.5 15.6 14.0 12.8
. 784 11.6
. 840 12.0
.858 24,0 17.7 14.8 13.1
.910 23.3 - 19.9 15.8 13.5
.g24 12.7
.980 13.2
.988 22.7 24 .3 18.9 14,7

1.040 22.3 25.9 22.0 15.8

1.064 14.9

1.118 22.0 25.4 28.5 19.7

1.120 17.1

1.170 22.0 24,7 30.9 oL 4
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Table 7. Dependence of apparent differential capacity at the
mercury-solution interface at 25° C. on polarizing
potential, frequency and concentration of pentanol-l
in 0.1N HC10,. Capacity in U f/cm®. Potential in
minus volts relative to Ag-AgCl in 0.001N chloride

solution
Frequency 750 cycles/sec.
Reduced concentration
Polarization 0.0 0.075 0.15 0.30 " 0.60
.026 50.4 48.6 49.3 56.9
.028 59.9
.078 k1.0 Lo.4 41.8 51.3
.084 64.5
.130 35.5 36.0 38.5 51.3
.140 53.6
.208 30.9 32.6 40. 4 57.8
224 24,4
.260 29.5 33.3 44 .6 39.3
.280 ' 16.3
.338 28.9 36.5 26.1 19.8
.364 v 11.4
.390 29.4 30.3 17.3 14.9
420 10.1
. 468 29.8 17.5 12.4 11.7
. 504 9.2
. 520 29.6 13.1 11.1 11.0
.560 : 9.0
.598 27.8 11.8 10.4 10.6
.ol 8.7
.650 25.8 11.4 10.3 10.6
. 700 8.9
.728 23.0 11.7 10.4 10.6
.780 21.8 12.4 10.6 10.9
. 784 ' 9.0
L840 9.4
.858 205 14.5 11.8 11.7
.910 19.8 16.7 12.7 i2.4
924 10.1
.980 10.9
.988 19.1 20.8 15.9 14,1
1.040 18.7 22.4 19.5 16.6
1.064 12.4
1.118 18.6 22.1 26.0 23.1
1.120 14,7
1.170 18.4 21.3 27.2 30.6
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Table 8. Dependence of apparent differential capacity at the
mercury-solution interface at 25° C. on polarizing
potential, frequency and concentration of pentanol-l
in 0.1N HC10,. Capacity in M f/cm®. Potential in
minus volts relative to Ag-AgCl in O0.001N chloride”
solution .

Frequency 1000 cycles/sec.

Reduced concentration

Polarization 0.0 0.075 0.15 - 0.30 0.60
.026 40.6 4y y 42.8 by 3 48.1
.078 34.9 38.0 43.3 40.8 51.1
.130 31.0 34.3 34.9 40.3 50.6
.208 27.3 31.6 36.2 43.9 27.6
.260 26.0 31.5 37.9 32.8 15.0
.338 25.6 34.2 23.4 16.7 11.1
.390 25.8 31.0 15.5 12.1 9.3
.468 26.3 i8.0 10.8 9.6 8.0
.520 26.3 13.7 9.8 8.8 7.6
.598 24.6 11.0 9.0 8.4 7.4
.650 22.8 10.4 8.9 8.4 7.4
.728 20.4 10.4 9.0 8.4 7.5
.780 19.2 10.9 9.3 8.6 7.6
.858 17.8 12.6 10.1 9.1 7.9
.910 17.3 14.4 11.0 9.6 8.3
.088 16.6 18.3 13.4 10.9 9.0

1.040 16.3 20.5 16.0 12.5 9.8
1.118 16.1 21.6 21.5 16.6 11.8
1.170 16.1 21.0 24 .0 21.0 14.3
1.248 16.1 19.9 24.3 28.6 21.7
1.300 16.3 19.5 .22.9 30.3 30.8




Figure 14.

Apparent specific capacity of the
electrical double layer for pentanol-1l

on mercury in O.1N perchloric acid solu-
tion versus polarizing potential at 25° C.
for a frequency of 230 cycles
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Figure 15. Apparent specific capacity of the
electrical double layer for pentanol-l
on mercury in 0.1N perchloric acid solu-
tion versus polarizing potential at 25° C.
for a frequency of 500 cycles

by
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Figure 16. Apparent specific capacity of the
electrical double layer for pentanol-l
on mercury in 0.1N perchloric acid solu-
tion versus polarizing potential at 25° C.
for a frequency of 750 cycles
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Figure 17. Apparent specific capacity of the
electrical double layer for pentanol-1l
on mercury in 0.l1N perchloric acid solu-
tion versus polarizing potential at 25° C.
for a frequency of 1000 cycles
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bridge. One set of frequency data was recorded at each
temperature. The impedance of the cell was measﬁred in m texms
of an equivalent impedance consisting of a series combinidnation
of a resistance and capacitance. The solution resistancmte was
obtained by extrapolating to infinite frequency a plot o 6f the
observed series specific resistance, R, at fixed polarimization
versus the reciprocal of the angular frequency at every &
temperature investigated. The equivalent series impedangnce of
the electrical double layer was obtained by subtracting & the
solution resistance from the total impedance measured. The
series impedances were then converted into the equivalensnt

parallel impedances by the transformation equations

Rp = [(1 +02)/0%] Rs
cp = [o/(1 +62)] 1/0Rs
@ = WRsCs

to conform to the analog circuit of Figure 1lA. Since Rsif=8 and
Cs were reported as specific quantities, Rp and Cp were 2 also
specific quantities. All calculations were condueted oni@r an
IBM 650 digital computer. The values for the solution ri re-
sistances found at the temperatures investigated for 0.ll-l N
perchloric acld-0.00lN potassium chloride solutions are 2
presented in Table 9 and the equivalent parallel specifiiZic
capaclty and specific resistance corresponding to the eqiequiva-

lent circuit of Figure 1A are preshenvted in Tables 10 to .© 13.
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Table 9. The solution resistance of a 0.1N perchloric acid
solution as a function of the temperature

3

Temperature °C. | R® ohms - cm?
0 36.4
25 22.9
50 16.5
75 13.4

All polarizing potentials are relative to the silver-silver
chloride~0.001lN chloride reference electrode at the tempefa-
ture reported.

In the experiments performed on the a.c. impedance
bridge, 6 was of the order of magnitude of 0.1. The estimated
precision measure of the.observed series capacity, Cb, was
at most one per cent. The precision measure of the actually
observed values of Rb, the serles resistance in the measuring
arm of the bridge was somewhat greater but was never more _
than three per cent. Using these estimates for the precision
measures, it is seen from the form of the transformation
equations that the precision value for Cp will be about that
of Cs or one per cent at most. However, since Ro wésiob-
tained by subtracting the solution resistance, H*; from Rb,

the precision measure of Rs will be about six per cent.
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Table 10A. The dependence of the specific capacity of the
electrical double layer at the mercury-0.1N
perchloric acid solution interphase versus
polarizing potential for several frequencies at
a temperature of 0° C. Capacity in pf/cm=.
Polarizing potential in minus volts relative
to the Ag-AgCl electrode at the sameoperating
temperature

Polarizing Frequency

potential 250 500 750 1000 9200
.05 33.8 32.7 32.4 31.9 28.5
.10 28.5 28.0 27.9 27.8 26.3
.15 25.8 25.5 25.4 25.5 24.2
.20 24 .2 24.1 24.0 24.2 23.3
.25 23.5 23.4 23.4 23.4 23.0
.30 23.5 23.5 23.4 23.5 23.2
.35 24,1 24,2 24.1 24,2 24.0
.40 25.5 25.5 25.4 25.5 25.3
A5 27.3 27.3 27.2 27.3 27.1
.50 29.3 29.3 29.1 29.3 28.9
.55 30.9 30.8 30.7 30.8 30.4
.60 31.3 31.3 31l.2 31.3 30.7
.65 30.2 30.0 30.0 30.0 29.7
.70 27.6 27.5 27.4 27.4 27.2
.75 24.6 24.6 k.5 24 .5 24 .4
.80 22.0 22.0 21.9 21.8 21.8
.85 20.1 20.1 20.0 20.0 19.9
.90 18.7 18.7 18.6 18.7 18.6
.95 17.6 17.6 17.6 17.6 17.6

1.00 16.8 16.8 16.8 16.9 16.8
1.05 16.2 16.3 16.2 16.3 16.2
1.10 15.8 15.8 15.7 15.8 15.8
1.15 15.3 15.4 15.4 15.6 15.4
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Table 10B. The dependence of the specific resistance of the
electrical double layer at the mercury-0.1lN
perchloric acid solution interphase versus
polarizing potential for several frequencies at
a temperature of 0° C. Resistance in ohm-cm®.
Polarizing potential in minus volts relative to
a Ag-AgCl electrode at the same operating
temperature ,

