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INTRODUCTION 

Recent advances in the field of electrode kinetics have 

served to illustrate the prominent role played by adsorption 

in influencing the character of electrode processes. The 

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 maximum suppressors to alter the shape 

of polarographic waves in polarography, the pronounced effect 

of proprietary brighteners upon the nature of metallic de­

posits in electroplating, and the inhibition 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 capillary 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 . 
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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. instances is particularly intriguing and 

it is with this subject that the present investigation is 

concerned. 
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LITERATURE SURVEY 

The Inference of Adsorption from Solution 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 infinitesmal 

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 potential determining ion 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). 
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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. In actual practice such conditions 

cannot be fully realized. However, a close approximation to 

ideality is possible within the hydrogen over-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 interphase 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 
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electrodes in inert solutions of electrolytes may be polar­

ized as much as one volt with negligible hydrogen evolution. 

This offers a wide range of potentials over which ideally 

polarizable 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 

electrocapillary 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 interfacial 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 

electrical work: 

d # = -0"dE - RtZ P-l dlnai (1) 

where & is the interfacial tension, E is the polarizing 
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potential, â  the activity of component i, andis the sur­

face charge density. Consequently, it is seen that cr 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 it represents the point of zero change on 

the electrode and, since it is characteristic of the particu­

lar electrode-solution system, furnishes a convenient refer­

ence potential. As the potential recedes from the electro­

capillary maximum, the surface charge density increases. The 

mutual electrostatic repulsion of like charges in the 

interphase results in a lowering of the interfacial free 

energy which is manifested as a depression of the interfacial 

tension. 

If a capillary-active material is added to the solution, 

the electrocapillary curve will become truncated in the region 

of the electrocapillary 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-

facial tension as a function of adsorbate activity at 

constant polarization. The surface excess of the adsorbate 

is thus 

Fi = - 1/RT(3*' /a lnai)E . (2) 
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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 adsorption at any position of the electro­

capillary curve (4) can be derived from such measurements. 

Unfortunately, the direct measurement of intêrfacial tensions 

of metals has proven to be practical at very few metal-

solution interfaces, most measurements being conducted on 

mercury or gallium-solution interfaces. In even these in­

stances the measurements are extremely difficult to make. 

Nevertheless, there has recently been a renewed interest in 

such adsorption measurements. 

Melik-Gaikazyan (18) has reported electrocapillary data 

for the system mercury-potassium chloride-n-butyl alcohol for 

several concentrations of the alcohol adsorbate. Blomgren 

and Bockris (5) investigated the adsorption of a series of 

aromatic amines 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 blue at posi­

tively charged surfaces by a modification of the usual 

techniques. Interfacial tension depression curves for a 

number of organic materials were obtained 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 be obtained by differentiating the 

slope of the electrocapillary curve once with respect to the 

polarizing potential at constant composition: 

582 /d E2 = " = " cdl • (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 array 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 would 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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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 of the 

electrical double layer is of molecular dimensions which 

means that the term "plane of charge" is fully justified 

since the radius of curvature of the interphase is usually 

much greater than the thickness of the double layer and, also, 

that the specific capacity of a condenser formed by these, 

planes will have an extremely large value of the order of 

10-100 microfarads per square centimeter of surface. 

Experimentally, the electrical double layer behaves like 

two parallel plate capacitors in series, one representing 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 ob­

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 layer capacity is related 

thermodynamically to the interfacial tension, inferences 

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 

effects 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 of the differential 

capacity on polarization and adsorbate activity. Information 

regarding the orientation of adsorbed species and forces re­

sponsible for the adsorption of a series of simple organic ad-

sorbates was obtained. Melik-Gaikazyan (18) has used this pro­

cedure to study multimolecular adsorption of n-octyl alcohol 

on mercury. Recently Laitenen and Hosier (19) have reported 

an investigation of the adsorption of several organic compounds 
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also at the mercury-solution interphase. However, these 

measurements were conducted at the potential of the electro­

capillary maximum only. It was reported that in all cases 

investigated, adsorption data could be interpreted in terms 

of a simple Langmuir adsorption isotherm. Loveland and Elving 

(20 through 25) have investigated the effect of a series 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 organic 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 "tensammetrie 

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 it 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 presence 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 

characterize the rate controlling mechanism. Two possible 

mechanisms were proposed: diffusion control and adsorption 

rate control. Criteria which were diagnostic of the process 

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 

responsible 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 MoekeIs (30) to include the case of 

simultaneous diffusion and adsorption rate control and the 

case of adsorption followed by a two 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 

dimensional association of adsorbate molecules was reported 

to 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 

adsorption processes occurring at plane, spherical, and ex­

panding surfaces which are diffusion controlled and Delahay 

and Berzins (33) have also presented an alternate treatment 

for the case of simultaneous diffusion and rate control. Los 

and Tompkins (6) have investigated the kinetics of adsorption 

of methylene blue at the mercury solution interphase by 

electrocapillary methods. The controlling mechanism 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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dependence of the differential double layer capacity as a 

function /of the variables composition, polarizing potential, 

frequency, and temperature. Unfortunately, a complete in­

vestigation of all the variables associated with a given 

adsorption 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 

technique are to be 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 Electrical Double Layer 
1 I' 
Since in practice the electrical double layer behaves 

like a condenser of large specific capacity shunted by a large 

leakage resistance, double layer capacities can be measured 

by any of the techniques employed in electrical impedance 

measurements. The procedure most frequently chosen is to 

insert a cell containing a polarizable 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 is balanced against a known impedance in the measur­

ing arm of the bridge. The measurements are then repeated 

at other values of the d.c. polarizing 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 measuring 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 (38) has also employed an elaborate 

a.c. bridge capable of measuring capacities at frequencies 

from 0 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 yield the most 

accurate results. 

If an investigation of the effect of other variables 

such as solution 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 necessary 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: 



www.manaraa.com

16 

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

able to automatic recording of capacity data. 

In the method of charging curves a constant current 

impulse is impressed across the interface and the rate of 

change of the potential with time is measured. Prom the 

initial slope of the potential-time curve the capacity of 

the electrical double layer can be obtained from the follow­

ing expression: 

C = i . 
(aE/dt}î=0 

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 the 

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 infer the equilibrium adsorption 

of several organic compounds from acid solution by copper 

and silver electrodes. Difficulties associated with the 

determination of the initial slope make this procedure a 

poor choice for possible automatic recording of capacity data. 



www.manaraa.com

17 

In oscilloscopic polarography a periodically varying 

potential sweep of known form is impressed across a cell con­

taining an ideally polarizable electrode immersed in a solu­

tion of inert electrolyte. In the absence of any oxidizable 

or reducible material, the current passed by the cell is due 

to the alternate charging 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 potential 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 

through 44). However, several papers relating directly to 

the measurement of double layer impedances by means of this 

technique have appeared in the literature and should be 

mentioned. 

Sevcik (45) utilized a triangular potential sweep to 

investigate polarographic 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 applied 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 double 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 behavior 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 containing a 

dropping mercury electrode which serves as the polarizable 

electrode is swept with an 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 aliphatic alcohols 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 limitation to the method. 
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Breyer and Gutmann (4j) have devised an electronic method 

for measuring the impedance 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 recording 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 frequency 

and adsorbate concentration 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 subsequently employed this technique 

to infer the adsorption of several organic materials which 

are commonly used as maximum suppressors in polarography. 
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Randies (49) has described an apparatus which measures 

the phase relationship 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 variables 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 layer 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 the 

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 

sufficiently wide range of experimental operating conditions 

without undue loss in 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 at 

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 methods, the principle of equivalent circuits first 

employed by Kruger (50) has proven to be of great value. In 

the usual bridge methods 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 circuit 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, therefore, the interfacial 

capacitance of the latter is much greater than the former, 

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 circuits 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 l.A). This electrical circuit is 

then placed in parallel with a similar circuit which repre­

sents the contribution of any Faradaic current to the overall 

impedance of the electrode interface (Figure l.B). The 

equivalent circuit for the cell is now completed by placing 

a resistor which represents the solution resistance in series 

with the impedance of the interface (Figure l.C). In con­

centrated solutions of electrolytes, however, the solution 

resistance is usually considered to be negligible. 

