VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

A STUDY OF THE ELECTRICAL
DOUBLE LAYER IN

NON-AQUEGUS SOLVENTS

by

David S. Reid, B.Sc.



ProQuest Number: 10984289

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10984289

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



SUMMARY

A study has been made of the electrical double
layer at the interface between mercury and solutions
of alkali chlorideé in formamide, Thé differential
capacitance of the doﬁble layer has been measured by
the impedgnce bridge technique in the following
solutions:.0.0Sm, 0.071m, 0.100m, and 0.500m potassium
chloride at 25°C, 0.100m lithium, sodium, rubidium and
caesium chlorides at 25°C, 0.100m potassium and caesium
chlorides at 5°C and 45°C. The potential of the
electrocapillary maximum has been measured in these
same solutions by the streaming mercury technique,
and the electrode charges calculated by integration
of the capacitance data. The appearance of the capacitance-
charge curves is discussed in terms of gene?al double
layer theory.

The interfacial tensions in 0.050m and 0.100m
potassium chlorides and ..03Um. 0.0389m, 0.100m and
0.17%m caesium chloride: have been measured using a
capillary electrometer.

Capacitance and interfacizl tension results have
been employed in the calculation of the relative ionic

surface excesses in 0.071lm potassium chloride and



0.100m caesium chloricde at 25°C. The resulting
values suggest strongly that simultaneous specific
adsorption of anions and cations is taking place

over part of the.potential range investigated.
Accordingly, a tentative analysis has been developed
to yield values for the components of charge in the
double layer under conditions of simultaneous
adsorption. A solvation model of specific adsorption

is proposed to explain the constancy of cationic

w0

pecific adsorption found to occur, and it is shown
that this model is consistent with data for
specific adsorption obtained in aqueous solution
systems. The capacitance-charge curves are
reconsidered in the light of the data for specific

adsorption.
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A study has been nefe of the clectrical doudle
layer at the interface hetween ercury and solutions
of allkzali chlorides in :owraonice, The differentia
canacitance of the double layer hazg been measured by the
impedence bridge technicuwe in the following solutions:
0.050m, O.O7lm,40.lOOm, and 0.500m votassium chloride at
25°C, 0.100m lithium, sodium, Lo e ond caesium ohlor-
ides at 25°C, 0.100m potassium and caesium chlorides at
5°C and 45°C. The potential of the electrocapillary max-
imum has been measured in these same solutions by the
streaming mercury technique, and the electrode charges
calculated by integration of the capacitance data. The
appearance of the capacitance—oharge curves .is discussed
in terms of general double layer theory.

The interfacial tensions in 0.050m and 0.100m pot-
assium chlorides and 0.,050m, 0.0889m,k0.100m and 0.17%m
caeslum chlorides have been measured using a capillgry
electrometer.

Capacitance and interfacial vension results have
been employed in the caiculation of the relative ionic
surface excesses in 0.071: potassium chloride and 0.100m
cacsium chloride at 25°C. Tie »esulting valueg sugzoest
stronzly that simultaneous specific adsorntion of anions _ _

and cations is taking place over nart of the potential

i



range investigated . Accordin.;ly, o tentative analysis
has been developed to yield valucs for the components

of charge in the double layer under conditions of simul-
taneous adsorption. A golvation wmodel of gpecific adsor-
plion is proposed to cixplain the congstiancy of cationic
specific adsorption found to occur, and it is shown that
this model is consistent with data for specific adsorpiion
obtained in aqueoué solution systems. The capacitance-
’charge curves are reoongidered in the light of the data

for specific adgorption,



INTRODUCTION



Across any boundary between two phases there normally
exists a difference in electrical potential due to the re-
distribution of the electrical charges of particles from
the bulk of the phase to form an interfacial layer. This
array of oppositely charged particles and oriented dipoles
in juxtaposition at a phase boundary is normally referred
to as the electrical double layer. Such an effect is caused
by the tendency of all systems to assune a position of
minimum free energy, and it has been shown (1) that there
are four main mechanisms responsible for its formation:
(1) charge transfer across the interface,

(11) unequal adsorption of oppositely charged lons,

(111) adsorption and orientation of dipoles,

(lV) deformation of polarisable ions, atoms or wolecules
at the interfaoe.‘

Faﬁiliar examples of double layers are those formed
when a metal dips into a solution of its ions, at liquid
junctions, or when a metal is heated in a vacuum. An exact
study of the double layer is most easily carried out using
metal - solution interfaces because it is possible to vary
the potential difference between the phases without chang-
ing their composition. If, on applying a potential, no
current flows across the interface in such a system, then
the double layer is electrically similar to a capacitor

of large specific capacitance., The magnitude of this



specific capacitance is a measure of the elecironic charge
on the metal surface. Knowledce of the capacitancc, there-
fore, leads directly to theelectronle surface charge, which
in turn yields further information about the structure of
the douhkle layer.

Another property of the interface which may readily
be studied in some systems is the interfacial tension.

As 1s to be expected, this too varies with the potential
difference across the interface, and a knowledge of this
variatvion can yield still more information about the structue
of the double layer.

A detailed knowledge of the double layer is of
fundamental importance, since on it depend the explanations
of many natural phenomena. Thus, since the electrokinetic
5- potential is largely determined by double layer properties,
electro-osmosis, electrophoresis, streaming potentials and
similar effects are depehdent on double layer formation.
Many heterogeneous processes, such as electrode reactions
require a thorough knowledge of double layer phenomena
for their complete understanding. Another phenomenon which
depends largely upon the establishment of a double layer
at an interface is the conduction of an elecvrical impulse
along a nerve.,

The main methods of investigation of the double layer
are concerned with the direct or indirect determination of

capacitance or interfacial tension &t a metal-solution



interface. Darly work on this problem was carried out by
Lippmann (2) and Gouy (3) but not until Proskurnin and
Frumkin (4) were reproducible capacitance data obtained.
These authors showed that earlier irreproducibility was

aue to insufficient purification of the materials. Graaname
(5) was the first to advocate the use of mercury as tie
metal, in the form of a dropping electrode. Mercury is
pre—eminently suitable as the metal, since a pure, repro-
ducible surface is easily obtained, and since its low
chemical activity and high hydrogen overvoltage enable it
to be used over a wide potential range in many solution
systems. Mercury has the additional advantage that inter-
faclal tensions between it and a solution phase may be
readily measured. ZEarly work on interfacial tensiouns was
carried out by Gouy (3). It is important to realise that
interfacial tension data on mercury are not nearly as
susceptible to the presence of impurities as are capacltance
data. This explains why early measurements of interlacial
tension. were oL high precision even though no special
precautions were taken to purify the solutiouns.

An ideal polarised electrode may be described as a
metal-solution system for which no finite amount of charge
may cross tvhe interface during re-—establishment of equi-
librium after a small change in the potential difference

between the phases. Such an electrode behaves like an



electrical capacitor without leakage. Unlike a simple
capacitor, however,the capacitance of an ideal polariscd
electrode varies with applied potential, since it depends
on the relative position of charges which may be different
under altered conditions of electrical field, Because oIf
this variaftion of capacitance with electrical field
sirength, it is usual to consider the differential
capacitance of such systems, rather than the integral
capacitance,

The differential capacitance C is defined as

C=dq / &&,
where q is the electrode charge, and E is the potential
with respect to some reference electrode.
The integral capacitance K is defined as,
| K=q / (€ -E7,

where Ewas the potential of the electrocapillary maximum.
The difference between these two quantities is apparent

from the diagram,

C is the gradient of the q vs. (E—ﬁg\curve at point P,

whereas K is the gradient of the chord from the origin to

\

P. It is clear from the diagram that C will be a much more



sensitive indicator of any changes in the charge as the
potential is varied.
The first quantitive approach to double layer struct-

ure was given by Helmholtz (6) in 1879. He regarded the

Q

interface as a simple parallel plate capacitor. Thus

-4 0
- (¢3] K = q./ . DDOA
-39 (E-E*™)  4md
- @

-4 6

where as before K 1s the integral capacitance, q is
the charge on the 'plates', and E-E*™ is the potential with
respect to the electrocapillary maximum. D is the
dielectric constant of the solvent, d is the distance of
separation of the ' plates', A is the area of the electrode
and D, is a constant. For a simple parallel plate capacitor,
K=C. This simple theory completely fails to explain the
experimentally demonstrated variation of capacitance with
potential,

In a treatment similar to that of Debye and Euckel
in their ionic atmosphere theory, Gouy (7) and Chapaman
(8) independently considered the solution side of the double
layer, postulating that thermal motion would result in this
having a diffuse character. The solution side of the double
layer was regarded as being the ionic atmosphere of the

electrode. This theory gave values of capacitance which



were much higher than the corresponding measured valucs,
and resulied in an expencntial fall in potential with
distance from the electrode.

Stern (9) then developed the theory further by making
allowance for the finite size of ions, and also by consid-
ering the possibility of a specific interaction between
ions and electrode. This theory may be regarded as &
combinétion of the preceding two theories. Thus, the

potential difference between the interface and the bulk

solution is assumed to be made up of a linear fall across

the'" inner layer" and a expouenivial decay across the"diffuse
layer". Stern considered that both cations and anions
would be adsorbed simultaneously at the electrode surface,
though in a footnote he pointed out that this need not be
the case, |

Grahame and Whitney (10) observed disagrecment between
experimental results, and values calculated on the basis
of Stern's theory, and in his classic review (11) Grahame
suggested that only anions could be specifically adsorbed.
In recent years this assumption has been gquestioned espec-
ially by Frumkin,Damaskin and co-workers (12).

Grahame's concept of the double layer structure,
upon which all modern ideas are based, postulates the
existence of two "Helmholtz ‘planes" an inner marking the

distance of closest approach of anionic centres and



an outer nmarking the closest approach of cationic centres.
Thus the double layer atv a perfectly polarised elecirode
is considered to consist of:

(1) a metallic phase on the surface of which there is
generally a surplus or deficitv of elecirons,

(11) a region of solution phase immediately adjacent to
the metal into which no electrical centres can enter
because of the physicai size of the ions,

(111) a region accessible to the electrical centres of
anions, but not of cations,

(1V) an outer diffuse layer region of the Gouy-Chapman

Type.
M e oHp
Mekal . Diffuse Bulk
Phase Layer Solvhon

() () TR (1) B} (iv)
When anions are present at the inner Helmholtz plane

(IHEP) they are held to the metallic phase by short range
forces, considered by Grahame to be of the covalent type (11).
In this phenomenon, known as " specific adsorption " the
distance between the metal and the IHP is considered to be
approximately equal to the radius of the unhydrated ion.