Polarizing Frequency

potential 250 500 750 1000 9200
.05 272 137 60.5 57.8 7.0
.10 439 263 115 103 8.9
.15 o4l 379 165 133 11.6
.20 899 559 241 185 14.0
.25 1126 750 320 254 18.5
.30 1200 804 341 288. 18.1
.35 1202 821 347 287 17.0
.40 1253 789 332 275 15.3
A5 1236 721 303 256 13.4
.50 1175 oy 270 223 11.7
.55 1130 609 255 201 9.3
.60 1122 592 247 202 9.0
.65 1167 640 268 227 11.1
.70 1267 728 305 272 13.2
75 1369 871 366 354 16.4
.80 1400 940 399 400 20.7
.85 1638 1124 k76 460 24.6
.90 1710 1252 531 514 28.2
.95 1719 1304 555 594 36.8

1.00 1741 1333 569 629 40.4
1.05 1621 1323 567 655 43,6
1.10 1641 1302 559 692 46.1
1.15 1637 1347 579 751 57.9
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Table 11A. The dependence of the specific capacity of the
electrical double layer at the mercury-0.1N
perchloric acid solution interphase versus
polarizing potential for several frequencies at
a temperature of 25° C. Capacity in w f/cmZ.
Polarizing potential in minus volts relative to
the Ag-AgCl electrode at the same operating -

temperature
Polarizing ' Frequency
potential 250 - 500 750 1000 5000 9200
05 36.0 35.8 35.0 35.0 31.9 30.3
10 29.8 30.2 29.7 29.8 28.2 27 .4
15 26.6 27.1 26.8 26.8 26.2 25.6
.20° 24.8 25.4 25,2 25.2 24.9 24.7
.25 24,0 24.6 o4 . L 2.5 24 .4 24
.30 23.9 24.6 24 .4 24,5 24 .4 24 .2
.35 24 .4 25,1 25.0 25.0 25.0 24.9
4o 25.2 26.0 25.9 25.8 26.0 25.7
.45 26.1 26.8 26.9 26.6 27.1 26.6
.50 26.4 27.2 27.7 26.8 27.9 27.1
.55 26.4 27.2 28.0 26.0 28.1 27.3
.60 25.3 26.5 27.4 24.8 27.7 26.9
.65 23.5 25.1 25.9 23.3 26.1 25.
.70 20.4 23.1 23.8 21.6 23.7 = 23.
.75 18.7 21.4 21.8 20.3 21.3 21.
.80 18.0 19.9 20.2 19.0 19.7 20.
.85 17.3 18.7 19.0 18.0 18.6 18.
.90 16.7 17.8 18.1 17.4 17.8 18.
.95 16.3 17.1 17.4 16.9 17.4 16.
1.00 15.8 16.7 16.8 16.5 16.6 16.
1.05 15.5 16.3 16.4 16.1 16.1 16.
1.10 i5.3 15.0 16.0 15.9 15.8 15.8
1.15 15.1 15.7 15.7 15.7 15.4 15.4
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Table 11B. The dependence of the specific resistance of the
electrical double layer at the mercury-0.1N :
perchloric acid soclutlion interphase versus
polarizing potential for several frequencies at
a temperature of 25° C. Resistance in ohm-cmZ.
Polarizing potential in minus volts relative to
a Ag-AgCl electrode at the same operating

temperature
Polarizing Frequency

potential 230 500 750. 1000 5000 9200
.05 260 96.9 80.0 56.4 11.7 2.6
.10 7 238 152 114 20.4 3.4
.15 650 369 215 190 30.1 4.1
.20 878 567 306 290 45.3 4.8
.25 1131 775 hy7 4iz2 4.6 5.3
.30 1242 926 564 Lo7 74,3 5.6
.35 1313 933 623 531 - 87.6 5.2
.40 - 1316 1026 714 559 - 81.1 4.9
A5 1356 1102 728 606 4.7 k.6
.50 1374 1067 814 556 70.5 k.2
.55 1376 1101 851 465 69.1 3.9
.60 1403 1159 950 Le7 2 71.5 k.5
.65 1626 1213 Q93 550 105.3 5.0
.70 1873 1433 985 799 127.8 5.9
.75 2278 1661 1012 1122 120.6 6.7
.80 2151 1800 1179 1390 184.5 7.8
.85 2164 2263 1469 1421 158.0 8.8
.90 2144 2131 1458 1229 172.0 9.7
.95 2125 2302 1386 1159 180.4 11.0
1.00 2044 1922 1319 1040 160.8 11.0
1.05 1812 1885 1303 946 170.4 11.6
1.1 1692 1801 1315 869 219.7 12.0
1.15 1425 1551 1175 725 106.1 12.6
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Table 12A. The dependence of the specific capacity of the
electrical double layer at the mercury-0.1N
perchloric acid solution interphase versus
polarizing potential for several frequoncies at
a temperature of 50° C. Capacity in wf/cmZ.
Polarizing potential in minus volts relative to
the Ag-AgCl electrode at the same operating
temperature

Polarizing Freguency

potential 250 500 750 1000 5000 9200
.05 39.3 4o.4 37.0 36.7 34%.0 27.9
.10 31.7 33.2 30.8 30.7 28.9 26.7
.15 28.3 29.7 27.5 27.6 26.6 25.1
.20 26.0 27.5 25.6 25.8 25.3 24.0
.25 24.5 26.3 24.6 24 . 4 24 .4 23.4
.30 24.1 26.0 24.3 24.6 24.2 23.3
.35 24.0 26.0 24 .4 24 .7 24 .4 24.0
.40 24,2 26.4 24 .7 25.2 24.8 23.9
A5 24.5 26.8 25.1 25.6 24.7 24.3
.50 24 .4 27.0 25.2 25.8 25.5 24 .4
.55 23.8 26.6 24.8 25.4 25.1 24 .2
.60 22.6 25.5 23.8 24 .4 23.9 . 23.2
.65 20.9 23.8 22.1 22.7 22.4 21.7
.70 19.2 22.0 20.3 20.9 20.6 19.9
.75 17.7 20.5 18.8 19.4 19.2 18.5
.80 16.4 19.3 17.7 18.2 18.1 17.4
.85 15.7 18.3 17.0 17.2 17.2 16.8
.90 15.4 17.7 16.4 16.6 16.3 16.2
.95 i5.1 1T7.2 16.0 16.0 16.1 15.7

1.00 5.1 16.8 15.7 15.6 15.7 15.4
1.05 14.9 16.5 15.5 15.3 15.3 15.1
1.10 14.8 16.3 15.3 15.1 15.1 14.9
1.15 14.8 16.0 15.1 15.0 15.0 14.8
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Table 12B. The dependence of the specific resistance of the
electrical double layer at the mercury-0.1N
perchloric acid solution Interphase versus
polarizing potential for several frequencies at
a temperature of 50° C. Resistance in ohm-cmZ.
Polarizing potential in minus volts relative to
a Ag-AgCl electrode at the same operating

temperature
Polarizing Frequency

potential 230 500 750 1000 5000 9200
.05 226 118 68.8 48.9 5.1 1.7
.10 380 252 141 99.7 9.2 2.9
.15 396 330 207 142 11.7 3.7
.20 o84 707 331 234 15.3 4.3
.25 1027 1185 k57 277 17.2 k.6
.30 1219 1461 540 328 21.4 4.8
.35 1274 1920 663 ‘ ) 21.0 4.5
.40 1300 2100 645 452 20.3 .6
45 1403 2704 710 485 20.5 4.h
.50 1465 3533 IE 506 20.4 L.k
.55 1478 4092 . 882 553 z1.0 k.7
.60 1604 5143 1015 602 20.8 k.9
.65 1707 3773 1050 654 23.6 5.6
.70 1979 2282 1187 658 26.5 6.4
.75 2427 3010 1456 848 30.7 7.7
.80 2530 6145 1567 1021 34,7 - 8.7
.85 2478 6199 1631 1070 38.1 9.4
.90 2322 6135 1590 1097 ko .5 10.1
.95 2238 5224 1545 1061 43,7 10.7
1.00 2144 3978 1381 901 45,0 1l.2
1.05 1886 3126 1217 762 48.0 11.6
1.10 1655 2327 1011 662 kg ,5 12.4
1.15 1380 1502 871 656 50.4 12.1
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Table 13A. The dependence of the specific capacity of the
electrical double layer at the mercury-0.1N
perchloric acid solution interphase versus
polarizing potential for several frequencies at
a temperature of 75° C. Capacity in M f/cmZ®.
Polarizing potential in minus volts relative to
the Ag-AgCl electrode at the same operating
temperature

Polarizing Frequency

potential 250 500 750 1000 9200
.05 43.0 ho.7 39.9 40.9 33.7
.10 34.1 34.2 32.6 33.4 29.9
.15 30.2 29.5 28.8 29.2 27.5
.20 27.4 26.6 26.5 26.6 25.9
.25 25.5 24.7 25.2 25.0 25.5
.30 24.6 23.7 24.6 24.1 24 .5
.35 24.1 22.9 24.3 23.5 24 .5
40 23.7 22.2 24,1 23.0 24,4
A5 23.4 21.6 23.9 22.5 24.1
.50 22.8 21.0 23.4 21.8 23.6
.55 21.9 20.2 22.6 21.0 22.7
.60 20.5 19.1 21.2 19.9 21.2
.65 19.0 18.0 19.7 18.6 19.8
.70 17.6 16.8 18.2 17.3 18.5
.75 16.1 15.8 17.0 16. 17.4
.80 15.4 14.9 16.1 15.3 16.6
.85 14.9 14.3 15.5 4.7 16.0
.90 14.5 14.6 15.2 14.4 15.5
.95 14.3 13.9 14.9 14.3 15.3