In the presence of an electrochemically inert 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 turn connected in parallel. One of the former 

represents the impedance of the adsorbate filled portion of 

the surface and the other represents the impedance of the 

vacant surface (Figure l.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 
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Figure 1. Equivalent circuit 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 l.E). 

Assuming that the equivalent circuit of Figure l.E 

represented the electrical properties of a cell containing an 

ideally polarizable electrode immersed in a solution of an 

inert electrolyte, an electronic apparatus was devised which 

automatically recorded the impedance of the electrical double 

layer at a hanging mercury drop electrode as a function of 

the d.c. polarizing potential. A schematic diagram of the 

electrical circuit of the automatic 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 superimposed 

upon the d.c. bias 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 circuit consisting of the cell and a 

standard resistance. The alternate charging and discharging 

of the electrical double layer due to the a.c. 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 



www.manaraa.com

Figure 2. A schematic diagram of the automatic 
impedance recording instrument 



www.manaraa.com

30 

POTENTIOMETER 

vvwwwvwwvwy^wv- DRIVING 
MOTOR 

FUNCTION 
PLOTTER AMPLIFIER RECTIFIER 

3XP 

CELL 

. AA 



www.manaraa.com

31 

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 cell 

and, hence, is synchronized with the output signal of the 

measuring circuit. It was found that impedance data could 

be rapidly recorded as a function 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 l.E, 

Kirchoff's loop rule requires 

es = eR + ec (3) 

and 

ec = ep W 

where es is the applied triangular a.c. potential and e%, ep, 

and ec are the respective potential drops across the series 

resistance R, shunting resistance p, and capacitance C. If 

Qc represents the charge on the plates of the capacitor and 

dQp/dt and dQ̂ /dt are the currents flowing through the cor­

responding resistive circuit components, the following 

boundary value problem arises 

d2Qp/dt2 + (p + R)/pRc dQp/dt = es/pRc (5) 
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and 

(a) dQp(0)/dt = 0 

(b) es(t) = Y°o) t/ir 0 < t < ir/w 

= V°6J /ir ( 2ir/ui - t ) ir/u, < t < 2ir/tu 

es(t) = es(t + 2ir/ui ) 

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. 

it = ic + ip • (6) 

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 

equivalent circuit is obtained by averaging the instantaneous 

responses over one-half period of the a.c. potential and 

multiplying by the gain factor of the amplifiers in the 

circuit 
. (2n+l)ir 

G tu / 
Response = — / Rs • i%dt (7) 

J 2mr 
tu 

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° Rs G f 1 
R = 

2(P + R) I1 + t1/* " Vx2 tanlxx)P/RJ (8) 

where 

ir(P + R) x = 
2w PRC 

Consider the practical case in which P is much greater 

than R and in which conditions are such that ir/2o RC is much 

greater than unity. Then 

G V°w RoC 
R as —s (9) 

or 

R = a C 

Consequently, if the resistance shunting the capacity in 

Figure l.E is much greater than the total series resistance 

and tt/2oj 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 capacity when the cell is inserted in the 
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circuit depends upon the ability of the analog circuit of 

Figure l.E to represent the true conditions prevailing at the 

interface. Until such an identification can be proven 

experimentally, the C measured by the instrument with the 

cell in the circuit will be called an apparent capacity. It 

will 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 

Perchloric acid was selected as the inert electrolyte in 

preparing solutions in these experiments. This choice was 

prompted partially by precedent in this laboratory and par­

tially by the fact that the perchlorate ion has little 

tendency to complex other ions in the solution 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 Bamsted 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 a 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 potassium chloride 

with chlorine gas to remove any traces of bromide or iodide 

present and subsequently recrystallizing the potassium 

chloride twice from conductivity water. 

The solutions were further purified in the cell just 

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, distilling once 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, 

through 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. Provision 

was made for bypassing the hydrogen stream 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 value reported by 

Lange (51) Is 138.1° C. The saturation concentration of n-

arnyl alcohol in 0.1 N perchloric acid is reported to be 0.222 

molal (I?)-

Electrodes 

In order to avoid the necessity of complicated synchro­

nizing circuitry associated with instruments utilizing the 

dropping mercury electrode, experiments were conducted with 

stationary hanging-drop electrodes 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 these experi­

ments is presented in Figure 3• Suspended in the center of 

the cell through a small greaseléss 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 served 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 slowly 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. 
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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 desired 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 number of drops of mercury picked up to form the 

working electrode, the surface area of the working electrode 

could be computed. By this procedure fresh 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 Earned 

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 whole 

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 = 4ir (3/4 tt (nmt/Td + V' ) )2/3 



www.manaraa.com

41 

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 equal to the volume of the 
support wire. 

Thermostating 

The cell was encased in a jacket 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 
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Figure 4. A complete circuit diagram for the automatic 
impedance recording apparatus 
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voltage sweep was produced by a Hewlett-Packard 202A low fre­

quency function generator. The standard resistance Rs 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 0 

to lip 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. Ed 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 Model 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 M 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 710A was used to furnish 

the necessary d.c. potential bias for the amplifier portion 

of the circuit. Two eight microfarad capacitors were in­

cluded in the first two stages 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 conductivity 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 assembled 

immersing the gauze electrode in the conductivity water. 

Plugs were then inserted into the standard taper joints and 

hydrogen was flushed through the cell. The conductivity 

water was drained through a teflon stopcock in the bottom of 
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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 

mercury ribbon. About five milliliters of purified mercury 

were also placed in the reservoir of the dropping mercury 

capillary and connection with a leveling bulb was made. 

After starting the capillary dropping within the cell by 

raising the leveling bulb, about 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 connections from the two electrodes were made 

to a d.c. power supply. Preelectrolysis of the solution was 

conducted at 5x10"2 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 Sx was closed, S2 opened, and S3 set at "standard 

capacitor". A new cycle on the motor driven potentiometer 

was started 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 Sj. off, the microvoltmeter was zeroed on 

the 300 millivolt scale. With Sx 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 S2 was closed 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 S2 was opened. The potential 

read on the microvoltmeter 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 the 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 flow time, 

weight 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 spoon and several 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, 



www.manaraa.com

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

Date : 

Time : 

Experimental System: 

Run No.: 

Temperature : 

Density of Hg: 

Bottle No: 

wt. A: 

wt. B 

VJt. T: 

Total Time : 

Dropping Time: 

1 

2 

3 

4_ 

5 

6_ 

7_ 

8_ 

9 

10 

k = 89.400 

frequency: 

m: 

No. of drops taken (n) 

t ave 

n m t ave = 

Bo = 

H liCi = 
i=l 

0 = 

Comments : 
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S2 was closed, S3 switched 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, S3 was switched 

to "StndCap", and S2 opened. The motor was then started and 

the whole cycle completed and returned to the terminating 

potential. S2 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 into the 

unknown impedance arm of the bridge circuit which is 

schematically represented in Figure 7. This bridge circuit 

was designed to measure the impedance of the cell in terms 

of a series combination of a standard resistance, Rb, and 

standard capacitance, C%. R̂ , R2 and R2 were Leeds and North-

rup AC-DC Decade Resistance Boxes variable from 0 to 11,000 

ohms in five decades. Ĉ  was a Freed Transformer Co. Model 

1350 decade capacitance box variable in decades from 0 to 11 

microfarads. The input signal to the bridge was a sinusoidal 

a.c. potential generated by a Hewlett-Packard Model 200 CD 

Wide Range Oscillator and was applied across the bridge cir­

cuit through a General Radio Co. 578-A shielded bridge 

transformer. The amplitude of the input signal was adjusted 

at the oscillator to produce a four millivolt a.c. signal 

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 

units1 which was connected 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. 



www.manaraa.com

Figure J. 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 was inserted in the d.c. circuit to remove any a.c. 

signal which might have entered the potentiometer portion of 

the circuit. A d.c. microammeter was inserted in the d.c. 

circuit to measure the residual current flowing through the 

cell. Impedance measurements were ceased when this current 

exceeded ten microamperes. Extensive precautions were taken 

to shield the bridge from stray capacitances and induced 

currents. Shielded cable was used throughout in construction 

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

justed 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 multiplying 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 calculation 

was obtained by averaging the two specific impedances 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 obtained 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

cuit 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 apparent 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 

line on the recorder. According to the theory of the instru­

ment response, 

1 = K'C . 