Thus, specific adsorption would require at least partial
desolvation of the ion in question, and to make this

pfocess energetically favourable, the extent of metal-icn

interaction must be considerable., Thus in general, anion



specific adsorption will be much easier than catlon specific
adsorption, and adsorpiion will be more likely for:

(1) ions whick are easily polarised,

(11) ions which have weakly bound hydration sheatis.

The following situations commonly occur:

(a) Negative polarisation.

(1) No specific adsorpiion of cations.

Metul IHP OHP
K
&
| Distance

No ions at THP, Cations form diffuse layer starting at tae
outer Helmholtz plane (OHP).

(11) Specific adsorption of cations. This-is least common.

Mehl 1P OHP
K
-
[ =4
3
} wshance

Cations present at IHP., Diffuse layer of anions,

(b) Positive nolarisation.

(1) No specific adsorption of aniouns.

Metal 1P oHP
K
oy
[~
)
Q
Distance

No ions at IHP. Anions form diffuse layer similar to taat



N

in (a) (11).

(11) Specific adsorption of anions.
Mehal 1P oHp

Potenthal

DI5+GNCL

Anions present at IHP, Diffuse layer of cations similar
to that in (a) (1).

If specific adsorption of anions is very strong it may
occur at the potential of the electrocapillary maximua,
vihere the metal is uncharged, or even at slightly cathodic

potenvials,
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TS ORY

T 1s The purpose of modern theories of the double
layer to describe the behaviour of the various. regions at .
the interfece between the metal and the solution, and hence
to explain the experimental capacitance-potential curves.
In the following section, some of the theories which have
been developed will be presented. It is generally agreed
that at the present stage of development of the double
layer theory, the best characterised region is the diffuse
layer, for which the Gouy-Chapman theery has proved salls-
factory to a good first approximation. Minor discrepancies
do exist between theory and experiment, but these are unim-
portant for present purposes. Theoretvical treaiments of
the properties of the inner layer are much less satisfact-
ory at present, and have met with only limited success in
the quantitative treatment of the:subject;

In addition to discussing, in a somewhat general
fashion,the various theories put forward to explain cap-
acltance-charge curves obtained in double layer studies,
this section will be concerned to soume extent with the
information which one can derive from experimental results,
assuming the commonly held iceas on double layer structure

to te correct.



The Gouy-Chavman Theory.

If we assume equilibrium between any point in the
doublevlayer and thne bulk of the solution for an 1deal
polarised electirode, we have for the ilonic species 1

- ~5

M = M
where)a;andjjﬁsare.the electrochemical potentials of
species 1 in the. double layer and in the bulx solution
respectively., This can be written in.the approximate
form

c, = cfé1‘f¢ ceesena(l)
where f= */RT, c, and cf are. the concentrations of lon 1
at a distance. X from the electrode and in. the bulk solution
respectively, &; is the. signed ionic valence of 1 and @ is
is the potential at X with respect to the potential @ iun
the bulk solution, which we set at zero. "The Poisson
equation gives: us: a relationship between ég and ¢ in the

following manner

¥yt _ -uwrmf ,
__g — e ......'(2)

d X
vhere € is the charge density per unit volume and € is the

dielectric constant. Also

P =5 sFc ceeneee(3)
Combining (1), (2) and (3) we have

' _ _ &I -2 f cereeno(s)

_O{_JL_Z = -TZZ‘FCEe 3 . 0\./

If we assume that € is independent of X, this eguation can

be solved. The fact that this asswaption is a drastic over-



simplification does not significantly affect the end result.
Hultiplication of (4) by 2d@/dx, followed by integration,
yields

2
SWRT -2 fy
[e) . B 2 g (e ceeneni(5)

Tne charge on the electrode per unit area is related o

d?/dx by Gauss' Theoren
L (4d
L*Tr‘b=-é(oli).x?_ 0000000'(6)
where X; is the distance of the CHP.from the electrode.
Combining (5) and (6) gives us

- T[S £ ()" eeeenn(T)

This allows us to calculate q as:a function of § or vice

versa. It should be remembered that in this treatment no
account has been taken of specific adsorption , and that
the theory in this form is not valid in the presence ol
specific adsorption. For az -z electrolyte of concentrat-

. S .
ion ¢, equation (7) takes the form

q = 24 smn(‘*‘j‘pa) veeeess(8)
vhere A=+ (RTE Cs)‘/z- ceeeeeal9)
2w

In the original Gouy-Chapman theory ilons were treated
as poiht charges which could epproach to within any dist-
ance of the electrode. As has been discussed in the intro-
cuction, this was a considerable oversimplification, and
Stern (9), by postulating a plane of closest aporoach,
brought the theoretical picture much closer to reality.

Modern thecries go one step further and postulate two



planes of closest approach. One, the IHP?, ig involved
only with specific adsorption, and need not councern us
&t present. In the absence of specific adsorption, then,
the double laYer can be divided into two regions: tic
compact double layer between the electrode and the »nlane
of closest approach, and the diffuse double layer extending
from the plane of closest approach to the bulk of the
solution. The derivation of the Gouy-Chapman theory given
above evaluétes the capacitance of the diffuse layer bvet-
ween just those regions, the outer Helmholtz planes and the
bulk solution. The capacitance of the double layer may be
regarded as made.up of two separate capacitances in seriles
with one anotkher, that of the compact (or inner) layer,
C&iand that of the diffuse layer, q? .

1/C,=1/0C,, + 1/C,, ceeea.s(10)
The subscripts M, 1, 2.and S in equation (10) refer to the
metal, the IHP, the OHP and the bulk solution respectively,
and C, is the experimentally measured capacitance per unit
area. The Gouy-Chapman theory gives for the capaclitance

of the diffuse double layer

Caus =lzIfAC-sk('fl£Lg’-) ceeenns(11)

'Y L.

Of all the systems for waich it is genrnerally agreed
tnat specific adsorption is absent, the mercury suriace in
contact with an agueous solution of sodiwi fluoride has

been the most thoroughly studied. Grahaxe (13) tested the



validity of the modified Gouy-Cheapacon theory, assuning
that at any given temperature C,, was a funcition ounly of
the electrode charge, and not of the electrolyte conceni-
ration. At high conceantravions the calculation of C,,,

from G, involved only a swmall correction for G, , since
thois was very larze, and the resulting values of C,, could
then be enpnloyed to calculavte G,y under different conait-
ions. Except at extreme anodic potentials, where fluoride
lon may be specifically adsorbed, good agreement was ob-
tained between the values of Cbs determined by tiis nmethod,
and those expected on the Gouy-Chapman theory. As pointed
out by Joshi and Parsons (14) this agreement does not con-
clusively prove the Gouy-Chapman theory to be satisfaclory
under all condivions, as the counbtribution of the diffuse
double layer to the capacitance i1s small unrder conditions
of high electrode charge.

Grehazme (13) calewleted velues for Cy,, in agueous
sclutions over the.temperature range 0°C-85°C and the concen-
tration range 0.001-0.9 ¥ sodium fluoride (figure 1).

These data have been employed for testing theories of the
double layer which seek to explain the variations of C,,
with electrode charge and with temperature in systems in
which there is no specific adsorption. The most interesting
treatments are those by Watts-Tobia (15) and iacdonald azd

Barlow (16,17).



Watls-Tobin considered the provlea 1n sccilonc.

4.7, 2 A v al

the capaciity curveg for sodlum fluorice are

] o~

very similar to those obtained for systvems 1n wnich <he

0]
O

anlon is specifically adsorbed, he coansidered adsorpvion

)}

of positive ions from the metal or nezative lons from Tie

.
3
IS

Ve
13

solution. iercury atoms could ve pulled out Ifrom Tic sur-
face to form ad-atoms, and only the product of The dipole
moment of the ad-atom and the charge induced on the nmetal
oy 1t would affect the potential drop from the metal To
the 0HP. This would also be true of anions adsoroved Iron
the solution. Since there is no reason for both species

to be at an equal distance from the metal surface, 1f both

AL,

[ Il v 1 i (] 1 1 [ J S 1 .l
To i 3 & O ~4 =3 =g -lb -fo -2y

UM (/"‘C/‘"'mz

Fig.I  C,., FOR NaF.



are formed then they will cluster tosether vo form complexes.
are formed then they will cluster tosether vo form complexes.
If the dipole moment of a complex ism,, positive ir
the direction from the metal to the solution, the potential
drop from the metal to the OHP is §,, , X, is the distance
from the metal to the COIP, and the distance between coup-—
lexes is large compared to X, then the number of complexes

per unit area of surface is given by

\ 1 % /“‘42‘ /D( —Wo
n"II(:(.Z—;) tXP{ ﬂé_ra 0000000(12)

In this eguation NC is the number of adsorption sites per

unit area of metal surface and W, the heat of adsorption
of a complex in the absence of an electric field, but
including image force attraction. Wo is measured at conc-
entration ¢, , the experimental concentration being ¢, and
there being m ions in a complex. The contribution of tze
complexes to ‘i;_?_ is -4 M, /€, where € 1is the dielectric
constant of the first layer.