1.00 14.2 13.9 14.7 14.2 15.0
1.05 14.2 14.0 14.6 14.1 14.9
1.10 14.2 14.0 14.6 14.1 14.8
1.15 14.6 14,3 14.6 14.1 14.8
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Table 13B. The dependence of the specific resistance of the
electrical double layer at the mercury-0.1N
perchloric acid solution interphase versus
polarizing potential for several frequencies at
a temperature of 75° C. Resistance in ohm-cm2.
Folarizing potential in minus volts relative to
a hAg-AgCl electrode at the same operating
temperature

Polarizing Frequency

potential 250 500 750 1000 9200
.05 176 92.3 55.3 45,1 2.8
.10 269 208 111 105 4.5
.15 308 373 166 203 6.1
.20 605 718 284 400 8.0
.25 880 1059 412 686 9.8
.30 1023 1259 496 802 11.9
.35 1201 1479 541 1004 10.7
4o 1360 1528 603 1044 11.9
A5 1458 1664 614 1348 11.1
.50 1534 1659 662 1161 11.5
.55 1387 1166 606 794 12.5
.60 1670 1683 757 1176 13.0
.65 1883 2075 876 1601 15.0
.70 1911 2128 987 1684 17.2
<15 2373 2248 1359 1931 19.5
.80 2661 4036 1575 3295 23.4
.85 2599 377 1561 3542 25.2
.90 244 3634 - 1848 3710 26.6
.95 2304 3785 1643 3794 27.7

1.00 2001 3670 1469 3044 28.5
1.05 1634 3149 1293 2536 29.0
1.10 1173 2151 921 1506 29.3
1.15 951 1079 617 845 26.8
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By simple differentiation of the transformation equation for

Rp, the precilsion estimate, K, for Rp is found to be
K = 100 x ARp/Rp = [EACp/Cs + ARo/Rs ] X 100 per cent

which amounts to about eight per cent maximum error when the
previous precision estimates are introduced. Thus, for ©2
small compared to unity, little uncertainty is observed in
the values for the differential double layer capacity. How-
ever, the propagation of errors in the computation of Rp can

result in a maximum error as great as elght per cent.
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DISCUSSION

Interpretation of Results Obtained 1in the Absence Qf

Adsorbable Materials

A most striking and unexpected result is illustrated in
Figure 10 in which the apparent capacifty versus polarization
curves for the primitive solutions at 25° C. are plotted over
a fourfold frequehcy range. The observed decrease in appar-
ent capacity with increasinglfrequency appears to preseht an
anomaly when compared to the -results obtained from the a.c.
impedance bridge experiments. This is quite apparent from
Figure 18 in which no appreciable dispersion of the differ-
ential double layer capacity obtained from a.c. impedance
bridge experiments onwthe same primitive solutions at 25° C.
is observed over a twenty-fold variation of the frequency.
Indeed, these curves are very nearly identical within the
experimental error in agreement with the results reported by
other investigators (28). This anomaly was resolved by the
application of classical dielectric theory to the capacity
of the compact region of the electrical double layer.

It was assumed initially that the dielectric material
contained between the planes of charge consisting of tﬁe'
surface charge on the metal side of the compact region of
the electrical double layer and the counterions on the solu-

tion side of the double layer consists of two different



Figure 18.

Differential double layer capacity on
mercury in 0.1N perchloric acid solution
versus polarizing potential at 25° C. for
several operating frequencies obtained
with the a.c. impedance bridge
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species of solvent molecules. One species was considered
"pbound" in the sense that the dipoles lose a degree of
orientational freedom because the molecule is physically re-
stricted by the field and forces due to adsorption at the
interface. The other species possesses the orientational
freedom of the bulk molecules and in this sense was considered
"free'. Each of these species of molecules is associated
with a particular relaxation time 7T which is an index of the
ease with which the dipole of the molecule 1s zble to rotate
in the presence of an alternating field. Using this assump-
tion, it is possible to represent the observed frequency
dispersion of the apparent capaclity quantitatively.
From the classical macroscopic theory of the behavior
of homogeneous dielectrics in a time-dependent electric field,
the time dependence of the electric displacement which can be
derived from the principle of superposition of relaxation
times as shown by Fréhlich (55) is given by:
17
D(t) = €xE(t) + ,/f E(uex(t - u)du (8)
o
wheré ol (u) is the decay function describing the gradual de-
crease of D upon the removal of an applied external field,
€ 1s the optical dielectric constant, and E is the field.
By applying Maxwell!s equation for the dielectric displacement

current,

i= —171‘—1;- dp/dt (9)
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one obtains the basic eguation for the behavior of the dis-

- placement current in the presence of a time dependent field:

t
{ o A d E{u) _

If the decay function is assumed to be of exponential form as
originally proposed by Debye (56) in the classical theory of

dielectric relaxation phenomena, then

X (t) = A,,.G exp(- t/7 ) (11)

where AE= €, - €gand T is the relaxation time or the time
required for the field inside the dielectric to decay to 1/e
of the value at the instance of cessation of the external
electric field. The solution of Equation 10 for the displade—

ment current in the presence of a periodic triangular field

given by
E(t) =E°1rw . t 0 &t < T/w
(12)
=E°w/Mm(2T/ws - t) T/w £t < 27/ ‘
E(t) =

E(27T/w + 1)

can be obtained. Performing the integration indicated in
Equation 10 for the case in which the measurement ends on the
first half cycle of the triangular field and ignoring

transients, the steady-state current is obtained:
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o 2m
1gg = —-[%T—[G,,dE(t)/dt + —A%:"—E——{ 1 -2 (-1)"
Lo . NTar -t/r}] . (13)

Since this is the current flowing through the capacitor, it is
also the current fiowing through the standard resistance in
series with the capacitor in the measuring circulit of Figure
2. The response of the instrument to this current is obtained
by taking a time average of all instantaneous responses ovér a

half period 6f the triangular field:
(en+l)m/w
- Gw .
R = // i * Rg dt
T
2

ss
N/

GAE°w Rg

Y2

]

[(€oo + 2€) - BAELT tonn(r/um] (1)

For the case in which the measurement ends on the last
half cycle of the triangular field, the steady-state current
reverses sign indicating the reversal bn the direction of
polarization. The absolute value of the response remains the
same ,however.

Considering the &i.’l‘oﬁ = K( €oo + A€ ) = Ry and ‘:‘L’%&E =
K(€Egoo + A& - AE ) = Rgg Where K = GE wRg/U47w?®, the relation- .
sﬁip between the instrument response and freduency in the case
of a homogeneous dielectric material is obtained which may

be written in the following form:
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(Rg -~ R)/(Ro - Reo) = 1/x tanh x (15)

where

X =T/2WT

To illustrate the relationship between Equation 14 for
the response of the instrument to changing frequency and
Equation 9 derived for the response of the instrument based
upon the equivalent circuit of Figure 1lE, it 1s noted that
Equation 14 can be written in a form which includes as a fre-

quency dependent dielectric coefficient the functions
E(w) = Eoo + LE - —2—A—T-r€—9"—1:— * tanh (r/2wT) . (16)
One can now write
R = GAE°W Ry € (w)/ 4w . (17)

Assuming the field decreases linearly across the compact

portion of the electrical double layer, this equation becomes
R = GAVCW Ry € (W )/4721 (18)

where 1 1s the thickness of the compact region. However, from
classical dielectric theory, the capacity of a parallel plate
capacitor of plate area A separated by a distance 1, and filled

with a dielectric material of dielectric constant€(w ) is

given by

_ECw) A
=% T - (19)
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Substitution of the last equation into Equation 17 results in
the following expression for the response
GV RgC

R = a C ( )

which is precisely Equation 9 for the response of the instru-
ment based upon the equivalent circuit of Figure 1lE. The
significance of the apparent capacity measured by the instru-
ment is now clear for:

Capp = € (@) C4q (21)

app
where Cqy 18 the capacity of the electrical double layer
which would bevmeasured in vacuo.

It is now assumed that the total capacity of fhe compact
region of the electrical double layer consists of a parallel
combination of capacitances associlated with each species of
molecule exhibiting a different . relaxation time within the
electrical double layer as shown by Hansen, Minturn and
Hickson (15). A linear combination of responses of the form
of Equation 15 must represent the total response of the instru-
ment. Suppose the dielectric constants for the two species of
molecules can be added linearly to give the observed dieléc-
tric constant, i.e., A€; + A€, = A€ , then the response

function becomes

= - - A€ 2WT, T
R, - B/R. - = . —_—
o - R/Ro - Re = —g—rg— - tanh —oF,
A € 2 20}1'2 T

. tanh —————

(22)
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or

1/4f (R, - R/R, - R = 1 ,tanh ——
/ .(o /—0 00) ¢l a.an Ll_ff‘-‘l

+ ® 2T otanh 1/MT , (23)

where £ is the linear frequency. The latter equation indi-
cates that the response of the instrument should exhibit a
dispersion with frequency‘and can be used to establish the
relaxation times of each species of water molecule within the
compact layer if the response of the Instrument to varying
frequency is known.