Now K' is determined by measuring the slope of the calibration 

line which is obtained by measuring the deflection 1̂  for a 

set of standard capacitors, Ĉ . The best least-squares 
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representation for the slope of the line passing through the 

origin is given by 

K
! = J£l±CL/Z Cf . 

But by standardizing the calibration procedure, 23 C| can be 

made a constant, K. Therefore, if is the deflection from 

the base line to the experimental curve, the apparent 

capacity of the electrode interface is given by 

K 
cm = I i p m̂ = & Lm 

i i i 

To convert this apparent capacity to the apparent specific 

capacity the latter expression was divided by the surface 

area of the mercury drop. 

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 
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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-0.001 N hydrochloric acid solutions in 

order to investigate the effect of varying temperature and 

frequency upon the properties of 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 relative 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 Kortum and Bockris (54) was used to 

calculate the correction factor for converting 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 M f/cm2. Potential in minus 
volts relative to Ag-AgCl in 0.001 N chloride solu­
tion at 25° C 

Temperature 0° C. 

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 

45.8 
31.3 27.6 24.6 

0.194 42.4 
27.6 

0.236 30.2 26.9 23.8 
0.246 41.4 
0.311 29.9 26.8 23.7 
0.324 41.0 
0.361 30.3 27.5 24.2 
0.376 42.0 

27.5 

0.436 32.0 28.8 25.5 
0.454 43.4 

25.5 

0.486 32.6 29.4 26.1 
0.506 44.0 

32.6 29.4 

0.561 32.7 28.8 25.9 
0.584 42.4 

25.9 

0.611 31.0 27.4 24.6 
0.636 40.8 

27.4 

0.686 28.1 24.2 22.1 
0.714 38.0 
0.736 26.2 22.3 20.4 
0.766 36.8 

22.3 

0.811 24.1 20.6 18.3 
0.814 36.0 

18.3 

0.861 23.3 19.8 17.5 
0.896 35-3 
0.936 22.5 I9..O 16.7 
0.974 34.8 

I9..O 

0.986 22.0 18.6 16.3 
1.026 34.4 
1.061 

34.4 
21.6 18.3 15.8 

1.104 34.1 
18.3 15.8 

1.111 21.5 18.0 15.7 
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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 jjf/cm2. 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 50.4 40.6 

.078 51.1 46.1 41.0 34.9 

.130 44.6 39.9 35.5 31.0 

.208 40.2 34.8 30.9 27.3 

.260 38.7 33.3 29.5 26.0 

É ft! I: ill 1: 
.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 
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Table 3* Dependence of apparent differential capacity at the 
mercury-aqueous O.IN perchloric acid solution inter­
face on polarizing potential, temperature and fre­
quency. Capacity in pf/cm2. Potential in minus 
volts relative to Ag-AgCl in 0.001N chloride solu­
tion at 25° C. 

Temperature 50° C. 

Frequency 
Polarization 230 500 750 1000 

.044 51.0 50.0 

.093 57.5 48.5 

.096 46.0 42.0 

.143 50.3 41.7 

.148 39.3 36.6 

.218 44.5 35.7 
39.3 

.226 31.6 31.4 

.268 42.5 33.6 
31.4 

.278 
41.1 

31.0 29.4 
.343 41.1 32.1 
.356 

40.8 
29.5 28.1 

.393 40.8 31.7 

.408 29.1 27.7 

.468 40.2 31.1 
29.1 27.7 

.486 
31.1 

28.5 27.1 
.518 39.3 30.5 
.538 27.5 26.4 
.593 37.4 28.4 
.616 25.4 24.3 
.643 35.9 26.7 

25.4 24.3 

.668 23.9 22.7 

.718 34.4 24.6 
23.9 

.746 21.9 20.5 
.768 33.7 23.5 
.798 20.9 19.5 
.843 33.0 22.3 

19.5 

.876 
22.3 

20.0 18.6 
.893 32.7 21.8 
.928 19.5 18.1 
.968 32.3 21.3 

19.5 

1.006 19.0 17.6 
1.018 32.2 21.1 
1.058 18.9 17.3 
1.093 32.15 20.8 

17.3 

1.163 
32.15 

18.7 17.0 
1.143 32.15 20.6 

17.0 

1.188 18.6 17.0 
1.218 32.2 20.6 

17.0 
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Table 3 (continued) 

Frequency 
Polarization 230 500 750 1000 

1.266 18.5 17.0 
1.268 32.3 20.6 
1.318 18.6 17.0 

Table 4. Dependence of apparent differential capacity at the 
mercury-aqueous O.IN perchloric acid solution inter­
face on polarizing potential, temperature and fre­
quency. Capacity in pf/cm2. 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 44 • 5 40 .6 

.163 45.6 44 .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 
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Figure 9• Apparent specific capacity of the 
electrical double layer on mercury in 
O.IN 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 
O.IN perchloric acid versus polarizing 
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 
O.IN 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 
O.IN 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.IN per­
chloric acid versus polarizing potential 
for several operating temperatures at a 
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.IN perchloric acid-0.001N 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.IN perchloric acid-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 O.IN HCIO4. Capacity in fj f/cm2. Potential in 
minus volts relative to Ag-AgCl in O.OOIN 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 

.028 87.4 

:8if 5ia 53A 57-7 59'8 84.o 
.130 44.6 48.1 53.4 59.7 
140 54.7 
.208 40.2 44.7 51.5 64.1 
.224 32.8 
.260 38.7 45.1 54.7 50.8 
-280  ̂  ̂ , r, 28.0 
.338 38.0 50.6 40.1 31.8 
364 25 9 
]390 38.4 46.3 32.7 28.7 
.420  ̂o 25.2 
.468 38.8 31.9 29.3 27.2 
.504  ̂ 24.6 
.5|0 38.7  29.o 28.5 26.8 

r598 36.2 27.8 27.9 26.6 2 '5 
.644 24.2 
.650 34.5 27.6 27.8 26.6 
.700 24.5 
.728 33.2 27.7 27.8 26.5 
.780 32.2 27.9 27.8 26.6 
.784 24.5 
.840  ̂ 24.5 
.858 30.9 29.0 28.0 26.8 
.924 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 
1.204 „  ̂ 26.6 
1.248 29.9 33-6 38.0 44.6 
1.260 , , 28.7 
I.300 30.1 32.9 37-4 45.0 
1.344 34.8 
1.400 37-1 
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Table 6. Dependence of apparent differential capacity at the 
mercury-solution interface at 25° C. on polarizing 
potential, frequency and concentration of pentanol-1 
in O.IN HC104. Capacity in y f/cm2. Potential in 
minus volts relative to Ag-AgCl in O.OOIN 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 

.02 8 
57.3 

67.2 
.078 46.1 45.2 47.9 49.8 

67.2 

.084 76.1 

.130 39.9 40.0 43.1 49.8 

.140 56.8 

.208 34.8 36.1 45.5 61.0 
56.8 

.224 
45.5 

25.1 
.260 33.3 37.1 50.7 40.0 
.280 17.8 
.338 32.8 41.4 28.6 21.1 

17.8 

.364 13.3 

.390 33.2 34.5 19.9 16.6 

.420 12.4 

.468 33-7 20.6 15.4 13.9 

.504 11.8 

.520 33.4 16.9 14.3 13.1 

.560 
13.1 

11.5 
.598 31.6 15.0 13.7 12.7 
.644 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 
.924 12.7 
.980 13.2 
.988 22.7 24.3 18.9 14.7 

13.2 

1.040 22.3 25.9 22.0 15.8 
1.064 

15.8 
14.9 

1.118 22.0 25.4 28.5 19.7 
14.9 

1.120 17.1 
1.170 22.0 24.7 30.9 24.4 
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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-1 
in O.IN HCIO4. Capacity in \J f/cm2. Potential in 
minus volts relative to Ag-AgCl in O.OOIN chloride 
solution 

Frequency 750 cycles/sec. 