The hump in the capacitance curve is explained in
terms of solvent orientation polarisation. At the hump it
is proposed that there is an increase in the effective
dielectric constant of the layer, marking tne point at
which the average dipole moment of the water in the layer
changes sign. Water molecules are assumed to heve two Doss—
ible orientations at the mercury surface, with their dipole
moments making angles Cos™ (1/%) with the norzal to *he

gurface. If there are N free water molecules per uuitv arca



of interface, of which L have & component of their dipole
monent from the metal to the solution and X the other way,
the energies of the dipole cnains are given by

a=c¢ - w3 %, ceeeees(13)

B=D + m G5 % ceeeenn(24)
where/u is‘the dipole moment of the water molecule, and C'
and DI are the adsorption energies of the water molecule
in cdntact with the metal. Provided the layer across wilch
the dipole chains run is not thick, the chains may be
considered vo be independent of one another, so that

1/ii = exp{-(4-3)/k1 ] ceeeen.(15)
The contribution of the water molecules to P i

4T (T /g, = - (amip/ T3, )‘canth (G =V ) } cen..(16)

FT" )

N el I l J'x?:kl /=
wiere V =E>&(C =D )/2m , ceseo(17)
If there is a surface charge 9om O1 the metal bvalancing a

: -+ 1 =D - < o derat Y 4

charge q, on the OHPR, (9 =-9, ) it contributes 4Tq, %/€,
to ‘Ki . Since there is no specific adsorption counsidered,
this is equivalent to asswaing all the diffuse layer to be
at the OHP. Adding the contributions we have

‘&-a = ﬁﬁ.éﬁ:nf_a - LTTE,:‘JA (%)'ﬂ RXP{/“I (%-e_-vb)/-’(ak-r}

- e ek [ (,VE KT L8

waere we have put Vy = ¥, % /i, , and we have assuzed I, = i,

<
Now
. 6, Ao {ﬂ_&&; T, )
Lam A (Ca) X, T
N'/« taml[ (‘g&—ll} . ® e 00000 (19>
RN



20

L u sechfu (p =V) ceseess(20)
This treatmeng cggends oéjggg?simplifyiﬁg assunptions,
(l) that there is a linear drop of potential across the

inner region,
(11) € 1is a constant
It is also assumed that the OIP is 2 plane. As we shall
see later, it is probably reasonable to make these assump-
tions under conditions of no specific adsorption, but in
the case of specific adsorption of ions, serious objections
can dbe ralsed on the grounds that the assumptions are no
longer valid. Nevertheless, treatments of the double layer
in the presence of specifically adsorbed lons which have
made These simplifying assumptions have been remariadly
successful. Two such treatments, those by Graheme (11)
and Devanathah (18) are discussed in the section oh spec-~
ific>adsorption.
The theory put forward by Wetts-Tobin gives good
agreement with Grahames experimental results, though it is
dependence

insufficient to explain the experimental temperature|on
the anodic side. In-a later paper, liott and Watts-Tobin
(19) extended the fheory to teke into consideravion spec-
ific adsorption. ZElectirostriction of the solveunt was also
considered in a gqualitative fashion by Watis-~Tobin (15),

and he concluded that it should be sulficient to explain



tae cathodic rise of capacitance curves in agueous solut-

ions.

Macdonald (16) and acdonald and Barlow (17) prop-

b]

osed a model of the double layer in the absence of sncc-

(¢

3

ific adsorption in which electrostricticn was explicitl
introduced. The earlier theory resulted in symmetrical
capacitance curves sbout the electrocapillary maximum
(eecem.) and was strongly criticised on this point. In
the later paper, improvements.to The early theory were
proposed. The total mean potential difference across the
double layer was written

bos = W——ig—x"‘ + (a_::_r) 5"“‘-'(%—2) ceve.l(21)

A= kT65/4FeL} where €, is the dielectric constant of the
solution, and Ly = (kTes/Snbbel)k, where ¢, is the conc-
entration of positivevor negative ions in the bulk solut-
ion. Both X, and & are assumed o be dependent on Z,,
the constant field in the compact double layer. The
following relationships were put Iorward,

%fxo = (1+3P)" ceenn.(22)
where P:= é,ﬁa/3”' ceeees(23)
and X, is the value of X, at zero electrical pressure.

€= €, +(°-€) [smh™ (VEB EN] [(2b E))) cevsssl24)
where,ér is the value of €, wnen there is no dielectric
saturation, and €, is its value when the dipole contrib-

ution is fully saturated out. b and @ are adjustadle
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parameters. The above cquations were uscd to f£it Grahame's
cata, by adjustment of B, b and.éf , and as already nent-
ioned, Tthe resulting capacitance curvegs were symmetrica
about the e.c.m. Accordinzly, in their second paper,
Macdonald and Barlow introduced tine concept of an effcct-
ive field 80 wiilch gave a small amount of dielectric sat-
uration (dipole orientation) even at the e.c.m. and allowed
The maxinum €, to occur at small positive (or negative)
values:ofq, . This is. equivalent to Watts-Tobin's treat-
ment of solvent orientation. Another difficulty in the
earlier ireatment was that equation (24) did not exhivit
the correct high field behaviour. To improve the treav-

ment, therefore, 1t was replaced in the second paper by
e“l-r)\n(éw-l)-r)\rah(E) e (25)

where:.  h(E) = Dvd“(JT;-E)3/Gﬁ;-E) cesees(26)
a= € - €, ceeena(27)
and E =E +§&, cecess(28)
k=1:-/x‘,_ = (1+ moxp)'/m cesees(29)

where & is a compressibility constant. The constants

n, r, and m were taken as 1, 0, and 1 reépectively. It

was. concluded that ® would have electrostrictive as well
as compressive contributions. The final expressicn for

P was

- (eZ]sm)[2é, -1+ ah{ )] ceeses(30)
i-2a (€~ 1)(EF] 9r)




The final theory gave very good agrcement with Grahome's

()

date at all temperatures, the only significant disagrec—
ment being on the anodic side, possibly caused by specl-
fic adsorption, which was not included in the treory.

In a later paper, liacdonald and Barlow (20) consider all
presently available. theories of +the double layer in The
g absence of specific adsorpition.

Since specific adsorption almost certainly occurs
in. the systems investigated in the present work, it is
of Zinterest to consider the present state of knowledge
on systems:in which specific adsorption occurs. Host
investigations have been on agueous systems, and accord-
ingly theories. of the double layer in the presence of

specific adsorption have becen developed mainly Jor agueous

systems. This work is considered in the next section.



The mlectrical Double Layer in the Prescnce of Specific

Adsorption,.

Several metihods are available for measuring the
relative surface.excesse3171 of ions in the electrical

double laycr. These are described below.

l. Blectrocapillary iethod.

The relative Zonic surface excess can be determined

interfacial tension, § , with the

Ky

from the variation o

Hy

chemical potential of the salta/h’ at constant E+, where

L+ 1s. the potential measured ageinst a reference electrode

reversible to the. cation (anion) of the solution. The

required relationship is

(%Q)Ei)-np = 'I\)_: ceeese(31)

where V; is the number of anions (cations) produced from

(@]

one. molecule of salt. This relationship is of extreue
importance as it allows'the calculation of T; by rigourous
thermodynamic means. Usually we nced only determine one
quantity, either [ orij., the other being obtainea Irox
the relationship _'%M==E*FT1 + & _PTl, Tor greatest accur-
acy $n should be evaluated by integration of capacivance
data, as. this. is inhereuntly more accurate than the equiv-

elent differentiation of interfacial tension data.

Ru



Grzhame and Soderverg (21) considered the therzo-

dynamics-of the ideal polariged clecirode and showed that

dC+ F{2C - .
- 2= = ZEL Y p— o o
3E = V4 (\0/40\)E; .ooooo(Jz)

-

where C, is the capacitance contribution from cations

(anions) and is defined by the relation

=
2.ir::(B]i) = “C+ ......(3">

bE; o -
Iience C'-f = j(o-,—c-:*) -+ K 000-..( )
j : (35)
ZiFT—'i=-' C‘_f_ dE "’K s 0 e )

Actual values of the integration constants K and K' (or

at any value of E$) are required for the integr-

ation. Two methods are available for evaluating thesec,
employing either {(a) electrocapillary date or (b) diffu

double layer theory.

(a) The first i ntegraticn constant is evaluated using the

relationsnip at the e.c.a.

bEQQ’\
C'.'. =Z’1u1 FCQCM(T/}:\ ) 000000(36)
and the sccond integration coanstant is found froxz
(&) = - = -0 .. T L (57)
dpgleem. Sl em, V4 o

! - . .
(b) If it can be azssumed that diTfuse doudle layer theoxry

holds, the integration constants may ve rcadily evaluated.

[aN

-

Z.3. for specific adsorption of anions only, there will
be no specific adsorption at sufficiently negative potent-

1als, and C4 can be calculated from diffuse layer theory.

The relationships used are equations (59), (&1) and (63)



of reference (22).
o

. ALY+ (1499 ] coeess(38)
de C.lc lsy N -
CT = ‘E [ ('-.gl)l’gJ oo.o.o(jg)
d( Ole. A{ - \
dc"' = C:t \ '[i“-i\)l),'ga'i'\)} f.{_i',: - Cdc i ~000--(4O/
dE Pk c* PE EA(HO"')_I

3, Devanathan's Model Methocda. (18)

This method, which nas so far only oeen applied to
aqueous solutions, is based on a postulated structure of
the electrical double layer, and can ve uscd to evaluate
the surface excesses from the differential capacitance
data at single concentrations. The calculated T} values
have been shown to be in goold agreement with the recsults
obtained for halide ions and m-bengene disulplionate ious

Using the electrocapillary nethod. The model is discussed

later in the thesis.

4, Parson's Nethod.

This, which involves a change of variable Ifrom B
to g, , was developed by Parsors (23)., The basic relation,

obtained from cquation (37) wienq,¥ O, is

n o= -(¥ q (5—5‘ cena(41)
()/40«)1” M b/*q)qw‘ ‘
and, since
_b_E_- _ BTI-& L0
()/‘o‘)?’ = -(—)—-s—-) .oooqo\‘."é)
then ) n 7%
2Y 3T\
T1 - —(-—-—- -+ 7/ Ol oooooo\“?‘))
" z/‘“)‘i,, " ( e, e

Ro
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This differential equation can ve. solved oy point-wisc

‘ a3 A s ) a Fal Zx z ) ) S S A A

progression, using values of RN g, ~obtained for cach
"M

value of . The initial gradients are

ecm : cem
(}_ft ) . (2E- coeens(44)
R Via fpo

5« Other Methods.

Various direct methols exist in which one of the
ions 1s labelled with e radioactive isotope. Such studies
have veen carried out on platinum (24,25), but as yet the
Technique has not been applied to a mercury electroce.
Other methods exist for evaluating relative surface excess-—
es but these are based on the methods described here, and

so will not be considered further.

Bockris, Miller, Wroblowa and Kovac (26) compared
the results obtained from methods 1, 2 and 4, and put
forward a theory to explain the discrepancies which arise
in the results under what night be termed the extremes.

of conditions (concentration and polarisation).



When the experimental values for the suriace cxcess—

es; differ significantly from thoge calculated on the btasi

6]

of diffuse layer theory, it is clear that superequivalent
(or specific) adsorption must be taiing place. If such

-

is the case, it is possible o calc

j o
—
[)
[
[0}
d
O
9
O
£
D
cl
@)
t

specifically adsorbed ion, provided only that the other
lons present in the solution are not specifically adsor-—
oed. The basic calculation is given for the case waere
only ahionic specific adsorpition occurs. If we can assume
tnat catiouns are not specifically adsorbed in the range

of potentials being considered, then the charge in the

. . . e~ . .
diffuse layer due to catlons,q*s, is givea by
2-5 =
q/+ =E*FT1+ ...ooo(.)/
2-5

where. I} is an experimentally determined quantity. q

can be related to<f using diffuse double layer theory

g5 < Al eeen.(46)

where #, is the valence of the lon with the sign of its
4 N1, s - 5 2-5
cnarge. This enables us to calculate‘@ , and thus q_ ,

the charge in the diffuse layer due to aniouns,

2-5 Ef¢k#l)

q'_ = A(e ooo..'<4‘7>
and Iinally we obtain the charze due to specifically ads-
!
orbed anions, 9_Ifrom
] 2-s

‘L_ ._.',z_F.’:,_ =q'- 'fq' -00000(48>

-

-

where Qﬂis.the charge in the solutiozn due fTo anions.