Evaluation of the relaxation times can be accomplished
experimentally through the use of Equation 23 by means of a

treatment of the experimental data to be presented. Let
F(x) = 1/x tanh x (24)

where

x = 1/427T
Then, Equation 23 can be written in the following manner:

Ro - R/Rg - Rgg = P,F(x,) + ®F(x,) . (25)

For large values of the argument of F(x), i.e., small values
of £, F(x) is approximately equal to 1/x. Using this fact
and recalling that ¢, + P, = 1, the previous equation be-

comes:
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Ro - B/Ro - Reo = 1/%; + P, [(x; - x2)/x,%,] . (26)

Solving for R, the observed response, and introducing the

definition of x; and x, results in the linear relationship:
B4 = Ro/bf - Ty [1 - P21 - T/1,) 1 (Ko - Reo) . (27)

Consequently, a plot of R/Yf versus 1/4f for small values of

f is a straight line of slope ﬁo and intercept b where:
p=-T,[1-&.00-Tm)] Bo - Rea) .  (28)

The response of the instrument at infinite frequency can
be obtained by expanding F(x) in a power series. For small
values of the argument terms of third order or greater may be

neglected. Hence,
F(x) & 1 -x%/3 . (29)

Substituting the expansion of F(x) into Equation 25 and
solving for R, one obtains:

R = Roo + a(Ro - Roo)/4802 . (30)

By plotting the response versus 1/f2 and extrapolating to
infinite frequency, Ree is easily found.
From the values of the intercept b, ﬁo and ﬁoo: dbz can

be inferred if T, and v , are known. Thus,

$. =[(0/fy - Roo)T, + V] To/try - T2) . (31)
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By arbitrarily selecting values of T, and T , which at
any given frequency establishes F(x,) and F(x,) through Equa-
tion 24 and @ . through Equation 31 the response function of
Equation 23 can be computed. However, only one particular
paif of values for 7, and 7 , will represent the response
function at two experimental frequencies and these are the
true relaxation times. A check on the correctness of the
values ultimately chosen to represeht the data at any fixed
polarization and temperature can be made by computing the
responses at other frequencies and comparing these results
with the observed values. It was not expected that the values
of T, and T, would remain constant with polarization be-.
cause the field across the double layer varies and hence, the
degree of electrostriction of the molecules changes.
Similarly, varying the temperature will also change the re-
laxation time by changing the thermal energy of the molecules.
Consequently, i1t was necessary to repeat this curve fitting
procedure at various polarizations and at several tempera-
tures. The results of these calculations are presented in
Table 14 where the relaxation times of each species and the
quantity @2 are tabulated at several polarizations and
temperatures.

The assumption of two different species of water mole-
cules within the compact region of the electrical double
layer is not without precedence in the interpretation of
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Table 14. Experimental evaluation of relaxation times

Polarization 7,x10° T,x10* (o> 38
T = 0° C. 0.35 1.00 1. 44 .309
0.51 0.80 1.34 .354
0.60 0.96 1.45 346
T =25° C 0.20 1.00 0.94 .935
0.35 1.03 1.21 843
0.51 1.30 1.26 .859
0.60 1.06 1.27 . 799
0.67 0.48 1.13 721
0.80 0.48 1.06 .556
1.00 1.67 1.61 .80%
T = 50° C. 0.80 0.71 0.9 .160
T = 75° C. 0.35 7.50 1.72 .988
0.51 2.20 1.73 .938
0.60 1.10 1.82 821

electrocapillary phenomena. In Figure 13 the dependence of
the apparenf capaclity on temperature at constant frequency
is 1llustrated. The significant observation to be made is
the gradual disappearance of the "hump" in the capacity curves
in the region of the electrocapilllary maximum. This
phenomenon was first investigated by Grahame (57, 58) who
conducted a series of experiments on the effeét of tempera-
ture and concentration on the capaclty of the electrical
double layer between mercury and aqueoﬁs sodium fluoride
solutions. The occurrence of the "hump" was attributed to
the formation of a pseudo—crystalline sémi—rigid layer of

solvent molecules at the mercury interface through which
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anions pass with difficulty but which can be melted in a
manner reminiscent of an amorphous material. The solvent
molecules in this layer were supposed to have lost some of
the rotational freedom available in the bulk liquid. This
circumstance was offered as a partial explanation for the ob-
served decrease of the dielectric coefficient of the substance
comprising the compact portion of the double layer. An ex-
perimental observation of the slow melting of the pseudo-
crystalline layer was made in 0.1N potassium nitrate solu-
tions. The possibility of such phenomena was predicted from
calculations based upon experimental values for the capacity
of the compact region of the electrical double layer on .
mercury in sodium fluoride solutions coupled with the values
of the diffuse double layer capacity computed from the theory
of the electrical double layer. In all cases reported by
Grahame the observed behavior closely resembled that of
Figure 13 for the same effect observed in 0.1N perchloric
acid solutions.

In a recent paper by Bockris and Conway (59) dealing with
the determinaﬁion of the Faradaic impedance at copper and
mercury electrodes in aqueous potassium iodide solutions,
the observed variation of the impedance of the electrical
double layer at these interfaceé was Interpreted on the basis
of dielectric loss. The observed frequency dispersion was

quantitatively interpreted by assuming a felaxatibn time
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for the solvent molecules of 102 seconds on mercury and 10~7
seconds on copper. These values which are considerably smaller
than those reported in Table 14 were obtained, however, by
including an additional adjustable parameter in deriving the
loss relationships by the procedure of Cole and Cole (60) and
assuming only one type of solvent species to be present in the
compact double layer. However, the inclusion of such an ad-
justable parameter can be avoided in the calculations and the
impedances represented quantitatively just as well by the
classical Debye approach if one assumes the presence of two
species of solvent molecules within the compact region of the
electrical double layerfas was done in this investigation.
Values found by Hansen and Hickson (7) for the respective
relaxation times of the two speciesAof water molecules‘cbm-
puted from Equations 8 and 9 of reference (59) or by the
application of the method used by Debye (56) for computing

the various components of the impedance &ector were 3.58 x
10~%* sec. and 9.8 x 10™® sec. which are in excellent agree-

ment with the values reported in Table 14 of this investiga-

An éttempt was made to represent the impedance data for
the mercury-0.1N perchloric acid-0.001N potassium chloride
solution interface which were obtained from the a.c. impedance
bridge experiments reported herein by use of the same treat-

ment which was applied by Hansen and Hickson (7) to the data
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for impedances recorded at mercury-aqueous potassium lodide
solution interphases by Bockris and Conway. Since the double
layer cabacitance exhibits no dispersion with frequency,
representation of the data must be accomplished through the
frequency dispersion observed in the resistance of the
electrical double layer. Unfortunately, the solution re-
sistance in 0.1N perchloric acid constitutes a large part of
the total measured resistance so that the equivalent series
resistance was obtained as the difference between two large
numbers. This results in considerable uncertainty in the
series resistance which is commuted in the calculation of
the equivalent parallel resistances which weré reported. In
addition, it was found that in order to obtain a sufficiently
aécurate representation of the data, additional experimental
information at frequenciles at least an order of magnitude
both higher and lower than the range investigated (250-
10,000 cycles) was needed. Consequently, it was nbt possible
to obtain the relaxation times of the two molecular solvent
species in these primitive solutions using the resistance
data available. However, the success attained in the evalua-
tion of the relaxation times from the data on aqueous
potassium lodide solutions reported by Bockris and Conway
leaves little doubt that these data would be in close agree-
ment with the values reported in Table 14.

In any event, the assumption regarding the presence of

two species of solvent molecules within the compact regibn
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of the electrical double layer each exhibiting a characteris-
tic relaxation time 1s consistent with the interpretation of
the temperature dependence of the "hump" phenomenocn proposed
by Grahame and can be used to devise a reasonable interpreta-
tion of the apparently anomalous dispersion of the apparent
capacity with frequency which is also compatible wifth re-
sults obtained from a.c. impedance bridge experiments involv-

ing a polarizable electrode.

Interpretation of Results Obtained in the Presence of
an Adsorbable Polar Organic Material in the Regilon
of the Electrocapillary Maximum

The dependence of the differential double layer capacity
on adsorbate activity and polarizing potential at a fixed
temperature and frequency has already been commented upon.

A quantitative representation of the results obtained in this
investigation for the dispersion of the apparent capacity
with frequency in the presence of adsorbable polar organic
substances remains to be considered.