Polarization 
Reduced c oncentration 

Polarization 0.0 0.075 0.15 0.30 0.60 

.026 50.4 48.6 49.3 56.9 

.028 
56.9 

59.9 
.078 41.0 40.4 41.8 51.3 

59.9 

.084 
51.3 

64.5 
.130 35.5 36.0 38.5 51.3 
.140 53.6 
.208 30.9 32.6 40.4 57.8 

53.6 

.224 
57.8 

24.4 
.260 29.5 33.3 44.6 39.3 
.280 

39.3 
16.3 

.338 28.9 36.5 26.1 19.8 
16.3 

.364 11.4 

.390 29.4 30.3 17.3 14.9 

.420 10.1 

.468 29.8 17.5 12.4 11.7 

.504 
29.6 

11.7 
9.2 

.520 29.6 13.1 11.1 11.0 

.560 9.0 

.598 27.8 11.8 10.4 10.6 

.644 8.7 

.650 25.8 11.4 10.3 10.6 

.700 8.9 

.728 23.0 11.7 10.4 10.6 
8.9 

.780 21.8 12.4 10.6 10.9 

.784 9.0 

.840 9.4 

.858 20.5 14.5 11.8 11.7 

.910 19.8 16.7 12.7 12.4 

.924 10.1 

.980 10.9 

.988 19.1 20.8 15.9 14.1 
10.9 

1.040 18.7 22.4 19.5 l6.6 
1.064 

19.5 
12.4 

1.118 18.6 22.1 26.0 23.1 
1.120 

23.1 
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-1 
in O.IN HC104. Capacity in fU f/cm2. Potential in 
minus volts relative to Ag-AgCl in O.OOIN chloridé 
solution 

Frequency 1000 cycles/sec. 

Reduced concentration 
Polarization 0 .0 0 .075 0 .15 0 .30 0 .60 

.026 40 .6 44 .4 42 .8 44 .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 18 .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 
.988 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 
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Figure 14. Apparent specific capacity of the 
electrical double layer for pentanol-1 
on mercury in O.IN 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-1 
on mercury in O.IN perchloric acid solu­
tion versus polarizing potential at 25° C. 
for a frequency of 500 cycles 
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Figure 16. Apparent specific capacity of the 
electrical double layer for pentanol-1 
on mercury in O.IN 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-1 
on mercury in O.IN 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 fSi 

temperature. The impedance of the cell was measured nai terras 

of an equivalent impedance consisting of a series comblnflUfrafcion 

of a resistance and capacitance. The solution resistances was 

obtained by extrapolating to infinite frequency a plot on of the 

observed series specific resistance, Rm, at fixed polar irrigation 

versus the reciprocal of the angular frequency at every (0 

temperature investigated. The equivalent series impedaraBice of 

the electrical double layer was obtained by subtracting g the 

solution resistance from the total impedance measured. The 

series impedances were then converted into the equivalenisrit 

parallel impedances by the transformation equations 

to conform to the analog circuit of Figure 1A. Since RsiQs and 

Cs were reported as specific quantities, Rp and Cp were s also 

specific quantities. All calculations were conducted onPri an 

IBM 650 digital computer. The values for the solution rfi re­

sistances found at the temperatures investigated for 0.11-1 N 

perchloric acid-0.00IN potassium chloride solutions are s 

presented in Table 9 and the equivalent parallel specififl™ic 

capacity and specific resistance corresponding to -the eqifsjuiva-

lent circuit of Figure 1A are presented in Tables 10 to ;o 15-

Rp = [(1 + 02 )/02] Rs 

9 = CjRsCs 
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Table 9• The solution resistance of a O.IN perchloric acid 
solution as a function of the temperature 

Temperature °C. R ohms - cm2 

0 36.4 

25 22.9 

50 16.5 

75 13.4 

All polarizing potentials are relative to the silver-silver 

chloride-O.OOIN chloride reference electrode at the tempera­

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 series 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 was ob-

tained by subtracting the solution resistance, ET, 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 0° C. Capacity in }j f/cm2. 
Polarizing potential in minus volts relative 
to the Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
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 
.45 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 31 .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 24, • 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 l6. .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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 0° C. Resistance in ohm-cm2. 
Polarizing potential in minus volts relative to 
a Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
potential 250 500 750 1000 9200 

.05 272 137 60.5 57.8 7.0 

.10 499 263 115 103 8.9 

.15 644 379 165 133 11.6 

.20 899 559 241 185 14.0 

.25 1126 750 320 254 18.5 

.30 1200 80 4 341 288 18.1 

.35 1202 821 347 287 17.0 

.40 1253 789 332 275 15.3 

.45 1236 721 303 256 13.4 

.50 1175 644 270 223 11.7 

.55 1130 609 255 201 9.3 

.60 1122 592 247 202 9.0 

.65 1167 64o 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 476 460 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 25° C. Capacity in jjf/cm2. 
Polarizing potential in minus volts relative to 
the Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
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 24.4 24.5 24 .4 24 .2 
• 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 
.40 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 .5 
.70 20 .4 23 .1 23.8 21.6 23 • 7 23 .5 
.75 18, .7 21 .4 21.8 20.3 21 .3 21 .5 
.80 18. .0 19 • 9 20.2 19.0 19 .7 20 .0 
.85 17. • 3 18 .7 19.0 18.0 18 .6 18 .8 
.90 16, .7 17 .8 18.1 17.4 17 .8 18 .0 
.95 16, .3 17 .1 17.4 16.9 17 .4 16 .9 
1.00 15. .8 16, .7 16.8 16.5 16, .6 16 .5 
1.05 15. .5 16, .3 16.4 16.1 16, .1 16, .1 
1.10 15. .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-O.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 25° C. Resistance in ohm-cm2. 
Polarizing potential in minus volts relative to 
a Ag-AgCl electrode at the same operating 
temperature 

Polarizing Frequency Polarizing 
potential 230 500 750 1000 5000 9200 

.05 260 96.9 80.0 56.4 11.7 2.6 

.10 477 238 152 114 20.4 3.4 

.15 650 369 215 190 30.1 4.1 

.20 878 567 306 290 45.3 4.8 

.25 1131 775 447 412 74.6 5.3 

.30 1242 926 564 497 74.3 5-6 

.35 1313 933 623 531 87.6 5.2 

.40 1316 1026 714 559 81.1 4.9 

.45 1356 1102 728 606 74.7 4.6 

.50 1374 1067 814 556 70.5 4.2 

.55 1376 1101 851 465 69.i 3.9 

.60 1403 1159 950 457 : 71.5 4.5 
• 65 1626 1213 993 550 105.3 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 
1.10 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 50° C. Capacity in ijf/cm2. 
Polarizing potential in minus volts relative to 
the Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
potential 250 500 750 1000 5000 9200 

.05 39.3 40 .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 

.45 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.i 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 15.1 17-,2 16.0 16.0 16.1 15. .7 
1.00 15.1 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 lb. • 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 50° C. Resistance in ohm-cm2. 
Polarizing potential in minus volts relative to 
a Ag-AgCl electrode at the same.operating 
temperature 

Polarizing Frequency Polarizing 
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 

.20 684 707 331 234 15.3 4.3 

.25 1027 1185 457 277 17.2 4.6 
• 30 1219 1461 540 328 21.4 4.8 
.35 1274 1920 663 446 21.0 4.5 
AO 1300 2100 645 452 20.3 4.6 
.45 1403 2704 710 485 20.5 4.4 
.50 1465 3533 773 506 20.4 4.4 
.55 1478 4092 882 553 21.0 4.7 
.60 1604 5143 1015 602 20.8 4.9 
.65 1707 3773 1050 654 23.6 5.6 
.70 1979 2282 ii87 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 42.5 10.1 
.95 2238 5224 1545 1061 43.7 10.7 
1.00 2144 3978 1381 901 45.0 11.2 
1.05 1886 3126 1217 762 48.0 11.6 
1.10 1655 2327 1011 662 49.5 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 75° C. Capacity in jj f/cm2. 
Polarizing potential in minus volts relative to 
the Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
potential 250 500 750 1000 9200 

.05 43.0 42.7 39 • 9 4o .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 

.45 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 .2 17.4 

.80 15.4 14.9 16, .1 15 .3 16.6 

.85 14.9 14.3 15. • 5 14 .7 16.0 

.90 14.5 14.6 15. .2 14 .4 15.5 
• 95 14.3 I3.9 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.IN 
perchloric acid solution interphase versus 
polarizing potential for several frequencies at 
a temperature of 75° C. Resistance in ohm-cm2. 
Polarizing potential in minus volts relative to 
a Ag-AgCl electrode at the same operating 
temperature 

Polarizing 
potential 

Frequency Polarizing 
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 
.40 1360 1528 603 1044 11.9 
.45 1458 1664 614 1348 ll.l 
• 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 
.75 2373 2248 1359 1931 19.5 
.80 2661 4036 1575 3295 23.4 
.85 2599 4377 1561 3542 25.2 
.90 2444 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.O 
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 precision estimate, K, for Rp is found to be 

K = 100 x ARp/Rp = [2ACp/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 82 

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 eight per cent. 
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DISCUSSION 

Interpretation of Results Obtained in the Absence of 

Adsorbable Materials 

A most striking and unexpected result is illustrated in 

Figure 10 in which the apparent capacity versus polarization 

curves for the primitive solutions at 25° C. are plotted over 

a fourfold frequency range. The observed decrease in appar­

ent capacity with increasing frequency appears to present 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 on the 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 the 

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 
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Figure 18. Differential double layer capacity on 
mercury in O.IN 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 

"bound" 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 T which is an index of the 

ease with which the dipole of the molecule is able 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 capacity 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 Frohlich (55) is given by: 

where oL (u) is the decay function describing the gradual de­

crease of D upon the removal of an applied external field, 

£co Is the optical dielectric constant, and E is the field. 