Thus, under suitable conditions, the amount of

23
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specifically adsorbed ion. can be evaluated. It must be
borne in mind that the preceding anzlysis is not valid

if specific adsorption of cations occurs.

29
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The Zgin and llarkov Effcct.

The variation of the potential of the c.c.m. with
concentration, as mcasured agzainst a constant reference
electrode (i.e. in a cell witha liguid junction) provides

another indication of gpecific adsorption. Xrom the equat-

. dE2 a - (BP; Xe
ion (b/MO\)%M bCLM )/“q -ooooo(4‘./)
it follows that (27)
E2 _ RT 3‘1,-) ,,
(-S'i:_q‘)%m = ZiF(—z—;‘ a 000000(50)

where A 1s the activity of the electrolyte. If a rcference
electrode. 0f constant electrolyte activity is'used, we

have for a t-% electrolyte on variation of the activity

of the electrolyte in contact with the ideal polarised

electrode.

— RT -+ o 'b\
En = Bx * S fnox v cmobt vereen(51)

provided that the liquid junction vetween tihe constant
reference electrode and the solution is constant. Lere
Er%_ is the. potential measured against the reference elect-
rode in a cell with a liquid junction. o3, the mean act-
ivity, is given by

2

a =(@q) Tor a z-z electrolyte eee.(52)

Equation (50) then becomes

YEnf ) =z A% (b%) *‘/] (53)
2 - - ~ Y EEERE 3
b’l\(‘\-_t_) i 1zIF BCLM a 2
Thus the shift in E,; with Ina at constant 9, depends

on.(bi;/lﬁn)q.
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In The absence of gpecific adsorption, q_ is accessivle
-r

from Gouy-Chapman theory, lcading to the following resulis:
(%C’ﬁ\)q —» O for 4y ~> =D
(=), ==t froga 00

ana <§_‘_:Lm)°\ —> -l fr 4w O

Consequently the e.c.m. is independent of electrolyte
activity when it is measured azainst a constant reference
electrode under ccnditions of no specific adsorption.
Plots of E, against (2RT/F)lna¢_at constant Qw\for agueous
sodiun fluorige (27) have the limiting gradients predicted
above.

The variation of the value of?ﬂnf at the e.c.m. on
changihg the electrolyte concentration, syamptomaitic of
specific adsorption, was named the "Esin and llariov Lffect"
by Grahame (28). Esin and Markov (29) had observed a
linear variation of the e.c.n. with the logearithm of elect-
rolyte concentratioan. Prom Parsons' work it is now known
that this was just a particular case of the linear variai-
lon of Ef (or E,) with lnaat constant charge on the
electrode. Plots of E; against (2RT/F)lnoy at constant 4,
for three potassium halides- show the gradient to be inde-
pendent of %M(actual values -l.36, -1.35 and -1.22 for XI,
KBr and KC1 respectively) (27). This would not be the case
in the absence of specific adsorption. The Eszin and Markov

plot, then, provides us with a means of testing for the



presence (or absence) of specific adsorption.

Y



Grahame's lodel of tne Doudble Layer.

Grahame (11) was led to modify Stern's model {9)
of the double layer by the strong specific adsorption of
most anions. e introduced the inner plane of closest
approach, located at a distance X, from the elecirode.
This was the plane at which he considered anions to ove
specifically adsorbed. Non-gpecifically adsorbved ious
were considercd to approach to the OHP. at a distance X,
from the electrode (;”>X,). Grahame assumed some coval-
ent bonding to exist between specifically adsorbed anions
and the mercury electrode. His evidence for this (30)
was: the essentially linear relationship oetween lhe
differential capacitance for warious anions. at the maximum
positive polarisation attained and the logarithm of the
saturation concentration of mercurous ilon in the solutions
of the salts tested. ZIevine, Bell and Calvert (31)
rejected this postulate in favour of image energy as the
origin of specific adsorption, and Bockris, Devanathan and
Muller (%2,32a) suggested that the degree and type of ion
hydrétion was: the principal factor affecting specifiic
adsorption. It is considered at present that tne explan-

ation. given by Bockris et al is the most plausible.

35



Poventiel Distridutions.

(a) Divfuse double laver.

4%, the potential of the OIP. is considered ag a
function of E. The method of calculation of 41 has already
been given for the case where only one ilon is specifically
adsorved., In aqueous solution, q& is icdentical for all
electrolytes with univalent cations in the far cathicdic
region, a region where there is no anion specific adsorp-
tion. TFor E)E:““, ¢, becomes markedly positive only for
potassiun fluoride, as the fluoride ion is not specifically
adsorbed, except perhaps at a large positive electrode
charge. Other electrolytes have negative ‘Z_'s at P SoN .
This is in agreement with independent data which sugzest
that the positive electrode charge 1s more than compensated
for by the large negative canarge of the specifically ads—
orbed ions.

(b) Compact double layver,

Two methods were put forward by Grahame (33) for
calculating . One, based on a linear adsorption isotherm
ls tentative and will not be discussed. The second takes
into account discreteness of charge effects in the inner
plane. ZErshler (34) showed that the difference of poten—
tial %L-Ag, solely due to the charge ¢ of specifically
adsorbed ions was given by

(%, -¢); - m.?‘k_” ceenn (56)

!

3L
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viere €, is the dielectric nstant of the conmpact double
layer, assumed independent of X, The differcnce in npoten-

tial (Q-qlk' nay be expresscd, as a first approximation,
1

by assuming a linear drop of potential for (¢ - 4’)%
% -
Thus. (¢ -4) = (4 -4 —f’-—i—a——' veeses(55)

wvhich becomes

((P 40) = Ll'Tr?/‘ (D( -9(l
Since X <X, I<LP ‘-P,_) ] < ‘( ‘Pz_

ience the shift in the e.c.m., wnich is related to the

e
) eeili(56)

change of (4%, ) on variation of anion concentration
is. greater than the change of potential (ﬂ -QQXL affecting
the adsorbed ions. This accounts for a discrepancy noted
by Esin and Markov between the experimental shifts of the

.

c.cems and the predicvions of Stern's theory.

Since, on the parallel plate condenser approacn

(<p”1‘(€,)2 = 1+Tr nxd 000000(57)
M 1
we get for constant €,

i(_a_:i(_; _ (‘PM—QD'L)‘LJ . U (58)

S ¢ S P

This expression caan then be used in an analysis of the

inner layer paremeters.



This model is based on four posvulatest
(1) specifically adsorbed ions occupy the IIP.,
(11) solvated ions remain at the 0iP.,
(111) ions may not populate the region between the IHP.
and the CHP.,
(1V) % potentials due to water dipoles and electron over-
lap are negligible, or constant.
In the original naper (18) the signs of all potentials are
wrong (c.f. acdonald and Barlow (20)).
The total electrode charge/unit area is
Yo = = (g'497) ceeene(59)

-,

Since there is no charge between the metal and the IIP.,

tre potential at the IHP. is

(@ -4) = % |k, ceenen(€0)
where KM"‘ = e‘/’-ﬂT‘X, 0.0.00(61)
Similarly, the potential of the OHP. is given by

— = — ..0.'.<<2>

(4-¢) ‘LO/K'_?_ ¢

where K &%)

’_a = 6'/4”.(3‘&_3") ooooo'\

It should be noted that combination of equations (50) and
- . -~ gl -

(62) give ‘;0 tﬁ as the functicn of 9 and 9, derived in
Grehame's approacin. Differentiation of equation (&0)
gives

dbn L - L 4 d4

= C K ® o s 0 0 /c
49 M-l din (64

ol{‘/di can be evaluated by differentiation of equation (i2
M

36
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and introducing the relationship of equation (59). This

yields the final expres 31 n
, = al/ -'/ -+ I‘t' /e
- K + C / "'_I 000000\69)

C
M- Kiz A9 m
which on rearrangement gives
! | [

( O{__?, /C" /KM_, ( )
]1-04 ) = [ I ceooee 66

+ /

b i+

2-5
A knowledge of the basic doudble layer parameters in the

absence of specific adsorption (where(di‘/dim)==0, and
1'= 0) can then be applied in the calculation of the
varlous quantities involved in specific adsorption.
Devanathan (18) has. shown that there is zood agreement
obtained between calculated and experimental quantities
in the systems potassium halide (aqueous)- = mercury and

aqueous. sodium benzene-~n-disulphonate — mErcury.

31



Both Grahame's and Devanathan's models, whlch arc
based on the same potential relatiouship, have becn crit-
icised recently on the grounds:that their basic rclation=-

ship has severe flaws (20). Vhen the amount of gpecific

9]

adsorption is swmell, then for a region far removed from
any specifically adsorbed ion it will be correct to con-
sider the dielectric constant of the region between the
nmetal and the COHP. to be constant, and also to set tae
éistance of the OIP. equal to X,. However, in the neigh-
bourhood of a specifically adsorbed ion, the thickness X,
will consist of contributions from both the metal and the
ion, and GMdvﬁll.differ appreciably from & . Also, it

N

is a reasonable assunption that the specifically adsorbved
lon will retain its primary hydration sheath on the side
away from the surface, so that the centre of charge of

the first diffuse layer (hydrated) ion will be separated
Ifrom that of the specifically adsorbed ion by approximetely
two ionic radii plus the diameter of a water molecule.