It was found possible to represent the results obtained
for the adsorption of pentanol-l on mercury in the region of
the electrocapillary maximum by means of an extension of the
dielectric relaxation theory which was used to interpret the
results in the primitive solutions. The response function in

the latter instance was assumed to consist of a linear
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combination of contributions derived from each species of
molecules present in the interface. If an ~4sorbable polar
material is added to a solution of inert electrolyte, it will
concentrate at all of the interphases which will mean the
addition of a third molecular specles to those already pre-
sent in the compact layer at the mercury-solution interface.
Since this molecule 1s polar in the case of pentanol-l, the
dipole of the adsorbate will also tend to rotaté in the
presence of an élternating‘field and will also be associlated
with a characteristic relaxation time within the electrical
double layer under the equilibrium conditions existing at the
interface. This is the situatlon prevgiling near the region
of the electrocapillary maximum where displacement of the
adsorbed molecules due to field effects is absent. The

response function is now assumed to be of the form:

R, - R "
. = I'a.f = ¢1lF( 'rl) + @'F(T2)
RO - Rw 5
+ O 'F(T,) (32)
where raf represents the response function at frequency f and

adsorbate actlvity a and T 5 is the relaxation time associated
with the dipolar orientation of the organic adsorbate in the
presence of an alternating field. The ‘assumption is now made
that the parallel capacity model for the total capacity of

the electrical double layer is valid and that the capacities
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arising from the presence of other (solvent) moliecular species
within the double layer are not ei‘fécted by the addition of a
third species. That is, it is assumed that &,/&F,' = a

and P,/P,' =a where @,', P,' and P ' are the ratios of
the contributions of the dielectric coefficients of each
species to the total observed dielectric constant within

the compact region of the electrical double layer. In this

event the response function becomes.
I'a,f = &' /a F("'l) + Po/a F(T,)
+Ps' P(T3) . (33)

Recalling that ¢,' + o' + P5' = 1, the latter expression

reduces to 1 - P,' = 1/a and,

ry - Tol = &a'(F(TS) - wT) . (34)

At constant adsorbate activity,
.t = (r,f - 2,5)/(F(7,) - voT) = constant. (35)

Since the actual response is known in both the presence and
absence of adsorbate, a choice of 7T, establishes F(73)
through Equation 2’+‘ and if T ; is correctly chosen to be the
true relaxation time, P,' will remain constant if different
values of I‘af and rof are used in its computation.

A check on the self-consistency of the results can be

made by observing the behavior at constant frequency
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established through the use of Equation 35 thus,

raf =¢3'(F‘T;) "I'of) +I'of=a'x'l~b . _(36)

¥ versus $ ;! will be a straight line.

Therefore, a plot of r,
The relaxation time of pentanol-1l was determined by this
procedure at a potential of 0.67 volts relative to the
potential of the silver-silver chloride electrode at 25° C.
The results for the best representation of T4 are.presented
in Table 15. In carrying out these~computations Re was
evaluated by the method previously described. ﬁo was evalu-
ated by noting that F(x) » 1/x for large values of the argu- \
ment (small values of'the frequency) as seen from Equation
24, Consequently, substitution of this limiting form for
F(x) in Equation 32 gives the following expression for the

response function:

raf = q)l'/xl + @2'/3(2 + d7s'/xs . (37)

Introducing the definition of x; (Equation 24) and simplify-
ing, the following linear relationship results from which §6

can be easily established
R=F, - bf (38)

- where b is a constant and f is the linear frequency.
The wvalue of s 1s but slightly less than the relaxa-

tion times for either of the species of water molecules
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Table 15. Estimation of the relaxation time of pentanol-1l
75 = 6.78 x 107* sec. Quantity actually tabu-
lated, /&'

Frequency
Activity 230 500 750 1000 Ave. D s!
0.075 1.420 1.013 ,968 984 1.096 .96

0.600 1.202 .984 .998 .985 1.04%2 91

recorded in Table 14. This might have been anticipated since
i1t is the hydroxyl group of the alcohol which determines the
polar character of the molecule. The organic chain on the
alcohol molecule might be expected to decrease the hydrogen
bonding with adjacent molecules in bulk and permit a some-
what highervdegree of rotational freedom for the dipole.

The value for ¢;z' is consistent with the known surface
coverages calculated by Minturn (17).

There exists a considerable.amount of uncertainty in the
value for 45 which is a reflection of the uncertainty in-
volved in the evaluation of Ry and Reo. It is now apparent
that more data at both higher and lower frequencies should
have been collected to permit a more accurate evaluation of
the limiting responses Ro and Reo. However, under the
circumstances, a fair degree of success was obtained in
representing the data which were available on the adsorption

of pentanol-l by this extension of the relaxation theory
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of the compact regilon of the electrical double layer.

Interpretation of the Frequency Dispersion of the
Apparent Capacity at the Adsorption-
desorption. Peaks

The effect of a strong field imposed upon the dieiectric
material of the compact region of the electrical double layer
in the presence of an adsorbable substance depends‘upon the
nature of the adsorbate. In the presence of a polar ﬁaterial
such as pentanol-l the application of a strong d.c. field
results in a firm orientation of the dipoles of the adsorbate
molecules in the direction of the applied field as well as a
compression of the adsorbed layer due to electrostrictive
forces. Ultimately a condition of dielectric saturation will
be reached in which a further increase in the field will
promote stress which cannot be alleviated by further polari-
zation or compression of the organic molecules. At such a
polnt the system may find it energetically advantageous to
displace the eléctrically saturated dielectric material which
is adsorbed at the interface with a more polarizable
material. Since the dielectric constant of the (water)
solvent molecules exceeds that of the alcohol, the adsorbate
molecules are rejected from the compact region of the double
layer and replaced by solvent molecules. The event is

observed as pronounced peaks in the capacity~polarization
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curves. As previously mentioned, these peaks exhlibit pro-
nounced frequency diépersion which fact has been utilized to
characterize the mechanism of the adsorption-descrption
process which is occurring at these electrodes.

Using a modification of the treatment proposed by Frumkin
and Melik-Gaikazyan (27), diagnostic criteria which can be
utilized to infer thé rate controlling process in the ad-
sorption of organic materials at the polarizable electrode
in terms of the response function for the automatic record-
ing apparatus were obtained.

Assuming that the displacement current at the potentials
of the peaks 1s a function only of the polarizing potential,
V, and the surface excess, [ Maxwell's equation for the
displacement current may now be written in the following

manner.:
1y = A/Yr dD/dt = A/br [(DD/9 V) dV/dt
+(9D/aPr ), dP/at] =1, +11 . (39)

In this equation i, is the current which 1s normally passed

by the alternate charging and discharging of the electricai
double layer. The second quantity represents a supplement-
ary current due to the adsorption process occurring at the
interface. At zero frequency the surface excess is a function
of the polarizing potential and adsorbate activity in the

bulk solution as indicated in Equation 2. At constant
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composition the supplementary current becomes

i!

A/4T(8D/T ), (T/3y ), aV/dt

A/ Cpy g SU/AE (x0)

where Co::o represents a supplementary capacity associlated
with the adsorption process occurring at the interface. How-
ever, 1f the frequency is not zero, the surface excess depends
upon the kinetics of the electrode process and, consequently,
so does the supplementary current.

If diffusion is assumed to be the rate controlling
mechanism of the adsorption process, the concentration of‘
the adsorbate at the electrode interface in the presence of
an alternating triangular applied potential will be obtained

by solving Fick's diffusion equation
dc(x,t)/dt = kd3C(x,t)/dx> (41)

subject to the boundary conditions

Il

a. ol/at =kac(o,t)/dt

b. C(eo ,t) = C(x,0) = Cq

where k 1is the diffusion coefficient of the organic adsorbate
in the solution of electrolyte selected.
The solution of Equation 41 subject to the specified

boundary conditions may be obtained by the application of the
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Laplace transformation. The transform of the concentration
as a function of the distance from the electrode interface

and variable of the transform is
c(x,s) = Ao exp{- ¥s/k-x) + Co/s . (42)

The constant of integration, Ap, can be evaluated from the
boundary condition Equation 4la. Remembering that the sur-
facé excess depends only upon the potential ard bulk concen-
tration of the adsorbate at the electrode interface, J* can
be expanded to give

r/at = (dF/a V), av/at

+ (ar/ac), SE0E) _y AUOE) )

Let &4 = (/3 V)o/(/SC)y and introducing the Laplacian
of the triangular a.c. potential given by

V=V, w/mH7T/w ,t) ()
so that
av/at = vV, w/m M1/ ,t)

where M(mfs ,t) is the well known meander function (61) re-

sults iﬁ'the transform of the solution of Equation 41. Upon
inversion an expression for the dependence of the adsorbate

concentration on time and distance from the interface is

obtained.
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C(x,t) = -V, w/T M(T/w ,t) 2 exp(ax/~fk)

exp(a®t)erfe(a¥t - x/29¥kt) + Co (45)
where
=Yk/(3F/5 ¢),

Evaluating this expression at x = 0 and differentiating with

respect to time, one obtains
ac(0,t)/dt = - &V /7 exp(at)erfe(ayt) . (46)
Now at constant potential
or/et = {ar*/a C)y 9c(0,t)/a¢t (47)
and
(8D/0r )y = €, -/ BT/ V), . (8)

which when substituted into Equation 40 for the supplementary

current results in

it = - AC, Vow/m exp(a?t)erfc(ayt) . (49)
The additional response of the instrument which is due
to the appearance of the supplementary current is obtained
as before by integration of the instantaneous responses over
a half period of the triangular a.c. potential.