By applying Maxwell's equation for the dielectric displacement 

current, 

(8)  
o 

i = ""T£jjr~ dD/dt ( 9 )  
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one obtains the basic equation for the behavior of the dis­

placement current in the presence of a time dependent field: 

1 = ™âr[€UdE(t)/dt + / -|JM_ o((t - u)duj(10) 

o 

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 

oi (t) = exp(- t/r ) (11) 

where A£ = £ Q - ̂  and 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 displace­

ment current in the presence of a periodic triangular field 

given by 

E ( t ) = E° CO . t o < t < tt/oj 
IT 

(12) 
= E° a>/ir{2ir/u» - t) ir/u, Ztr/to 

E(t ) = E(2tt/u) + t) 

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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n r 2m 

iSB = -irfeeedE(t)/dt + A£ "E l i -£2(-i)n L n=l 

• 2 • em/"r - V-rj] . • 2 • e (13) 

Since this is the current flowing through the capacitor, it is 

also the current flowing through the standard resistance in 

series with the capacitor in the measuring circuit of Figure 

2. The response of the instrument to this current is obtained 

by taking a time average of all instantaneous responses over a 

half period of the triangular field: 

= GA
7̂ra Rs [ (  G o ©  +  A €  )  -  2A

7r
€ toT tanh(ir/2wr)] (14) 

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 on the direction of 

polarization. The absolute value of the response remains the 

same,however. 

Considering the lim R = K( 6*0 + AC ) = R0 and 11m R = 
urr->o uir+oo 

K( £©o + AC. - A£ ) = RffQ where K = GE tvRg/4ir2, the relation­

ship between the instrument response and frequency in the case 

of a homogeneous dielectric material is obtained which may 

be written in the following form: 

R--^- / 

(2n+l )tt/(u 

iss • Rs dt 

J2mr/L} 
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(R0 - R)/(R0 - Roo) = 1/x tanh x (15) 

where 

x = ir/2 LOT 

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 IE, it is noted that 

Equation 14- can be written in a form which includes as a fre­

quency dependent dielectric coefficient the functions 

£,((*> ) = 6 oo + A6 —' tanh (ir/2£VT) . (16) 

Assuming the field decreases linearly across the compact 

portion of the electrical double layer, this equation becomes 

where 1 is 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 constant6(to ) is 

given by 

One can now write 

R = GAE°CO Rg £ (to)/4tt2 (17) 

H = GAV° CO Rs £ (CO )/4tt21 (18) 

ecu» & 
(19) ™ 4 T r l  
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Substitution of the last equation into Equation 17 results in 

the following expression for the response 

R = RsC- = a C (20) 
ir 

which is precisely Equation 9 for the response of the instru­

ment based upon the equivalent circuit of Figure IE. The 

significance of the apparent capacity measured by the instru­

ment is now clear for: 

Capp = G (w ) Cdl (21) 

where is the capacity of the electrical double layer 

which would be measured in vacuo. 

It is now assumed that the total capacity of the compact 

region of the electrical double layer consists of a parallel 

combination of capacitances associated 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 dielec­

tric constant, i.e., A 63. + A€ 2 = AG , then the response 

function becomes 
- _ _ A € ! 2 corx t 
Ro - R/Rq - R<*> = ——~r~z • tanh 

A € X+A€ 2 ir 2<vT1 

2<"rg tanh —2— 
A € X+A€ 2 ir 2 u>Tz 
A6 2 - 2"rs tanh —Z (22) 



www.manaraa.com

110 

or 

l/4f (R0 - R/R0 - Roo) = ̂ T̂ anh ̂  

+ $ 2T2tanh l/4fT 2 (23) 

where f 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 = l/4fT 

Then, Equation 23 can be written in the following manner: 

R0 - R/R0 - Roo = <$>iF(xx) + <3>2F(x2) , . (25) 

For large values of the argument of F(x), i.e., small values 

of f, F(x) is approximately equal to 1/x. Using this fact 

and recalling that 4>x + <|) 2 = 1, the previous equation be­

comes : 
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R0 - R/R0 - Roo = Vxi + $ 2 [ ( % i  -  X a V x ^ ]  .  ( 2 6 )  

Solving for R, the observed response, and introducing the 

definition of xx and x2 results in the linear relationship: 

R/4f = R0/4f - rx [l - 5>2(1 - Tg/rj] (R0 - Km). (27) 

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

f is a straight line of slope R0 and intercept b where : 

b  =  - T i [ l  -  # 2 ( 1  - T 2 / r j ]  ( R o  -  R o e )  .  ( 2 8 )  

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 - x2/3 . (29) 

Substituting the expansion of F(x) into Equation 25 and 

solving for R, one obtains : 

R = Roo + a( R 0  -  R o o)/48f2 . (30) 

By plotting the response versus 1/f2 and extrapolating to 

infinite frequency, R@o Is easily found. 

From the values of the intercept b, R0 and Roo, &2 can 

be Inferred if Tx and T 2 are known. Thus, 

*2 =[(Mt0  -  S e o j r ^  +  d]  rytr* -  r 2 )  .  (31) 
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By arbitrarily selecting values of T x and T 2 which at 

any given frequency establishes F(xi) and F(x2) through Equa­

tion 24 and 4? 2 through Equation 31 the response function of 

Equation 23 can be computed. However, only one particular 

pair of values for f x and 7 2 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 represent 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 1 and T2 would remain constant with polarization be­

cause the field across the double layer varies and hence, the 

degree of électrostriction of the molecules changes. 

Similarly, varying the temperature will also change the re­

laxation time by changing the thermal energy of the molecules. 

Consequently, it 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 rjxio3 r2xio4 <£a 

T = 0
 0 0
 

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 .804 

T = « 0 O
 

0.80 0.71 0.9 

0
 

vo 1—
i 

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 apparent capacity on temperature at constant frequency 

is illustrated. The significant observation to be made is 

the gradual disappearance of the "hump" in the capacity curves 

in the region of the electrocapillary maximum. This 

phenomenon was first investigated by Grahame (57, 58) who 

conducted a series of experiments on the effect of tempera­

ture and concentration on the capacity of the electrical 

double layer between mercury and aqueous sodium fluoride 

solutions. The occurrence of the "hump" was attributed to 

the formation of a pseudo-crystalline semi-rigid layer of 

solvent molecules at the mercury interface through which 



www.manaraa.com

114 

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 O.IN 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 O.IN perchloric 

acid solutions. 

In a recent paper by Bockris and Conway (59) dealing with 

the determination of the Faradaie impedance at copper and 

mercury electrodes in aqueous potassium iodide solutions, 

the observed variation of the impedance of the electrical 

double layer at these interfaces was interpreted on the basis 

of dielectric loss. The observed frequency dispersion was 

quantitatively interpreted by assuming a relaxation time 
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for the solvent molecules of 10~8 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 layer as was done in this investigation. 

Values found by Hansen and Hickson (7) for the respective 

relaxation times of the two species of water molecules com­

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 vector were 3-58 x 

10~4 sec. and 9.8 x 10-3 sec. which are in excellent agree­

ment with the values reported in Table 14 of this investiga­

tion . 