Thus in such a region the distance to the OIP, will be

much greater than it is in a region far removed frox
specifically adsorbed ions, aand the CiP. will notv te a
plane.,

S e

The use of continuous charge distributions in the
conventional models of both Grahane and Tevanathan is

equivalent to averaging the above effects. Such averaging

- Sy - D

33
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will be a function of %i. zurfacc coverage, and 0 Gﬁ-xJ/XL

will be found to depcnd on 9me <Lhe more rigourous anpr-

no

p—g
‘_l»
5]

oack to the problem given by l'acdonald and Barlow (20
outwith the scone of this section and will not be discussed.
It is of interest to note that the results odbtained by
enploying Grename's and Devanathan's treatments are frequ-
ently much better than would be expected on tae vasis of
the criticisms of iiacdonald and Barlow,

Sockris: and co-workers (32,3%2a) have suggested a
nodel of the. double layer in which specific adsorption of
iops is assumed to be electrostatic in nature, and the
capacitance. hump is thought to arise from a slowdown in The
rate of increase of tne charge of anions in the IE?. Tails
model has:led to good a erient with experiment, both in
predicting the. dependence of specific adsorption on vae
electrode charge aand in predicting the properties of the

hump «
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The remainder of Tais thcois describeg tile neasurc-—
ment of the differcnivial capacitance of the double layer
at the interface beiween mercury and colutions of the
alizali metal chlorides in formemicde, tozether with mecasure-

ment ol the interfacial teunsion in the same systemc. The

sults of this work are discussed and interpreted in

ip]
o

erms of the components of charge of the! double layer

ct
o

ormamide, and a mcdel is proposed to explain the indep-

Hh

in
cndence of catlonic specific adsorption on the nature

of the cation.
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APPARATUS AND EMPURIUVLEDAT  PROCHDCRY

Yhe three most accessible parameters of The clect-
rical double layer are the int tension, the cunarge
and the capacitance at the interface. Lipmmann (2), who
used a capillary electrometer to measure interfacial tensions
collected most of the carly data on the mercury-sclution
interface. The classic work of Gouy (3,35) was also carried
out using this technique, as was more recent work by, for
example, Devanathan and Parsons (36). Interfacial tensiocus
have also been measured, at various times, by the drop
welght technique, (37,38), Smith (39) having developed a
rigourous theoretical relationship between the drop weight
and interfacial tension to replace the earlier empirical
relationships. While this method sometimes yields incoa-
sistent results, due mainly to solution creep within the
capillary of the dropying mercury electrode, the method
is of great use for non-aqueous solvents wkhich do not wewd
glass sufficiently for the more accurate capillery electro-
meter to be used. Accurate date have also been cderived
from measurements macde on sessile Grops {(40).

The major limitation of the above methods is that
they can be applied only %o liquid metal surfaces. Tecia-
niques have been developed for the measurment of the inter-

facial tension at a solid metal surface, but the data are

not as accurate as those described above. Frumkin (41)



4d

devised a method based on the variction of the anzgle of

-

contact of a gas bubble and & metal surface with chanzing
polarisation of the metal., In the present work, a caepillary
electrometer has been used to measure the interfacial ten-—
sion between mercury and solutions of potassium and caesium
chloride in formamide.

Several methods are available for estimating the
cherge of the electrical double layer. If an electrode
of constant area is used, the amount of electricity required
to change the potential by a given amount is fairly readily
measured., So long as the electrode remains perfectly
polarised, the only process which draws current is the
charging of the double layer capacitor. lleasurements using
both high current density (42) and low demsity "equilibriua"
charging (43) have been made.

If a charging curve can be obtained at constent curr-~
ent, the capacitance of the double layer can be calculated
from the slope of the linecr wortion (44) since

Co =ye =% e
= i e evennnea (6T

g

where U is the comstant current Tflowing. Using a tecanicue
employing equivelent circuit analogues of electrical imped-—
ances, McMullentHackerman (45) have been able to measure
capacitances tco.large to be determined by tuhe impedance

bridge technique.
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For a dropping mercury electrode (d.m.e.), if the

O

rate of formation of fresh interface is kuown, the charge
density may be dircctly determined from the current flow
required to maintain The electrode at a constant potential
with respect to the solution. At the potential of the
electrocepillary maximun, where the charge density is zero,
there will be no charging current. This technigue ras
been employed successfully by Philpot (46) and by Frumkin
(47)e An electronic circuit which displayed differential
capacitance-potential curves on a cathode ray oscilloscope
was devised by ILoveland and Elving(48). Their method is
based on the fact thet if a linear potential sweep is
applied ( ie. d8/at= K ) then
¢ =M <Yy e =k cerenan(88)
for C, the total electrode capacitance. If the area of the
electrode at the time of measurement is givern by A, then
the capacitance/unit area Co is given by
C, = L/KA ceeeess(69)

A display of charging currents against time is therefore
equivalent to a plot of differential capacitance against
applied potential.

Using an amplifier of high input impedance, and an
oscillograph, Proskurnin and Frumkin (4) measurcd the
voltage produced across a test cell by a known alternating

current. If it could be assumed that the impedance of tne
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test cell was solely due to the capacitance of the test
electrode, this quantity, inversely ovroportional to the
output voltege, could be measured. Randles (49) improved
on this idea by constructing 2 phrase sensitive instrument
wanlch gave data o . . both the resistive and reactive
components of the impedance.

Watanabe (50) used & metrod employing a resonance
circuit to measure the resistance and capacitance of the
electrical double layer, the unknown values being deter-
mined by substitution of standard resistances and capacit-
ances.

The most accurate method of determining the differ-
ential capacitance of an electrode is the direct measure-
ment of impedance using an a.c. bridge network. The first
such measurements were made by Wien (51). The electrode
impedance was determined with a Wheatstone bridze, the
capacitance veing balanced out by a variable inductance in
series with the cell. The a.c, bridge technigue uses a
cell containing the test electrode, together with an auxill-
iary electrode of such large area that its impedance may
be neglected in comparison with that of the test elecirode.
The solution résistance is subtracted vectorially from the
cell impedance to give the test electrode impedance. lany
investigators have included the double layer impecance in

& Wheatstone bridge network (52,53,54,55). In the classic
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work of D.C.Grahame, the equivalent circuit used to balance
tae cell impedance was a series combination of resistance
and capacitance.

The conventional Wheatstone networks suffer from a
number of disadvantages, the most important being that the
accuracy is entirely dependent on a large number of iuped-
ance standards, and that some form of Wagner eartiing is
required. In the description of their apparatus, Hills
and Payne (55) counsider critically all the modifications
wnilch must be made to a simple Wheatstone bridge networx
to ensure the greatest possible accuracy. Another disad-
vantage of the conventional bridge is that it is difficult
to measure large capacitances on it. TKRancollas and Vincent
(56) showed that the transformer ratio-arm bridge is a
much more suitable instrument. Only one resisiive and
one reactive standard are involved, no special earthing
is required, and the impedance of test leads can easily

be eliminated,
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The Transformer Ratvio-Arm Bridce.
b

)

The basic circuit of the sransformer ratio-aram

bridge (57), is shown in fizure 2, and in simplified form

below.
e BT
= ' i) .
Swme‘g g N ! :f;
S i

' ¥
., Nevyaar ] ED‘*"'""’

A N 3

) \:/5 Ng J

IS

Let Z, and Z4 be the unknown and stancard impedances
respectively. T, is a voltage transformer, to the vrimary

of which the a.c. source is couanected. The secondery wind-
ing is tapped to give N, and Ny turns., T, is a current
transformer, the primary of which is tapped to give n, and

N, turns, and the secondary coil is connected to the det-
ector.

Assuming that the transformers are ideal, if the impedance Zs
is adjusted to give a null indication in the detector,

zero flux is produced in the current transformer and there

is therefore no voltage drop across its windings. The

6]

detector sides of both the unknown (Z,) and standard(Z,)
impedances are therefore at neutral potential, If the

voltages across Z, and Zy are V, and Vg respectively,
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then the currents throuszh :hem are given by
Vo V.
= T S/
Iu /Zu ) J_s= /£ .......(70)

Tor zero core flux in 7; , the algebraic suw the ampcre

O
Fy

turns must be. zerc, thus
Iu' n, = Ib.ns

Vo. Ny V. .n
Or = L—-{ 0o &0 000 )
Zo Z—_s (71)
and hence
V,.No
Z, = Vs,ns'zs . ceoeeaa(72)

For an ideal transformer the voltage ratio is equal to the
turns ratio, and hence

' N,.

Z, N Zs ceeened(T3)

Thus, with suitable tappings on the two transformers, a

wide range of measurements can be carried out. Althouzh in
oractice transformers are not ideal, transmission losses
merely reduce the sensitivity. Provided that the coils are
recision wound, and that their effective self-resistance

is small compared to that of &, and Z;, all the turns embrace
the same flux, and hence the ratio of induced voltages 1s
accurately equal to the turns ratio.

Standard impedances nay be divided into resistive and
reactive components. At balance, ooth the "in phase" and
"quadrature" ampere turns must sum algebraically to zero,
and so the resistive and reactive standarés must be cap-

able of connection %o different teppings to balance out
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the currents of the unimovn irnedance ( fisure 2 ). The
independance ol components is useful in that unwanicd
impurivties in tae'standards can be bhzlaunced ouv 0y comn-
pensating trimmers in the unknown side of the bridsie.

Ln 1mpure capacitor is equivatent to a pure capacitor

D

shuntcd by a resistance, and the latter can be cancelled

by Teeding a current, equal to that produced by the res-

n

igtance impurity, throush a fixed trimming resistor into

ite side of the transformer.

+

the opypo

10}

In the Wayne Xerr B22l, Universal Bridze used in the
present work, transformer tappings are arranged to Jive
two Gecades, each requiring one resistive and one reactive

0S8S08—

standard. With a transformer ratio-arm dridge it 1s

X

ible to add continucusly variable controls without detract-

ing from the accuracy of the decade standerds. & convin-
uously variable reactance is provided by an air-dielectric
capacitor whose residuzl capacitance is balancedout by &

preset trimmer connected to a transformer winding of tae

[ 6]

ite senses

0DPo

=

Sovrce

Trimmer

H/\ )ctec'tor’
4l
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C (resicval)
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.A continucusly variable conductonce is obtaized by conn-
ecving a linear potential divider across a few turns of
77 To produce a variable voltage across a close tolerance

resistor:

T
T?.
Sovrce é
P R (vanable)
.
Detector

J_ Nevtear ’ 3

= g

3

o

While the voltage transforumer is tapped to provide

he decade adjustment of each standard, the current trans-—
former 1s tapped to allow the relative ranges of resistive
end reactive standards to be altered. By connectinz the
‘uniknown to different tappings on both voltage and current
transformers, the range of the bridge can be extended above
and below that of the standards ( figure 2 ). It should be
noted that although-one resistive and one reactive siandard
is required per cecade, the transforucr ratio may be used
to set those in one decade against those in another, so that
only one resistive and one reactive fixed standards of
known accuracy are reguired. Finally, in a similar method
to that used to purify the standards, any impedance in the
external Test leads may be compensaied. This is an excell-

ent feature of the Wayne Kerr bridge, tre "set zero" control



enabling small external iincdances in series with the
uniknowa to be trimmed outb.