T4 '
R' = w//(’ i'R At . (50)
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Introducing the supplementary current into this equation re-

sults in
Thy

R' = - ARCyoo Vo w?/72/0  exp(a®t) erfe(ait)at. (51)

Iet x = Y a2t, then dt = 2xdx/a® and Equation 51 for the

supplementary response, R', becomes

X
R' = - YARSC,, o Vot /%2 // t exp(t®)erfc(t)dt (52)

o

where

X = Vazw,‘, = Va2/2f
The latter expression may be written in the form

R'/f = - AR,C,, o Vo 4F,(x)/x2 . (53)

where

x
F,(x) = )[ t exp(t®)erfc(t)dt
4 o .

Hence, if the rate of the overall adsorption process is
diffusion controlled, R'/f will vary with frequency in the
manner prescribed‘by Equation 53. The variation with fre-
quency of experimentally determined values of E'/f can then
be compared to the expected values calculated on the basis
of this equation to infer the kinetics of the adsorption
process and are in this sense dlagnostic. For convenience

the following quantity is introduced:



Tp = R'/f = - ARCuop VO 4F,(x)/x2 (54)
where
x = Ya?/af

If the rate of the adsorption process does not depend
upon diffusion but rather upon the rate of the actual ad-
sorption step, the response function which is attributable
to this proceSs may be obtained in a similar manner. Suppose
a function ¢ is defined which represents the velocity of the

actual adsorption reaction, then
g =g, M,V) =0 (55)

at equilibrium. By expanding ¢ in a Taylor' series in the
variables V and ™ at constant composition and noting ¢ =

ol/d t for small departures from equilibrium
/ot =g =aF(agfar), , + M3V o . (56)
Now
H= I, +ar . (57)
Therefore
SaT/3t = (98/0T)y a [ar - (773 Vg atV] . (58)

If &V =V, /T H(nﬂg ,t) where H(m/w ,t) is the nota-

tion for the triangulaf function of unit amplitude and period
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2w/t (61) is introduced into the latter equation, the re-
sulting.differential equation can be solved by the application
of the Laplace transformation to obtain an expression for

the variation of the surface excess with time.

AT = - (3/OT )y (AT/o Vg  VOu /mlu(nfs ,t)»

exp(@9/5 t),t]

- a2 Vo rH(T t)eE(R)] . (59)
From the latter solution there readlly follows
/3t = - Ay VOouw / ’;-?%— (H(r4o ,t)#E()] . (60)

Inserting this expression into Equation‘39 for the supple-
mentary current and using Equation 40, the following result
is obtained for the supplementary current due to an
adsorption-rate controlled mechanism. |

it = Acw=oo(vow/1r 9/ ¢t [H(t)%E(t)j (61)

where

k= (350 ),

The supplementary response of the instrument can also

be derived in the manner previously described.
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AR, C A &0 /e >
= w ‘
R' = § - W=0 . '.'.r/ —;—E—[Hgt)atE(t)] dat

o

2f ARy Cpy_o VO [ 1 +2w/1ot tanh mf2w]

2 £ ARg Cuo VO [ 1 + 1/x tanh x] (62)

/2. This expression may be rearranged to give

where X

the response function ry = R'/f which was introduced in

Equation 54.
_I-;f = AARSC@-"—'OVO FZ(X)//Q > (63)
where
Fo(x) =1 + 1/x tanh x . (64)

Hence, if the kinetics of the overall adsorption process is
determined entirely by the rate of the adsorption step, the
response function Ff will vary with the frequency in the

manner prescribed by Equation 63. Thus,
rp = YARC o VO Fa(x)/2 (65)

where x = &X/2f,

Equations 54 and 65 describe two'possible ways in which
rs can vary with changing frequency. It is therefore possible
"to distinguish between diffuéion and adsorption-rate con-
trolled mechanisms by comparing experimentally observed

- ¥glues of Ff with expected values of Ff computed on the basis
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of theée equations since in principle the parameters C, _,,
a,k, and ¢ can be evaluated experimentally.

However,‘it is possible to construct a set of diagnostic
curves based on Equations 5% and 65 for the different
mechanisms which can be plotted on a reduced basis so that
experimental data can be referred to them directly to ascer-
tain the mechanism without evaluating all of the parameters
indicated. It is to be noted that the argument x in Equation

54 for the case of diffusion controlled mechanisms is given by

X = 4a%@f

and in Equation 65 for the case of adsorption-rate controlled

processes by
x = iﬂ/?f
Taking the logarithms of these arguments, one obtains
log x = 1/2 log a®%/2 + 1/2 log 1/f
in the former case and
log x = log o/2 + log 1/f

in the latter case. If now a plot of 4F;(x)/x® as a function
of the log x and F,(x)/2 as function of 1/2 log x is made,
both plots will be on the same reduced basis, i.e., F(x)

versus 1/2 log 1/f. The effect of the parameters & and a on
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this basls 1is merely a displacement of the curves parallel to
the abscissa and may be neglected. Consequently, experi-
mental curves of ry as a function of 1/2 log 1/f can be re-
ferred to these theoretical curves to decide which of the
proposed rate controlling mechanisms is operative.

The function F,(x) =[x t exp(t®) erfc(t)dt was evalu-
ated by graphical infegratgon of a'plot of k exp(xa)'erfc b.d
as a function of its argument using the tables iﬁ Crank (62).
to obtain values for exp(x2®) erfc x as a function of its
argument. The quantity 4Fl(x)/k2 was then plotted as a
" function of log x. Similariy, Fo(x) = (1 +vL/x tanh x) was
evaluated and the quantity Fz(x)/é was blotted as a function
of 1/2 log x. These curves which are each characteristic
of a particular mechanism are presented in Figure 19.

Since the evaluation of all the parameters necessary for
an exact representation of the experimental curves is very
tedious, the following procedure was devised for reducing the
experimental data for ?f to a single criterion which per-
mitted a decision to be made as to which mechanism deter-
mined the kinetics of the adsorption process.

From Figure 19 the function F(x) for the adsorption
rate controlled mechanlism is obserﬁed to approach 0.5
asymptotically. Therefore, at no region of the curve will
the ratio of F(x) at low frequencies to F(x) at high fre-

quencies be less than 0.5. However, this‘ratio can become



Figure 19. Diagnostic curves for the inference of kinetic
mechanisms
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less than 0.5 in the case of diffusion controlled mechanisms.

Therefore, an observatlion of the quantity
M = F/Tro00 = R'/T /R'1000/1000 T < 1000 cycles  (66)

should suffice to establish the rate controlling step of the
overall adsorption process if it is found that M 1s less than
0.5 anywhere on the experimental curves.

The procedure which was used to decide which, if any,
of the two proposed kinetic mechanisms was operative in
determining the rate of the overall adsorption process was
(1) to determine experimentally the response of the instrument
Which was due to the appearance of the supplementary current
at a number of different frequencies, (2) compute R'/f at
each of these frequencies and (3) applﬁ the "M" test described
above to determine the rete cohtrolling mechenism.

The supplemehtary response, R', was obtained from the
experimentally observed responses, R, at the potentials of
the adsorption-desorption peaks in the following fashion.

It has been shown that the adsorption isotherms describ-
ing the dependence of the surface coverage upon adsorbate
concentration over the complete range of polarizing potentials
are of a generalized localized Langmulr type which can be

expressed in the form

8/(1 - ©) = Ba exp(=¢9) (671)
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where 6 1is the surface coverage, a the adsorbate activity,
and B and &t are constants. A plot of log 6/1 - © - K6 =
log Ba versus © can be used to establish © if Ba is known.
Consequently, the surface coverage as a function of the ad-
sorbate activity can be found.

The observed response at the potentials of the adsorp-
tion peaks consists of the sum of contributions due to the

normal response plus a supplementary response. That is
R=R, +R' . (68)

The normal response is that which would be observed at
equilibrium at the peak potential in the absence of the
supplementary response due to variation of the surface excess
with changing potential. The normal response is given by the
following expression

R, = ﬁw - g(ﬁﬁ - ﬁﬁono.) (69)

where Ehono. is the normal response which 1s observed at mono-
layer coverages of the mercury interface. A plot of R as a
function of ¢ at the electrocapillary maximum can be extra-
polated to © = 1 to obtain Rmoﬁo.'

Since 6 as a function of a is known and the response of
the instrument in the absence of adsorbate is also known
(Ry), R, can be obtained through Equation 69 and hence the

supplementary response, R', as a function of the frequency
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can be calculated from

—

.R-‘ =ﬁ - Rn . (TO)

Thus, the response function Ff, can be established as a

function of the frequency since

Fp = RU/f . (71)

This quantity is used to compute M = Ty/T)g0e Which is utilized
to infer the kinetiles of the adsorption process by applying
the test described 1n the previous section.