An attempt was made to represent the impedance data for 

the mercury-0.IN 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 iodide 

solution interphases by Bockris and Conway. Since the double 

layer capacitance 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 O.IN 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 were reported. In 

addition, it was found that in order to obtain a sufficiently 

accurate representation of the data, additional experimental 

information at frequencies at least an order of magnitude 

both higher and lower than the range Investigated (250-

10,000 cycles) was needed. Consequently, it was not 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 iodide 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 region 
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of the electrical double layer each exhibiting a characteris­

tic relaxation time is consistent with the interpretation of 

the temperature dependence of the "hump" phenomenon 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 with 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 Region 

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-1 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 absorbable 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 species to those already pre­

sent in the compact layer at the mercury-solution interface. 

Since this molecule is polar in the case of pentanol-1, the 

dipole of the adsorbate will also tend to rotate in the 

presence of an alternating field and will also be associated 

with a characteristic relaxation time within the electrical 

double layer under the equilibrium conditions existing at the 

interface. This is the situation prevailing 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: 

"° " " - raf - J i ' K r . )  +  r 2 )  
~ ̂ oo 

+  <$>3'F( r 3 )  (32) 

f where r& represents the response function at frequency f and 

adsorbate activity a and T 3 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) molecular species 

within the double layer are not effected by the addition of a 

third species . That is, it is assumed that % ' = a 

and $2/<£21 = a where 2
1 and 3 

1 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 

raf = $,'/a P( T X )  + <|>2/a P( r 2 )  

+  4> 3
, F (T3) . ( 3 3 )  

Recalling that ' + $2' + $3* ~ 1; the latter expression 

reduces to 1 - $>31 = l/a and, 

raf - r/ = *3'(P( r 3 )  -  r/) . (34) 

At constant adsorbate activity, 

4>3« = (raf - rQf )/(F(r3) - r0f) = constant. (35) 

Since the actual response is known in both the presence and 

absence of adsorbate, a choice of Ts establishes F( V3 ) 

through Equation 24- and if T 3 is correctly chosen to be the 

true relaxation time, #3® will remain constant if different 
f* f> 

values of ra and rQ 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( T3) - r0f) + r0f = ax + b . (36) 

Therefore, a plot of ra versus $ 31 will be a straight line. 

The relaxation time of pentanol-1 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 t 3 are presented 

in Table 15. In carrying out these computations R* was 

evaluated by the method previously described. R0 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 = #i'Ai + <3>2'A2 + &3 'As • (37) 

Introducing the definition of Xj_ (Equation 24) and simplify­

ing, the following linear relationship results from which R0 

can be easily established 

R = R0 - bf (38) 

where b is a constant and f is the linear frequency. 

The value of 3 is 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-1 
fa = 6.78 x lO-4 sec. Quantity actually tabu­
lated, l/<£3 1 

Frequency 

Activity 230 500 750 1000 Ave. 3> 3 1 

0.075 1.420 1.013 .968 .984 1.096 . 9 6  

0.600 1.202 .984 .998 .985 1.042 .91 

recorded in Table 14. This might have been anticipated since 

it is the hydroxy1 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 higher degree of rotational freedom for the dipole. 

The value for ' is consistent with the known surface 

coverages calculated by Minturn (17). 

There exists a considerable amount of uncertainty in the 

value for which is a reflection of the uncertainty in­

volved in the evaluation of R0 and R©©. 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 Roo. However, under the 

circumstances, a fair degree of success was obtained in 

representing the data which were available on the adsorption 

of pentanol-1 by this extension of the relaxation theory 
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of the compact region 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 dielectric 

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 material 

such as pentanol-1 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 

point the system may find it energetically advantageous to 

displace the electrically 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 exhibit pro­

nounced frequency dispersion which fact has been utilized to 

characterize the mechanism of the adsorption-desorption 

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 the 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 is a function only of the polarizing potential, 

V, and the surface excess, p, Maxwell's equation for the 

displacement current may now be written in the following 

manner: 

it = A/4v dD/dt = A/4tt [ ( d D/d V )p dV/dt 

+ (5>D/dP )v dP/dt] = + i» . ( 3 9 )  

In this equation in is the current which is normally passed 

by the alternate charging and discharging of the electrical 

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/4ir(dD/ar )y (dr/dv )c 
dV/dt 

= A/4*- C* =o dV/dt (40) 

where C represents a supplementary capacity associated 
û» =0 

with the adsorption process occurring at the interface. How­

ever, if 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 Pick's diffusion equation 

subject to the boundary conditions 

a. è H/à t = kdC(0,t)/dt 

b. C(oo ,t) = C(x,0) = CQ 

where k is 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 

dC(x,t)/dt = kd2C(x,t)/dx2 (41) 
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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) = A2 exp(- fs/k-x) + CQ/s . (42) 

The constant of integration, A2, can be evaluated from the 

boundary condition Equation 4la. Remembering that the sur­

face excess depends only upon the potential ar<< bulk concen­

tration of the adsorbate at the electrode interface, P can 

be expanded to give 

ar/à t = (ar/3 v)c av/at 

+ (ar/a c)v dC^»t) - k _ (43) 

Let <X0 = ( dPV)c/(̂ r/3C)v and introducing the Laplacian 

of the triangular a.c. potential given by 

V = V0 ù)/ir H(ir/(a ,t) (44) 

so that 

dV/dt = VQ 0)/tt M(tt/m ,t) 

where M(w/ij ,t) is the well known meander function (61) re­

sults in 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) = -o<0V0 co/ir M(ir/cu ,t) exp(ax/Vlc) 

exp(a2t ) erf c (gaffe - x/2 -/kt ) + 0o (45) 

where 

a =-/k/(ar/d C)v . 

Evaluating this expression at x = 0 and differentiating with 

respect to time, one obtains 

dC(0,t )/dt = - <*0V0ù>/ir exp(a2t )erfc (a -ft ) . (46) 

Now at constant potential 

Sr/S t =  O r / 9  C ) v  dC(0,t)/d t (4?) 

and 

(dD/jr)v - ctu,0/or/5v)c . (is) 

which when substituted into Equation 40 for the supplementary 

current results in 

i1 = - ACw _0 VQco/ir exp(a2t)erfc(a-ft) • (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. 

R1 = W/ir/O i'Rgdt . (50) 
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Introducing the supplementary current into this equation re­

sults in 

y •"X 

R' = - ARgCw_0 VQ ù)2/tt2Jo exp(a2t) erfc(aft)dt. (51) 

Let x = "\[a2t, then dt = 2xdx/a2 and Equation 51 for the 

supplementary response, R', becomes 

R' = - 4-ARgĜ  _0 V0f/x2 / t exp(t2)erfc(t )dt (52) 

o 

where 

x = y a2̂  = ̂  a2/2f 

The latter expression may be written in the form 

R'/f = - ARgC„=o Vo 4Fi(x)/x= (53) 

where 

fX 
F1(x) = J t exp(t2)erfc(t)dt 

ô 

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 R'/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 diagnostic. For convenience 

the following quantity is introduced: 
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Ff = R'/f = - ARgC*=o v° 4Fi(x)/x= ($4) 

where 

x = "jf a2/2f 

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 0 is defined which represents the velocity of the 
actual adsorption reaction, then 

0 = 0(a. , r ,V) = 0 (55) 

at equilibrium. By expanding 0 in a Taylor' series in the 

variables V and P at constant composition and noting 0 = 

Sr/a t for small departures from equilibrium 

sr /ô t  = 0  = AROJZF/AR )V^A + AV(AP/AV)R#A . (56) 

Now 

r  = r0  + Ar  • (57) 

Therefore 

0 AR/D T = (dpf/ar)v>a [AT - OR/3V)^AAV] . (58) 

If AV = V0 (*>/ir H(7t/u> ,t) where H(ir/u ,t) is the nota­

tion for the triangular function of unit amplitude and period 
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2ir/(i) (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. 

ar = - (9Mr )v or/pv)^c v°«/v[H(7r/» ,t)* 

exp(d0/d t)vt] 

= - As V°w/3r[H(ir/&, ,t)*E(t)] . (59) 

From the latter solution there readily follows 

àr/dt = - A2 V°«/tr [n(ir/ot ,t)*E(t)J . (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. 

i* = ACw=0o(V0o>A d/d t [H(t)*E(t)J (61) 

where 

<x= Otf/ar )v . 