As the transformer ratio-arm bridze operates oy
sumnatlion of currents, it can only measure imnedances
as a parallel combination of in-phasc and guadrature com—
ponents. CGrahame (58) has proposed that the equivalent
circult of the double layer at a polarised d.m.e, 1s best

represented by a resistance and capacitance in series.,

H

t 1ls possible to derive an expression relating series

anc varallel networks, so that results for a perallel
- ? &

&}

T
network can readily be converted to their series network
equivalent. An instrument incorporating a tronsformer
ratio—arm arrangement has been adapted for the measure-
ment of double layer capacitances by Nancollas and Vincent
(59) and recently the method has been used by Bockris et

al (26).

S



The Use of an A.C. Bridze for the lleasurenent of Imvedance

t_a Drooning Mercury Electirode.

A dropping mercury electrode (d.m.e.) consists ecssgent-
ially of a vertical glass capillary tube from which amercury,
supplied by a reservoir under a head of about 30cm Hg,
issues dropwise. A d.m.e. used as a test electirode has the
great advantage over other electrodes that it is constant-
1y renewing its surface, and it is therefore relatively
simple to obtain a pure reproducible surface for neasure-
ment. The electrode has two major disadvantazes in that
it requires much more sophisticated electronic tecnniques
to detect bridge balance with an electrode whose impedance
is constantly varying with time, and also some method must
be developed to evaluate the drop dimensions at the instant
of balance. These are related to the time interval between
the birth of hie drop and the instant of balaace. Althouzh
this time interval may be measured manually by means of a
stop-watch , 2 more accurate determination is desirable if
full use is to be made of the sensitivity of the impedance
bridge. A number of methods have been developed for timing
this interval, and they fall into two main classes, (1)
actual measurement of the intervel using a sensitive timing
method and (11) adjusting the bvalance position uatil <he
balance occurs exactly at a known time after the birth of

the drop.



A nuaber of methods have been descrided which eumploy

a cathode ray oscllloscone as balance detector. Crahame

(6]

(53) impressead accurately timed pulses on the time base
and thus indirectly measured the time of balance by means
of distance on the oscilloscope screen. A similar method
was employed by Parsons (60) and Hills and Payne (55) who
arranged for the bridge to be balanced at a fixed interval
after the birth of the drop. The interval was measured
by a crystal controlled electronic timer which emitted a
pulse Into a double beam cathode ray oscilloscope. 3By
displaying bridge output cn the other beam, bridge valance
could be made to coincide with the timer output pulse.
Randles (54) used a tapoing—off device to zive drops
of constant lifetime. The relative birth-valance interval
as compared with the drop lifetime, was found by adjusting
the time constant of a fixed capacitor in such a way that
its discharge time could equal either the forner or tae
latter. Here again visual detection of balance was invol-
ved. Such procedures have inherent disadvanvages in use.
In the present work, the evparatus was basically similar
to that developed by Nancollas and Vincent (59,61) employ-
ing a transformer ratio-arm bridze as the impedance bridge,
and electronic circuits which permitted the direct measure-

ment of the birth-balance interval.

St
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Self Timing Bridroe W Tor Meagurins the Tmnedance of

O

tho

O

& Dropping NMercury Zlectrode.

A block diagram of the anparatus is given

A Fio=
AL .Llo

‘.J

ure 3. A d.c. polarising voltage was applied between the

demee. and a reference clectrode, C. Iarge blockinzg cap-

acitors prevented d.c. from entvering the transformer raiio-
arn bridge, which was connected to the d.m.e. and & plat-

inum mesh sphere of large area which served as an anode.

The <trensformer ratio-arm bridge was used tozether with

a variable frequency audio frequency generasor, an auplif-

ier and a " balance detector ", a device which emitted

a pulse whenever the bridze was valance. Another unit,

the"birth detector " gave out a pulse coincident with

the birth of each mercury drop. The pulses were fed into

an " interval timer " which accuratvely ueasured the fime

interval between then.

Interval Timer.,

The Ericsson interval timer, type 103C, was esseut-
lally a device for counting the numder of cycles of &
known reference frequency occuring cduring the time interval
béing measured, Since the maximum error in the counting
process is tl cycle, the instrumental accuracy is essceut-
ially that of the reference freguency. As this was pro-
vided by a 100 Kc./sec crystal oscillator with an error

of less than 0.005%, a time interval of one second could
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be measured to within epproximately O.lmsec. The start
and svop switches were Iccles - Jordan trigsers activaied
by positive and negative pulses of minimum amplitude 10
volts and minimum mean duration ZQMSGC.

Balance Detection.

(O]

The capacitance of a sphere can be expressed in term
of its radius, and it can be shown that for two ccncent-
ric spneres of almost equal radii, the capacitance is
directly proportional to the surface area. This is true
when the space between the spheres is filled with a med-
iunm of uniform dielectric constent, or whose dieleciric
constant varies in an identical fashion along any radius.
The resistance between two spheres of radius f and % is
given by R=%(}r’, "/r;_) where 6 is a constant. Taus, if g
is very large compared to ¥ the resistance is inversely
proportional to tle radius of the smaller sphere.

Since during the life of a drop of mercury its rad-
ius increases as a characteristic function of time, the
capacitative component of the double layer increases,
while the resistive component decreases, as monotonic
functions of time., Thus, as is showa in figure 4, arny
iven balance position can occur at only one instant in
the life of the drop, while at any one instant tne imped-
ance of the double layer has a unicue value.

The bridge source frequency was provided by an

ST
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Ldvence, model ¥l, variable frequency audio signol gener-
ator whose output was controlled so that not morc than 10
ov were lumpressed across thie wilnown. Whnen the transfor-—
mer ratio-arm bridze was oub of balance a sinusoidal weve-—

Torm was emitted from the detector, the sccondary winding

of T, (figure 2). 4s the bridge was brought into balance,
the amplitude of this signal decreased from arouxnd 0.5 volis
to a null of about gyvolts. Because of the time dependence
of tie electrode impedance, the bridge gave out an ampli-
tude modulated signal rnaving minima at the instants at vhich
the electrode impedance was closest to the bridge standerd
impedance, If the bridge was exactly balanced, resistively
and reactively, at a point during the 1life of the drov, the
ninimum had an amplitude equal in magnitude to the null
signal. |

The signal output by the bridge required emplific-
‘etlon before being fed into the balance detector. The
amplifier, built by Zlesco Zlectronics (Development) Liad.,
could be accurately tuned to the sisnal frequency, and zad
an overall gain of fo! ¢ It incorporated automatic gain
control (A.G.C.) which had a2 varizble threshhold in order
to facilitate coarse balaancing of the bridge. VWren the
A.G.C. was operétive, a hign bridge output biased tine
vaives in such a way as to reduce their output, whils

lower bridge output resulted in less attenuation. Zy



withholding the A.G.C. biasg until the sigunal had reachcd

& certain level, the region around the balance voint could
e strongly amplified., The 4,G.C. unit comsisted of four
Variablejustages with two straight stages providing feed-—
back. To glve the amplifier its hizhly selective frequen-—
cy response, the A,G.C. amplifier outout was fed into a
three stage amplifier, tuned to the frequency of the meas-—
wring signal by mcans of feedback through bridged-T net-
works. A separate cathode-follower input stage ané head
amplifier was connected by a short coaxial lead to the
secondary of the Transformer ratio-arm bridge to minin-
ise the loss of bridge output. The output from this unit
was then fed into the A.G.C, amplifier. The amplificr

vag set up by using the A.G.C. threshhold level controls,
filter selector, tuners and a feedback control. Thrce
outputs were provided, a high level linited output for

use as the trigger potential in the balance cdetector, a

low level output to enable the amplified bridge output

to be monitored continuously on a cathode ray oscilloscope,

and an unlimited output which could also be used for mon-
itoring purposes. This monitoring provision was of ex-
Yreme importance in avoiding a false balance, and also
eénabled bridge valancing to be carried out quickly, as
any capacitive or resistive unbalance was readily anpar-

ent. Monitoring of the output also gave an immediate

00



ol
indication of the existence of any noise or haramonics in
the output signal, and thus facilitated tuning of the
amplifier selectively to the bridge frequency. The tarce
major criticisms of this method put forward by Hills and
Payne (55) can thus be avoided easily due to this visucl
monitoring provision, as the balance can be scen to occur.
Since the actual location of the precise balance point
is by electronic sensing of the minimum and not simply

rocess of visual judgement, the accuracy should be

©
o]

greater than that possible by purely visual techniques,

The circuit of the balance detector is given in
figure 6, The out-of-balance voltage from the amplifier
was fed into a full-wave diode bridge rectifier through a
1:1 balanced and screened transformer, (Sullivan 856),
which eliminated any d.c. level in the signal, The crystal
diodes were Hullard type OA8l. The rectified signal was
collected in one of four reservoir capacitors¢,-C4 , chosen
to have a suitable time constant for discharge taroush VR, .
The discharge rate was chosen as in A (figure 5) so that
it was not so large that the d.c. level fell off to the
null value between signal cycles (B in figure 5) giving
a false balance indication, nor so cmall that the real
balance point was missed (C in figure 5)e The selection
of the time constant, using S, and VR, (figure 6) was

governed by
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Dicure 6. ATAYS
LOMmon

R, :10X4Q

R, : 4. 7TKQ

VR, : 152-506 EQ

VR, : 0-100 X

VR, : 0-100Q

V, : OV 4018

D, -D, : 0A 8l

T ¢ 1:1 Sullivan (856),
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(2) The frequency of the bridze mecasuring sisnal and
(o) the rate of chanze of clectrode impedance.

The d.c. signal was then applied to the “hyratron
control grid in series with a backing potential vprovided
by the potential dividex*VRacwnmectcd across a 6 volt dary
battery. A grid stopper R, of resistance 10KL gharpencd
the critical point of the valve. Once a thyratron has
struck, the grid loses control, and to halt discharge the
anode voltage must be reduced to below about 10 volts.

his was accomplished by controlling the anode E.T. supply
oy means of an R-C combination of relatively long +time
constant (R;-Cs i 2.5msec), In effecot, this part of the cir-
cuit is a monostable multivibrator. The svable state
occurred when the anode voltage was below the striking
vaiue for the applied grid voltage, and the capacitor Cy
was charged to H.T, potential.