The function f(0) = log 6/(1 - 6) - X8 = log Ba is
plotted as a functién of the sufface coverage 6 in Figure 20,
This curve which is a modified adsorption isotherm for
pentanol-1l was computed by using arbitrary valﬁes for the
surface coverages and the necessary adsorption parameters
for pentanol-l tabulated by Hansen, Minturn and Hickson (15).
The response of the instrument at monolayer coverage of ﬁhe
meréury interphase was obtained from a plot of the observed
response at the pbtential of the electrocapillary maximum
a8 a functilon of tThe surface coverage eztrapolated tc mono-
layer coverage, © = 1 (Figure 21). Values for © at the
potentlal of the electfocapillary maximum were obtained by
using the reported value (16) for Bo for pentanol-l to
compute £(©) for each activity which in turn establishes ©

through Figure 20. The apparent surface coverages at the



Figure 20. A modified adsorption isotherm for pentanol-1
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Figure 21, The evaluation of Rpmono.
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ﬁeak potentials for each activity were obtained from the
tabulated values»of Ba as a function of potential reported
by Minturn (17) and application of the modified adsorption
isotherm, Figure 20. It was then possible to compute the
test ratio, M, through the use of Equations 67, 70, 71 and
66 for pentanol-l. The results of the test are presented in
Table 16 where M is tabulated as a function of the frequency
and adsorbate activity for four peak potentials. Directly
below the activity headings are the potentials relative to
the electrocapillary maximum at which the peaks appear and‘
the calculated surface coverages at that potential for the

activity listed directly above.

Table 16. Results of the diagnostic M test for pentanol-1

Activity
- 0.075 0.150 0.300 0.075
£ E=-0.29 E=-0.383V E=--0.44V E = -0.43V
©= 0.145 © = 0.133 © = 0.135 © = 0.100
230 5.82 5.93 6.22 4,27
500 2.09 2.86 3.28 1.76

750 1.27 1.64 2.28 1.00
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The observation is made that M never is less than 0.5
which by the nature of the test indicates an ambiguous re-
sult concerning the mechanism of the reaction; Attempts to
fit the experimental response curves directly through the
use of Equations 54 and 65 were also unsuccessful due mainly
to insufficient experimental informatién. However, it has
been demonstrated that in principle adsorption kinetiecs can
be inferred by the method described herein and that
diagnostic criteria can be derived in terms of instrument

responses which are directly observable.

On the General Applicability of the Equivalent
Circuit Concept

It has been demonstrated that it is possible to devise
electrical analog circults which are comprised of ideal
capacitors and resistors which will actually represent the
electrical properties of a real dielectric material which is
polarized by a sinusoidal periodic field. In this instance
1t 1is possible to resolve the displacement current into
componeﬁts which can be identified with the currents flowing
through the various elements of the analog circuit. However,
when this concept was utilized to represent the behavior of
the dielectric material within the compact region of the
electrical double layer polarized by a triangular periodic

field, the identification of equivalent circuit elements with
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the capacity and resistance of the electrical double layer
led to an apparently anomalous behavior for the differential
double layer capacity with changing frequency. Only after a
complete analysis of the displacement current flowing through
the cell by means of classical dielectric theory was the
anomaly resolved and were conditions defined under which the
usual identifications were valid. In view of these results,
the appllcation of the equivalent circuit concept to the
representation of the electrical properties of a dielectric
material polarized by a general periodic field seems to be
somewhat tenuous in character. The question is posed that

if a real dielectric material is'subjected to a general
periodic field, will the expressioﬁs for the equivalent cir-
cuit elements depend only on the frequency or will they depend
on the form of the applied periodic field?

Iet the analog circuit for a capacitor filled with a
real dielectric material be represented by Figure 1A and
suppose the field within the dielectric material decays
exponentlally with time in the manner described by Equation
11. The expression for the displacement current flowing .
through the capacitor polarized by a general pericdic field,
E(t) = E(t + 274y ), can be written in the following form

using Maxwell’s relation Equation 9.
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1= a/br {ew dE(t)/dt

,'rE'n%_,,
i . dE/dx exp(x4 )dx
s M€/ expl- tir ) [P
| exp [o7—) - 1
t
+/ gf; exp(x/ )dx } (72)
A .

where
0 < t< 2T/w
Now the total current flowing through the circuit is
i=1d, +1ip | (73)

or

[H
I

Cav(t)/dt + V/p (74)

where V is the applied potential. Assuming the field de-
creases linearly with distance across the dielectric, i.e.,
V = El, where 1 is the thickness of the dielectric material,

Equation 72 becomes

1= A/471 {Gm av(t)/dt
| | /27T/wd\,/dx (x/+ )a
‘ ; ex X
+—‘;\'$—-eXp(—t/1') [o oT

exp(2T/wy ) - 1
t ) o
+ dv exp(x/T )dx } ;75)

dt
O L}
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where

0 < t< 21/
and
i(t + 2nm/o ) = 1(t)

n = an integer.
If now the applied potential can be represented by a

generalized Fourier exponential series of the form
(V)

vV = Z. Bn exp(jnwt) j= J-1
n=-o00
then
00 \
av(t)/at = Z: B, jnwexp(jnwt) . (76)
. n=-00 . .

Using this relationship to evaluate ﬁhe integrals in Equation

75 one finds:

27T/w
/[ - av/ax exp(x/4 )dx
[e) .

(1727 [277'/(,)
-  Tsa 12 avnl 1 faw + 328 Vv Avw
P A—— digw Dy Sap\L/F Jiivw jao ua
o MRty o
X=27T/w
Zi. L [ ( |
= njw B, a exp(l/¥ + jnw)x
n——o00 1 + jnw ‘
X=0

and since exp(2wjn) = 1,
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271’/“
[ dv/dx exp(x/r )dx
o ,

(o o]
_ nj wt -
= r%;oo B, 7 gy [exp(?rr/m l)] (77)

Similarly

t
/ av/ax exp(x/vr )ax
o .

oo

= Z: B nJ Wy [exp(l/'r + jnw)t - 1] . (78)

n=-00 n 1 + nj wvT

Equation 75 for the displacement current now becomes

1= a/bml { €.o aV/dt

. TWT 2 2 2 . .
+ 08/ n;iinn SIE R T expg;jnww}. (79)

1 + n2w21. 2

In the special case for a pure harmonic applied potential
V, B = B and B, = O for n unequal to one. Noting also that
Bjw exp(jwt) = dv(t)/dt, one obtains the following ex-

pression for the displacement current

1= /81§ (Boo + 1% ? JOV/aE

+ (08 wirl tw2e2) V| . (80)

Identifying the coefficients of V and dv/dtin the last equa-

tion with the coefficients of the same terms in Equation T4
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for the total current, one finds

Q
Il

A/UTL (€oq + 08/1 + wZa Z) ) (81)

and

p = brl/ArE(l + /w27 2) . o (82)

The latter equations are similar to those found by Debye

(56).

Now the significant obsérvation is made thaﬁ it ié
generally impossible to make such an identification of the
coefficients of V and dV/dt in Equations T4 and 79. The cur-
rent is not proportional to the potential except for a phase
shift but differs in form. Consequently, the conélusion is
reached that unless the applied field is a pure harmonic in
form, an equivalent circuit does not exist which will fepre¥
sent the electrical properties of a real dielectric material.
Recently several investigations of the capacity of the
electrical double layer at various polarizable metal |

electrodes have been reported which utilize a multisweep

¢t

voltammetric measuring technique (44). The tendency to use
the equivalent circult concept to:represent the electrical
properties of the electrical double 1éyer is very prevalent.
However, one must conclude from the foregbing arguments that
the equivalent circuit concepp is rigidly applidable only if'

the form of the apﬁlied periodic field 1s a pure harmonic.

>
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Otherwise, the only way in which information about the
electrical double layer can be obtained is to conduct a com-
plete analysis of the displacement current using Maxwell's
relation for the displacement current and classical d4di-
electric theory. This point has not 6een fully appreciated -

in .the past by many investigators in this field.
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SUMMARY

An investigation of the dependence of the impedance of
‘the electrical double layer at a mercury-electrolytic solu-
tion interface upon polarization, frequency, temperature ahd
‘concentration of an adsorbable organic compound (pentanol-1l)
was conducted and the possibilities for inferring adsorption
parameters from such measurements were considered

In order to facilitate the investigation of adsorptlon
phenomena by means if differential double layer capacitance
ﬁeasurements, an automatic impedance recording instrument
was designed and constructed and the theory of the instrument
response was developed. An unexpected frequency disperéion
of the apparent capacity of the electrical double layer was
obgserved experimentally at mercury-aqueous perchlofic acid
solution interfaces.