The supplementary response of the instrument can also 

be derived in the manner previously described. 
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rir/6 

A R s c « = 0 V ° "  eCtof 
R1 = 

7T 

/vw 

/ -̂ -[H(t)*E(tj] at 

=  2 f  A R s C u = 0 V ° [ l +  2ùi/ir<x tanh u€̂ 2 

= 2 f A Rs Cu=0 V° [ 1 + 1/x tanh x] (62) 

where x = ot/2f. This expression may be rearranged to give 

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

Equation 54. 

Ff = 4ARgC6,=oVo Fa(x)/2 , (63) 

where 

F2(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, 

F? = 4ARsC*=o ?2(x)/2 (65) 

where x = oc/2f. 

Equations 54 and 6 5  describe two possible ways in which 

Ff can vary with changing frequency. It is therefore possible 

to distinguish between diffusion and adsorption-rate con­

trolled mechanisms by comparing experimentally observed 

values of Ff with expected values of Ff computed on the basis 
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of these equations since in principle the parameters Cu=û, 

a,k, and cx can be evaluated experimentally. 

However, it is possible to construct a set of diagnostic 

curves based on Equations 54 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 

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

processes by 

x = ot/2f 

Taking the logarithms of these arguments, one obtains 

log x = 1/2 log a2/2 + 1/2 log 1/f 

in the former case and 

log x = log oi/2 + log 1/f 

in the latter case. If now a plot of 4F1(x)/x2 as a function 

of the log x and F2(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 ot and a on 
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this basis is merely a displacement of the curves parallel to 

the abscissa and may be neglected. Consequently, experi­

mental curves of rf 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 Fj.(x) = f t exp(t2) erfc(t)dt was evalu-
'o 

ated by graphical integration of a plot of x exp(x2) erfc x 

as a function of its argument using the tables in Crank (62) 

to obtain values for exp(x2) erfc x as a function of its 

argument. The quantity 4fx(X)/X2 was then plotted as a 

function of log x. Similarly, F2(x) = (1 + 1/x tanh x) was 

evaluated and the quantity F2(x)/2 was plotted 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 rf 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 mechanism is observed 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 
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less than 0.5 in the case of diffusion controlled mechanisms. 

Therefore, an observation of the quantity 

M = rf/r1000 = R'/f /R'1 0 0 0/IOOO f < 1000 cycles (66) 

should suffice to establish the rate controlling step of the 

overall adsorption process if it is found that M is 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 

(l) 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) apply the "M" test described 

above to determine the rate controlling mechanism. 

The supplementary 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 Langmuir type which can be 

expressed in the form 

9/(1 = Ba exp(s< 9) (67) 
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where 9 is the surface coverage, a the adsorbate activity, 

and B and oi are constants. A plot of log 9/1 -- Q - ot9 = 

log Ba versus 9 can be used to establish 9 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 = Rn + 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 

ï*n = Rw ~ 9(Rw ~ m̂ono. ) (69) 

where Rmono. is the normal response which is observed at mono­

layer coverages of the mercury interface. A plot of R as a 

function of 9 at the eiectrocapillary maximum can be extra­

polated to 9 = 1 to obtain Rmono#. 

Since 9 as a function of a is known and the response of 

the instrument in the absence of adsorbate is also known 

(Rw), Rn 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« = R - Rn . (70) 

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

function of the frequency since 

Ff = R'/f . (71) 

This quantity is used to compute M = Ff/F1000 which is utilized 

to infer the kinetics of the adsorption process by applying 

the test described in the previous section. 

The function f(9) = log 9/(1 - 9) - o<9 = log Ba is 

plotted as a function of the surface coverage 6 in Figure 20, 

This curve which is a modified adsorption isotherm for 

pentanol-1 was computed by using arbitrary values for the 

surface coverages and the necessary adsorption parameters 

for pentanol-1 tabulated by Hansen, Minturn and Hickson (15). 

The response of the instrument at monolayer coverage of the 

mercury interphase was obtained from a plot of the observed 

response at the potential of the electrocapillary maximum 

as a function of the surface coverage extrapolated to mono­

layer coverage, 0=1 (Figure 21). Values for 9 at the 

potential of the electrocapillary maximum were obtained by 

using the reported value (16) for Bo for pentanol-1 to 

compute f(9) for each activity which in turn establishes 9 

through Figure 20. The apparent surface coverages at the 
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peak 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-1. 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 

f 

0.075 

E = -O.29 

6 = 0.145 

Activity 

0.150 0.300 

E = -O.38v E = -0.44V 

e -  0.133 e  « 0.135 

0.075 

E = -0.43V 

e = 0.100 

230 

500 

750 

5.82 

2.09 

1.27 

5.93 

2.86 

1.64 

6.22 

3.28 

2.28 

4.27 

1.76 

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 information. However, it has 

been demonstrated that in principle adsorption kinetics 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 circuits 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 

it is possible to resolve the displacement current into 

components 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 application 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 expressions for the equivalent cir­

cuit elements depend only on the frequency or will they depend 

on the form of the applied periodic field? 

Let 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 

exponentially with time in the manner described by Equation 

11. The expression for the displacement current flowing 

through the capacitor polarized by a general periodic field, 

E(t) = E(t + 2w/o} ), can be written in the following form 

using Maxwell's relation Equation 9• 
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i = A/4tr j" €00 dE(t)/dt 

+ A c/r exp(- t/R ) 

' t 

11 
f 2ir/ci 

dE/dx exp(x/r )dx 

I exp(-J?—) - 1 

dE 
dx exp(x/h )dx t (72) 

where 

o < t < 2tt/<u 

Now the total current flowing through the circuit is 

i - ic + ip (73) 

or 

i = CdV(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 

i = A/4tt1 I dV(t)/dt 

AS + 

7 
T 

t 

00 

exp( - t/T ) fi 
2 Tr/b w 

dV/dx exp(x/r )dx 

exp ( 2r/or ) - 1 

dV 
dt 

exp(x/r )dx (75) 



www.manaraa.com

146 

where 

o < t < 2tt/co 

and 

i(t + 2nîr/<o ) = l(t) 

n = an integer. 

If now the applied potential can be represented by a 

generalized Fourier exponential series of the form 

oo 

V = 2. Bn exp(jnwt) j = "V - 1 
n=-oo 

Using this relationship to evaluate the integrals in Equation 

75 one finds : 

r 2%/6, 
I dV/dx exp(x/r )dx 

then 

(76) 
n=-oo 

and since exp(2?rjn) = 1 
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f 2ir/u 
I dV/dx exp(x/r )dx 
' o 

= £"oo B" -"̂ 1- N12"-/"" -"'] (77) 

Similarly 

f t I dV/dx exp(x/r )dx 
0 

oo 

= ZI B ° UJT fexp(l/r + jnw ) t  - il . (78)  
n=-oo 1 + nj t*)V *• *• 

Equation 75 for the displacement current now becomes 

i = A/4%-1 I Éqo dV/dt 

+ Ae/r ZI % njtoT+ n2ta2 t 2 exp(Jn<Jt)], (79) 
' n=-©o 1 + n2u>2T2 J 

In the special case for a pure harmonic applied potential 

V, Bx = B and Bn = 0 for n unequal to one. Noting also that 

Bj <u exp(j g»t) = dV(t)/dt, one obtains the following ex­

pression for the displacement current 

i = A/4tt1 { (Sqo + )dv/dt 

+ (A6/r u»21a/l +W2r2) V | . (80) 

Identifying the coefficients of V and dV/dt in the last equa­

tion with the coefficients of the same terms in Equation 74 
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for the total current, one finds 

C = A/M (€*, + A€/L + <u2r2) ) (81) 

and 

p = 4tt1/AA€ ( 1 + 1/ to2 T 2 ) • (82 ) 

The latter equations are similar to those found by Debye 

(56). 

Now the significant observation is made that it is 

generally impossible to make such an identification of the 

coefficients of V and dV/dt in Equations ?4 and 79. The cur­

rent is not proportional to the potential except for a phase 

shift but differs in form. Consequently, the conclusion is 

reached that unless the applied field is a pure harmonic in 

form, an equivalent circuit does not exist which will repre­

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 

voltammetric measuring technique (44), The tendency to use 

the equivalent circuit concept to.represent the electrical 

properties of the electrical double layer is very prevalent. 