When +the grid potential was made more positive, the
thyratron siruck, discharged Cg , causing it to exting-
uish and return to its stable state. Since the discharge
current was limited mainly by the small cathode resistor,

VR, , of looQ, the discharge time for Cg was short. 4 sharp

3
pulse was therefore obtained from VRy which was sultable
for activation of the stop gate of the interval timer.
The thyrotron was a CV4018 with the screen grid coanected

to the cathode. The H.T. supply was 32 voltis, obtaired

7%



by transforming mains a.c., rectifying with a full wove
silicon rectvifier, aand smoothing with a T filter to zive
less than 100mv of 50 c.p.s. ripple.

Bridge Standardisation.

vith

-

Since 1t was necessary to polarise the d.m.c.
respect to the solution, the transformer ratio-arm bridge

had to be isolated from the d.c. polarisation circuit.

3

This was accomplished by placing a 1000mF blocking cap-
acitor in cach measuring arm, in series with the cell
impedance (figure 7). The error so introduced can be
couputed, but it was more convenient to compeunsate for the
blocking capacitors, and, at the same time, for the imped-
ance of the coaxial leads, by using the bridge trimmers.,
An accurate parallel combination c¢f resistance and cap-—
acitance . (1.003KQ,0.4T2uF) maintained at 25 10-05C could

be connected to the bridge through coaxial leads identic—
2l to those leading to the cell. The bridgze readings

were then set exactly to the value of The standard imped-
ance, and a null was obtained using the trimning controls
on the bridge. The potential divider VR, {figure &) was
adjusted so that the thyratron just struck. By alteriag
the main bridge controls in either direction, it could

be confirmed that the thyratron ceased conduction on both
sides of balance. It was possible to confine the "in-bal-

ance" signal to a region smaller than 0.05% of the tovtael

bb
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impedance measured. As an added precaution, the standard
inpcdance could also oe connccted to the bridse by ncans
of very short leads. This enablcd its iméedance to be
checked against the bridge primary standards at montil]

.

intervals to guard against any drift due to ageing.
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Dromn

The drop birth detector ( figure 8) consisted of

a £.5lic/sec Hortley oscillator, the coil of which had

a secondary winding connected through a 150pF capacitor

to the platinum gauze electrode in the cell. Vhile the
mercury drop was growving, the oscillator was damped by

the relatively low internal impedance of the cell. At

the moment of drop detachment, however, the impedance

of the dropping circuilt rose instantaneously to a very
nigh value, and a rapid burst of oscillations resulted.

& radio frequency path to earth was provided by a 5007F
capacitor connected to the d.m.e. (bridge selector switch,
position 2, figure 7). This was disconnected when the
electrode impedance wes being mecasured (switch position

1, figure 7). When the bridge selector switch was in
DPosition 2, the transformer ratio-arm bridge was disconn-
ectel from the electrodes, a2 necessary precaution during
birth detection since otherwise there was a low impedance
radlo freqguency path to earth through the bridge. The

surge of oscillations resulting from drop detachment

-7
-

O
O

was amplified by a pentode with tuned anode, the anoce
coil being transformer coupled to the diode V, . Csand
R, were a decoupling circuit. After being rectified by Vs
The radio frequency component of the signal was filter-

ed out by the C;-R_-R; network, and then applicd by Cg
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to a control grid of the double +triocde Vi . This valve
operaved as a monostable multivibrator, aand save out a
sharp pulse. A final diffcrentiation circuit, Co-Ry,,
then limited the pulse width to 5Cuscc, ensuring that It

o

woulc activate only trze svert zate of the vimer if e

svart enc stop gates were linked. In this condition, the
timer was used To measure accurate drop lifetines by mealk-

ing use of two successive pulsces from the birth detector.

A

A three posivion switch allowed selection of stop sifmals.
S5ToP SianAL  SELECTOR

Birth
Detector ' 1 2 f Zalanct
] 3

Detector

Start aaf& 5+¢>P ﬂoie.
PONEIM\ | )ro,o Llf@‘hm(

n 2 Stp small gate open

n 3 Birth ~ balance mnterval.
VR, acted as an internal oscillavion demping control,
and was set in accordance with tae impedance of the cell
solution. Incorporation of a voltmeter facilitaled tae
setting of VR, , and also provided a useful visual checi

o proper d.m.e. function.



nit.

D.C, Polarisation

The circuit used to charge the growing mereury

drops to a fixed static potential with resvect to a ref-

Q

erence electrode is shown in figure S. A twelve volt

banit of lead-accunulators was connected to a lirnezar 10004
Helipot in series with a linear 50flpotential divider.

fwo 150 H chokes were placed between the electrodes and

the charging circuit to isolate bridge a.c. from the latter.
[ (] D

Wnlle the error in measured electrode impedance caused

by neglecting this parallel d.c. circuit was less than
0.05% at a bridge frequency of 1Kc/sec, measurements at
lower frequencies would require allowance to be made for
it. The circuit also incorporated a microammeter so that
any deviation from perfect polarisation, caused by an
electrode reaction such as reduction of ions or solvent
decomposition, could be detected: the maximum charging
current was of the order of lui. Because of the large
inductive impedance of the microammeter, it was necessary
To ensure that it was not in circuit during measurement
of the electrode impedance;

The polarisation potential could be applied between
the dume.e, and either a reference electrode or a mercury
pool anode. Accurate adjustuent of the applied potential
was made by switching in a votentiometer as shown in fijz-

ure 9. The potentiometer,Tingley type 3387B,was uscd in

13



T

conjunction with an Electronic Instruzents Ltd. Vibron
Tlectrometer (model 332) as null deitector. This clect—

rometer was especlally useful when the internal impedance

ck

of the cell was high. Although it could be used directly
for measuring potentials of 0.0 - 1.0 volts in ite least

sensitive range, 1t was normally used as a null instrument

Tinsley potentiometer. The latter was standardised with
e saturated Weston cell (Sangamo Weston ILtd., model S1%4)
of internal resistance 600f and mean e.m.f. 1.0185 volts
at 20°C. Since the a.c. voltage across the cell never

exceeded 10m volts, there was effectively no interference

with the applied polarisation potential.
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To

Audio B rbqucqoy Stendordisation.

The frequency of the audio sigrel generator, recuired
for the parallel to series couversion, was standardised
oy comparing it with the sub-standard frequencies sener-—
ated by the crystal oscilletor in the interval tinm
The latter produced pulses at rates of lOnp;p;s. where
n is an integer vetween -1 and +5. Initially, a gener-

n I .
ator signal frequency was chosen close to 10 c.p.s. This

QJ

1]

wes dlisplayed together with the signal from the interval

tizer on a double beam oscilloscope whose time base was

synchronised with the timer pulses. The model used,
Cossor 1035, has a common time base for both beams, and
Thus voth traces appeared stationary when the generator
frequency was identical to the pulse repetition rate of
toe timer signal. As the audio generator became very
stable éfter several hours running, it was possible to
odtain a frequency accurate to within 0.01% of the stand-
ard frequency. If required, the long term stablility could
be checked by feeding the generator output into the
"External FPrequency" channel of the interval timer and
thus counting the number of cycles over a long period.
Thouzh the stability of the generator was verified by the

above tests, under normal circumstances the frequeacy

wag cnecked periodically during a run.



This instrument, which could count pulses with

)

low revetition rate was used:

£L

e

(1) to extend the range of *the inverval timer above 10scc
by malking use of the pulse given out by every lOsec.
(11) $o enable drop count to be made, using the 'one
pulse per drop' produced by the drop birth detector.

The circuit of the counter (figure 11) consisted

(o)

I a thyratron trigger unit, a Post 0ffice electromech-
(] D0 )

anical relay and associated vower supplies. The counter

N

was able to register up to 9999 drops, and extend the

’ : o w
range of the interval timer by a factor of 10 . The
trigzer circuit was activated by positive pulses such as

5

n0se produced by the interval timer. Since the birth

<t

detector emitted negative pulses, however, ( as opposed
to balance pulses which were positive ) it was necessary
to invert the phase before using them to activate the coun-
ter. A complete circuit of the phase invertor and pulse

switching unit is given in figure 10.

1
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s
Monitoring,
———————————————

During an experiment the anplifier output and balon-

ce detector signal voltages were monitored continuously
on & Solartron doublec beam cathode-ray oscilloscope (tyne

CD10142). It was also found convenient to monitor certain
ovher signals periodically. This was done on a Cossor
(type 10%5) cathode-ray oscilloscope, and an input select-
or was built for this to facilitate rapid checking.,

C.R.O. INPUT SELECTOR,

i 2 ’3 L 5 © 7 ? 9 1o ] 2

§ 3 J A p 3 F 3

[ L

C.R.0. lnfwt. A, CR.0. h‘fwt Aa
3 > AT | . S
~ . De D fe Lol o > Lijlicil .

107 ».p.s. 7. AJP. signal senerator o/p
2. Unlinited emplifier o/p 8. 3Balance Pulse
7 L" AT 3 v 3 oA -+ ~
5¢ 107 D.pes. 9., 4.F. sirnal seunerator o/p
(e Birth pulse 10. Belance nulse
5e - 11. Unlimited emplifier o/»

6. Unlimited amplifier o/vn 12, - .



T Differentisl Capacitance Cell.