A theory of dielectric relaxation in the electrical
double layer was proposed to account for this observed fre-
quency disbersion of the double layer -impedance. The
assumption of two molecular opecies of solvent molecules
w1thin the compact region of the double layer was demon-
strated to be sufficient to explain this behavior. Each of
‘ theSe molecular species was associated with a particular
. relaxation time which were found to be epproximately 10-8
and 10~%* seconds, respectively, for the "bound" and "free"

species of water molecules in the compact region of the
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double layer. Using these values of the relaxation times,
the observed frequency dispersion of the apparent capacity
was quantitatively represented. Results of a similar study
of double layer impedance measurements conducted on the‘
mercury-aqueous potassium iodide solution interface repgrted
by Bockris and Conway can be correlated by a similar treat-
i menﬁ, »it was‘a;so demonstfated that the effect of temperature .
upon ﬁhe properties of the cémpact region of the electrical

" double layer dan‘also Betinterpreted on this basis.

It was shown that the frequency dispersion of the double
layer impedance in the presence of a capillary-active material
in the neighborhood of the electrocapillary maximum can also
'be fepresented by an extension of the theory of dielectric
relaxation within the electrical double layer. The relaxa-
tion time of adsorbed pentanol-l molecules was found to be
approxiﬁately 6.78 x 10~* sec. Dielectric changes due to
the concentration of adsbrbate at the interface necessary for
a representation of the data were'correlated with the ob-
served surface coverages obtained from equilibrium adsorption
experiments and were found to be physically reasonable.

The prbnounced frequency dispersion of ﬁhe apparent
‘capacity at high polarizétiéns in the presence of adsorbable
materials was discussed ih the light of a kinetic treaﬁment‘
of adsorption processes proposed by Frumkin and Melik-

Gaikazyan.b Diagnostic criteria representative of various
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rate controlling mechanisms were derived in terms of the
instrument response and were applied to the inference of the
ttrate controlling mechanism in the adsorption of pentanol-1l.
The criteria proved not to be definitive for resolving the
‘kinetic mechanism cf adsorption from results obtained in
this work.

Conditions are discussed under which the electrical
propertieé of the electrical double layer at a polarizable
{electrode interphase can be represented by an equivalent
analog circuit. The equivalent circuit concept was found
to be applicable only if the applied perlodic field is a

pure harmonic.
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APPENDIX

The Response of the Automatic Impedance Recording
Instrument to an Applied Generallized

Periodic Input Potential

Assuming the equivalent circuit of Figure 1E represents
the impedance of the electrolytic cell containing an ideally
polarizable electrode, the application of a perlodic
potential, Vg, across the terminals AB wil} result in a cur-
rent flowing in the circult. This current will generate a
potential across the res;stor, R, which determines the
magnitude of the measured response of the automatic impedance
recording instrument. The form and magnitude of this current
will depend upon the magnitude of the circuit elements and
upon the form and magnitude of the applied periodic potential.
For the circult under consideration, it is possible to derive
an expression for the measured. response in terms of a general
periodic applied potential.

Let Vg (t) = Vg(t + 2m/w ) be the general periodic
potential applied across’ the terminals of the circuit in

" Figure 1E. From Kirchhoff's loop rule, one obtains
Vg =V, + 1tR (A.1)

where Vc is the potential drop across the parallel part of

the circuit and iy is the total current flowing through the
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circuit. If dQC(t)/Ht and de(t)/ﬁt are the currents flow-
ing through the capacitor, C, and the resistance, p,

respectively, ‘the total current, iy, becomes

iz = dQe(t)/at + dQp(t)/at . (A.2)

Now

Ve = Qo (t)/C = p dQy(t)/at | (A.3)

which when substituted into Equation A.l results in the

following boundary value prpblem:
d%Qy(t)/dat® + (p + R)/PRC dQp(t)/dt = Vg(t)/PRC ~  (A.4)
subject to

a. 4@,(0)/dt = O
b. Vg(t) = Vg(t + 2m/w) .

Let a = 1/pRC and b = -(p + R).

I

- vg(s) Laplace transform of Vg(t)

It

qp(s) = Laplace transform of Q. (%),

then the transform of Equation A.4 becomes

2 vs(s) = sap(s) - d@p(0)/ds - abys(s)

ag(s)(s - ab)

so that
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qs(s) = avg(s)/(s - ab)
Inverting the transforn,

dQp(t)/at = avVg(t)* exp(abt)

_'r
aj exp [ab(t —'r)] - V(T ) aT. (A.5)
() : .

Let r = -ab = (p + R)/pRC, then

t ‘
dQ,p(t)/dt = a exp(—rt)/ exp(r® JVg(T )aT . (A.6)
. | A _ v .

Suppose

t
F(t) = exp(—-rt)/ exp(rT) Vg(T ) 4T

0

and t = § + 2n7/w , one can now write

t
exp(rt) F(t) =/ exp(rv) Vg(mfo ,T ) 47T
. , A v .

2ri1r/¢., .?__r.l.z +S
=,j - exp(rv) VS(W/w,T) atr + “ exp(rT) Vg
o ' . 1 o( 541 ) 20T /o
- —LL-—L o .
(T/ 7)) &T= Z: J exp(rv ) Vg(T/w ,T ) &T
o Jj=o0 Y 2iT/w : - ,
NT/w +8& :
+] / exp(rT) Vg(m/y ,T) 4T
-22’1’.‘T,w : -
n-1 enThs +8&
= I +/ | exp(rr) Vg(m/ew , T) 47T (4.7)
J=o0 2 4 - :

nT /6y
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where
2(J+1) T/

Iy =/ exp(rT) Vg(m/e ,7T ) aT. (A.8)
2T/ " ' ‘

Let the following substitution be made in Equation A.8:

X = T-2jT/w

dx = 47

2jm/w which implies x = O

2(j+1)T/w which implies x = 2m/w
then
211'/“
Iy = exéEJﬂPA?[  exp(rx) Vg (T/ew ,x) dx (A.9)
o ‘ o .
using the periodic property Vg(t) = Vg(t + 2m/y ). The
integral in the last expression does not depénd on the period.

Consequently, one can write

n=l  [2T/ n-1
I =/ - exp(rx) Vg(m/y ,x)dx - Eexp(2jwr/w)
Jj=o o ' - J=o0 S
2T /e (A.10)
E:gggﬁ")):;y / exp(rx) Vg(m/,x)dx

To evaluate the second integral of Equation A.T, let

™
it

T - 2nT/ew
ar '

I
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T= 2nw/es which implies x = O
T=2nm/s + & which implies x = §

from which follows

nt/w +8 :
cexp(rT) Voo ,7T ) 4T

2nT /tw

= exp(2nmr/w ) .).exp(rx) Vs (T/w ,x) dx . o (A.11)
C S o . :

Assembling the last two results in Equation A.7 and

dividing by exp(rt), the expression for the current:-flowing

through the shunting resistance, p, becomes

aqp(£)/at = aF (t)

= a exp@n?”r/"" i} tr){[ (exp(2mr/ew ) - 1)

2T /1w
/ - exp(rx) Vg(m/w ,x) dx
A . |

é
+ / exp (rx) Vg(mhs ,x) dx i . (a.12)
e) - : .
Since the steady state current is deslired, terms éf the order
exp(-2nmr/w ) can ke neglected for they ére transients re-
sulfing‘from the initiation of the measurement and rapidly

decay to zero. The steady state current now becomes
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de(t)/dt = a exp(-tr) [(exp(?wrﬂu ) -1)7*

2T /e
J/ exp(rx) Vg(m/w ,x) dx
o) A _

t : .
-+// exp(rx) Vg(mis ,x) dx ] (A.13)

A .
where

0< t < 21/

With the aid of Equation A.3 Qc(t) can be found and,

hence, dQc(t)/dt.
dQ, (t)/dt = pC a%Qp(t)/dt® = pCa dF(t)/dt . (A.1k)

Therefore, the total current flowing in the circuit can be

found.
dQg(t)/at = dQy(t)/dt + dQq(t)/dt = aF(t)
+ pC dF(t)/dt (A.15)

where

Qp(t) = Qgl{t + 2n/n )

The instrument response depends on the magnitude of the
potential which is developed across the series resistance, R,
by the passage of the current given by the last equation.

Actually, in the experimental arrangement used in this



164

investigation, this potential was converted into a d.c. out-
put potential which was used to drive the recording instrument
by means by a half-wave rectifier. Therefore, the response

becomes
x=(2n+1)7/e

R= wr R + Ig(x) ax (A.16)
X=2nT/Ly "

which may be written

T /oo
R = wR/':r/ i,(t)at
Yo

‘}T/w
WR /1T/ F(t)dt
Yo

) ,
+WR _pC ARt g ' (A.17)
T v dt .
) : [o]

where

0 £t < 21/

For the special case in which Vg (t) is a perlodic
triangular potential given by VOW/7 H(2ny£;,t) where
H(27/ ,t) 1s the notation for a triangular function of ﬁnit
amplitude and period‘2ny@,, the total current given by
Equation A.l15 is |

iy = VO w/r pRC/(p + R)2 { (p + R)/PRC t

- P R)t
vo/m [1- 2ex Lo e )T (8.16)
1l +exp - (P + R)ﬁAJpRCJ '
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from which the response is readily obtained from Equation

A.17 and found to be
R = V°R/2(p + R) {1 - [l/x - 1/%x% tanh(x)]p/R}' A.18

where x = (p + R)/2 wpRC.
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