However, one must conclude from the foregoing arguments that 

the equivalent circuit concept is rigidly applicable only if 

the form of the applied periodic field is 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 di­

electric theory. This point has not been 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 and 

concentration of an adsorbable organic compound (pentanol-1) 

was conducted and the possibilities for inferring adsorption 

parameters from such measurements were considered. 

In order to facilitate the investigation of adsorption 

phenomena by means if differential double layer capacitance 

measurements, an automatic impedance recording instrument 

was designed and constructed and the theory of the instrument 

response was developed. An unexpected frequency dispersion 

of the apparent capacity of the electrical double layer was 

observed experimentally at mercury-aqueous perchloric acid 

solution interfaces. 

A theory of dielectric relaxation in the electrical 

double layer was proposed to account for this observed fre­

quency dispersion of the double layer impedance. The 

assumption of two molecular species of solvent molecules 

within 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 approximately 10"3 

and 10"4 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 timest 

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 reported 

by Bockris and Conway can be correlated by a similar treat­

ment. It was also demonstrated that the effect of temperature 

upon the properties of the compact region of the electrical 

double layer can also be. interpreted 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 represented by an extension of the theory of dielectric 

relaxation within the electrical double layer. The relaxa­

tion time of adsorbed pentanol-1 molecules was found to be 

approximately 6.78 x 10~4 sec. Dielectric changes due to 

the concentration of adsorbate 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 pronounced frequency dispersion of the apparent 

capacity at high polarizations in the presence of absorbable 

materials was discussed in the light of a kinetic treatment 

of adsorption processes proposed by Frumkin and Melik-

Gaikazyan. 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 

rate controlling mechanism in the adsorption of pentanol-1. 

The criteria proved not to be definitive for resolving the 

kinetic mechanism of adsorption from results obtained in 

this work. 

Conditions are discussed under which the electrical 

properties 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 periodic field is a 

pure harmonic. 
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APPENDIX 

The Response of the Automatic Impedance Recording 

Instrument to an Applied Generalized 

Periodic Input Potential 

Assuming the equivalent circuit of Figure IE represents 

the impedance of the electrolytic cell containing an ideally 

polarizable electrode, the application of a periodic 

potential, Vs, across the terminals AB will result in a cur­

rent flowing in the circuit. This current will generate a 

potential across the resistor, 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 circuit under consideration, it is possible to derive 

an expression for the measured, response in terms of a general 

periodic applied potential. 

Let Vs(t) = Vs(t + 2ir/od ) be the general periodic 

potential applied across- the terminals of the circuit in 
0 
Figure IE. From Kirchhoff's loop rule, one obtains 

v s  = v c  + itR ( A. 1 ) 

where Vc is the potential drop across the parallel part of 

the circuit and i% is the total current flowing through the 
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circuit. If dQc(t)/dt and dQp(t)/dt are the currents flow­

ing through the capacitor, C, and the resistance, p, 

respectively, the total current, î , becomes 

it = dQc(t)/dt + dQp(t)/dt 

Now 

Vc = Qc(t)/C = p dQp(t)/dt 

which when substituted into Equation A.l results in the 

following boundary value problem: 

d2Qp(t)/dt2 + (p + R)/pRC dQp(t)/dt = Vs(t)/pRC (A.4) 

subject to 

a. dQp(0)/dt = 0 

b. Vg ( t ) = Vs(t + 2tt/u) ) 

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

- vQ(s) = Laplace transform of Vs(t) 

qp(s) - Laplace transform of Qp ( t ), 

then the transform of Equation A.4 becomes 

a vs(s) = sqp(s) - dQp(0)/dt - abqs(s) 

= qs(s)(s - ab) 

so that " 

(A.2) 

(A.3) 
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qs(s) = avs(s)/(s - ab) 

Inverting the transform, 

dQp(t)/dt = aVs(t)* exp(abt) 

= a J exp [ab(t - T )] • VS(T ) dT. (A.5) 
Jo 

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

It 
dQp(t)/dt = a exp(-rt) J exp(rT )VS(T )dT . (A.6) 

Suppose 
t 

F(t) = exp(-rt) I exp(rT ) VS(T ) dT / 
and t = S + 2nr/ot , one can now write 

exp(rt) F(t ) = J exp(rr) Ys(tr/u , T ) dT 
JQ 

t2mr/u ,2mr +g 

= J exp ( r t ) Vs(tt/« A) dT +J exp(rr ) vs 

„ 1 2OT/" S-r- I " 
(tt/m ,t) dT= 2_ exp(rr ) Vs(tt/<u , T ) dT 

j=oJ 2 jir/w 

Jf 2mr/u + S 

exp(rT) Vg(Tr/<j ;T ) dT 
PnirZ.-

4-
2̂ïi«/î 

n-1 f 2mr/L + S 

21 Ij +/ exp(rr) Vs(tt/co >T) dT (A.7) 
j=o J2nir/(a 
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where 
f2(j+1 )tt/co 

IJ = / exp(rr) VS(tt/W ,T ) dT. (A.8) 

'2 jt/co 

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

x = t - 2 jir/<x> 

dx = dT 

= 2jTr/iu which implies x = 0 

= 2( j'+1)tt/5u which implies x = 2tt/<a) 

then 
#2ir/« 

Ij> = ex̂ 2jirr<̂ >jf exp(rx) V3(tt/cj ,x) dx (A.9) 

using the periodic property Vs(t) = Vs(t + 27r/̂  ). The 

integral in the last expression does not depend on the period. 

Consequently, one can write 

n=l r 2tt/̂ > n̂ l 

Ij =/ exp(rx) Vs(ir/<u x̂)dx • exp(2jTrr/w ) 
j=o 'o j=o 

*2ir/oà (A.10) 

= SKS'/lî' / exp(rx) V3(V»,x)ax . 

To evaluate the second integral of Equation A.7, let 

x = T - 2mr/o> 

dx = dT 
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T = 2nir/cj which implies x = 0 

T = 2nir/oj + S which implies x = S 

from which follows 

2mr/ù» + S 
exp(rT) Ys(ir/u, ,T ) dT 

2n7r/cu 

f
s  

= exp(2mrr/tv ) I exp(rx) Vs (ir/a, ,x) dx . (A.11) 

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 

dQp(t)/dt = aF(t) 

j r 1 - exp'-2""-/" > ] 
= a exp ( 2mrr/ti> - tr) ) / : 

( t (exp(2Trr/<u ) - 1) J 

f 2 tt/U 

j exp(rx) Vs(ir/cj ,x) dx 
o 

+ ̂  exp (rx) V3(ir/cv ,x) dx I . (A. 12) 
o 

Since the steady state current is desired, terms of the order 

exp( -2mrr/<u ) can be neglected for they are transients re­

sulting from the initiation of the measurement and rapidly 

decay to zero. The steady state current now becomes 
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dQp(t)/dt = a exp(-tr) [ (exp(27rr/ut ) -1) 

2v/u) 

-l 

/: exp(rx) VS(tt/cj ,x) dx 

t 
+J exp(rx) Vg(TT/i> ,x) dx J (A.13) 
o 

where 

0 < t < 2ir/w 

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

hence, dQc(t)/dt. 

dQc(t)/dt = pC d2Qp(t)/dt2 = pCa dP(t)/dt . (A.14) 

Therefore, the total current flowing in the circuit can be 

found. 

dQt(t)/dt = dQp(t)/dt + dQc(t)/dt = aF(t) 

+ pC dP(t)/dt (A.15) 

where 

Q%(t) = Q-j-(t + 2rr/oj ) 

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 
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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+l)T/to 

R = Cj/tt R « î (x) dx (A. 16) 

x=2nir/i0 

which may be written 

r ir/cj 

R = uR/tt / it(t)dt 

'o 

•ir/oj 
= WR /ir I F(t )dt 

rv/cj 
WR p C / d F ( t ) 

TT I dt 
j o 

dt (A.17) 

where 

o < t < 2tt/cj 

For the special case in which Vs(t) is a periodic 

triangular potential given by V°<A>/TT H(2TT/CJ ,t) where 

H(27R/W ,t) is the notation for a triangular function of unit 

amplitude and period 27t/cj , the total current given by 

Equation A.15 is 

it = V° u>/tt pRC/(p + R)2 J (p + R)/pRC t 
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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 - jjl/x - 1/x2 tanh(x)Jp/R̂  A, 

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