-

The cell, illustrated in figure 12 and plate 1 was
congiructed of pyrex glass, and had a capacity of about
75 ml. The cathode was a fine glass cepillary from which
mercury lssued in the form of drons at the centre of a

hollow spherical anode of platinum gauze, This made con-

©

bact witin the exterior by means of a platinum wire secaled
into the glass and extending into the side arm E (figure
12) which was £illed with mercury. Two small holes in
the sphere, 130° apart, allowed for the insertion of the
capillary at the top, and the escape of mercury at the
bottom. The mercury fell into cup H, which could be
emptied into a collection vessel I by turning the Teflon
2p J. The mercury colleciion vessel was attached to th
nein part of the cell by a B10 joint and was held im pos-—
ition by two springs attached at one eund to a brass coller,
and at the other to the outside of the tap. Nercury in
the collection vessel could be transferred to a weighing
bottle G by pumping air down the side arm F. Solutions
in the cell were de-oxygenated oy bubbling pre-saturated,
oxysen-free nitrogen throuzh the cell from arms A or B
end allowing the gas to escape through a conventional

wubbler atbeched to side erm C. DProvision was made for

use oI a mercury pool anode: tkhe mercury occupied the

.

annulexr region around cup I and electrical convact wes

81



nade  with it by way of a glass-sealed platinum wire inser—

in crm A, Side arm D was uscd %o house +the refercrnce

<t
[©]
jor]
'J

clectrode or salt bridge, and all side arms terminated

. . . - -2
fine cepillaries, external radius ~3x10 tm , inter-

-3

nal radivg ~vexlo~em were drawn fon quCk wolled pyrez

tublng which had been cleaned in a mixture of nitric and

7, 3,

sulpauric acid, wasghed thoroughly with conductivity water

-

and then dried in an oven. Suitable capillaries gave a
roprate of over 5 sec in conductivity water when under e
50 cm nead of mercury. Acceptable cepillaries were then
Joined to Bl4 air bleeds in aﬁ atmosnhere of cdust free
ritrogen. A4 Bl4 - B34 adantor completed the conncciion

Vo the top of the cell, and the mercury reservoir (cap-
aclty 4¥g) was attached to the capillary at K by means

of & short lenzth of carefully clezned polythene tubing

To facilitate insertion and withdrawal of the capillary.
The regervoir was cornected tc a long vertical tube of
vore 1 cm to encble the height of the mercury head vo be
Cetermined. Ar illuminated screen was vplaced behind this
Tube and the mercury head observed on a cathetometer read-
ing to :C.00) cm. Ir order to maintain a constent height
¢f mercury, a special clamp was used to attach the reservoir

£33 An

*ine serew control allowed Iine

)

vo the clamp stand. A very

-

adjustments to be made to the mercury level. Il lectricel



FIG. 12

THE CAPACITANCE CziLL

3%



=3

convact was nade with the mercury by means of a platinur

The cell was immersed in a toank of water thermogs-—

J-'!/.\'

cated with a "Circothern" thermostatic unit which mein-

L

(] + . . ~0 o - . o}
Tained the tank within *C.05 C of the required temperaturec.

low temperatures, a copper coil throusgh which

=
O
=
-_(_1
S
2
3.
©
<y

refrigerant couvld be vassed was immersed in the tank.
The thermocstat was switched off during an actual measure-

nent to prevent any effects due to vibration.

2

a

Reservoir Clamlo.

3Ly
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Blectrocanillary Anvnaratun,

4

S basically a very simple

',.J.

The capillary cleccitroncter

apparatus which reguires little more “han a source of

=
33
1
D
1)

dec. polarising voltage, a mercury copillery, a sresg—

urising system for the mercury and some means of deter—
mining the pressure recquired to maintain the nmercury in
toe capillary at some convenient reference point. In

recent years a considerable amount of work has been carr-

ut using the capillary clectrometer. Conway and

oy o

ied

(e}

£

Barrados (62) give'much useful Information on the optin-
w operating conditions. In the present work, the foll-
owing apparatus, shown schematically in figure 13 was
used,

D.C. Polarisetion.

The d.é;vpolarisation was provided by a twelve volt
bank of lead accumvulators comnected to a linear 1000 4L
Helipot in series with a 50{fLlinear potential divider.
The circuit also incorporeted a microammeter so that any
deviation from vperfect nolarisetion could be detected.
When the mercury was allowed to Crop freely, the maximunm

charzing current was of the order of lak, When measure-

N . . e wrs A A
Lenis were being perforized, the microammeter was swivcned

v._....a.o
out of the circuit. Accurate adjustment of the povential
was made by switching in a potentiometer (figure 13).

The potentiometer used was 2 K3 Leeds and Northruw

117



31

Universal Potentiometver, used with a Ieeds and Northrus
D.C. Null Detector. The 2igh resisteance of the null det-
ector effectively vpreveanted any polarisation due to %ais

circuitb.
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Cn

The Cavillary Eliccuromeq

The cell, shown in figure 14 and plate 2 had a

,.‘J

capacity of about 75 al, aud was coastructed of vyrex
glass., Sicde arm a4 was vrovided to allow bubbliag out

of the solution in ithe celli. DPre-saturated, oxygen-rree
nitrogen was passed into te cell and allowed to cscepe
through a conventional bubbler in side arm 3 or C., The
reference electrode was vylaced in side arm D. Tube F
allowed excess nercury to ve removed from the cell when
required.

The mercury capillary was constructed in a manner
similar to that described by Conway and Barradas (62).
0.3mm pyrex tubing, previously cleaned in a HNOy-H 50,
nixture was washed many times with coanductivity water,
and dried in an oven. The capillery was then drawn down
in a gentle tavper over the last half inch of its length,
and finally tke end was drawn down again to a very small
diemeter in a cool flame. A zood capillary neccssitated
& very gentle taper over the last Sum of its length, and
& sufficiently small diameter to support an open column
of mercury at least 8 inches high. The capillary wes
Dounted at one end of a 314 male joint, the other end
of which was joined to a 25m1 reservoir., The reservoir

énd capillery could be inserted into the cell through &

BL4~534 adaptor need, as shown in the diagram. Tae uppe
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end of the reservolr wis connectid bY a gas line +o the

w

sressurising device, o2d also to 2 mercury manometer,
The pressurisiiy zysvenm consisited of two lerge mercury

reservoirs, onec of wkiclh was connected to the car illary

X0y scans of a screw adluoier ciallar to that
used in the Llferential capacitaxnce apparatus. The cell
end manoneter wers cnclcoszed in an air thermostat maintained
at 25°¢ 20.2°C.

n ¢a experiment, the total length of column of

-

nercury supportvedl by

\
gy v

inverfacial tension when the menis—

cus had beeir vrougnt to the refereace point 1,000mm from

the tip of the capillary was

(h.-0.100)dr
3 22 - 0u00 cn of mercury

>

(see figure 13) where (hs-o-loo)d‘r/p is the mercury head equiv-

h = h‘+h€

Cory

alent to the solution above the meniscus, dris the solut-

lon density, D the density of the mercury, and h, ,hy, hy,

L.

Leasured by the cathetometer, are expressed in cm.

] . P .
ulectroca-o_nl.l_ary Maxinum Ajvaratus.

-

Zlectrocapillary nmaxinun potentials were determined
by method V descrived by Grahame and hid co-workers (63).
4€ cepillary electrometer cell, supported in a thermos—
et controlled to* 0.05°C was fitted with a relatively

3

Wlée capillery which permitted the mercury to stream in

Yi



Tine droplets Irom the tin when under a head of mercury
of anpro:imevely 30cm. The system was protectel rom
electrical inverferencce by canecitors connccting both
streaming and reference clectrodes to sround. Tae ccll
colution was de-oxygenated with pre-saturated, oxyien

free nitrozen, passed for szcveral hours afier
roce cgtreaming had been commenced, and the potential bet-

he streaming and reference eclectrodes measured at

o
®
6]
[3)

intervals using a K% Leeds and Northrup Universal Potent-
icmeter with a Ieeds and Northrup D.C. Hull Detector.
Tre highest attainable potential was texen as tunat of the

electrocapillary maxinum,
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Gt

mxperimental,.

(1) Zrensrotion of motorials.
Hercury.

Mercury was thorousily washcd with water by vigour—
ous shalking d decantavion. It was then filtered throusa
a Iinely gerforated filter vaper and washed with acetone.

Lifter being sprayed in- a fine strcam dowa a 100cm column

-~ AN — -~ L . - 2 : ) -
of 10jv nitric acid, the mercury was allowed to stand uader

(e}
(]
a3
O
Cl‘
e}

rated sulphuric acid for 24 hours before being
thorouzhly washed with water and dried with acetone. It

wag Linally distilled three times under vacuum, with strin-

gent precautions being talen to »revent the entry of im-
nurivies into the systew. The nmercury was stored undex

to assess the purity of themercury, although it hag been

= [P O . S N A o~ . = S PR g T
ound (o4&, vray a pure SE}@C.L.meﬂ, onl ghalling wi th conduct-

ivity water, gives rise to a "foan" lasting for over lisec,

¢

walle impurc samples give foams lasving for considerably
shorter periods.
Pormemide.

-

Gascous smmonia was added to B.D.H. "G845" formanmide

until it was slizhtly alkaline. Any ammonium Iforiate

o

present was filtered off. The Iformamide was dilstille
six times under reduced oressure using an efficient spray

trap, the fraction retained distilling over delow 65 C.
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e cure Iornauniide had « LZC?‘_U.:_;.L;_!) :._)O.;.ﬂ.b oL 2.') v (ll'CCI‘—

. JONE « I
o = - 1 5 [olion (N . NS ) K
vture value 2.55 CG)e It wos Fouad that

tae vpolarization
range the solvent could susiain without succwioing 1o
¢lectrolytic dissociction was uorkedly Gependent on tnc

PR - ol S e T el an E
Auader  of distillations. The mexinua stable range vas

0 &T LGz

1 teen distille

o

five times. The purified solvent was siorcd under ary

analal potassium, sodiuva, rubidium and caesiua chlor-
lces were recrystallised three times from conductivity
. N . , o . . . —
waver and dried at 300 C just nrior to use, ILithium

ciloride was recrystallised three times froa dry ethanol,

anc the cthanol removed by gentie heating in a stream of
dry nitrogen. The solid was heated to constant weight

L1 ° - - - - . -— - -~
at 120 C and stored under dry nitrogen. Just before use
it.was neatved again to 240 C.

(2) Preparation ¢f Solutions.

Sin traces of moisture were likely to alfect meas-—

Q
[©)

urements made in a unon-agueous solvent system, all sclut-
lons were mage um by weight in a dry box filled with &ry

aitro~en. The solutione were shored in 50011 flasis wita

(o)
standard taper neclks, and a gpecial head fitied the latier
enzbling the tion to be bplowm over in The cell by



bhere. The solution densities were determined: using

a pycnometer,
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thac chiloride golutions in Fornamide were ginilor to thoce
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wseroioca oy nerneca (b)), cavle ¥ \bo ) ana 1n cecalt oy
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Vincent (61). 4 pletinun wire was wound in & holix and

e

silver oxide in conductivity water. The electrode, after

surfle furnace until the nmetallic oxide had coupletely

decomposed to grey, lusirous silver. Another coatingz
of the oxice was applied and the electrode heated as

B

the

vefore. Thls procegs was renecaved until none of
platinun was visible throusa the silver. An epoxy resin
was then cast in the electrode tube to ensure & zood

pyrex-nlatinua seal, The electrode was then chloridised,

using a plavinum cathode on the absence of light, by e¢lect-

rolysic in normal agueous nycrochloric acid, at a current

Censity of approximetely lamp/cm = for three hours. Finally,

afver naving been washed thoroughly with a Jormemide sol-
utioa of potessium chloride, the electrode was allowed To
e in the derk for several wesks in a similar solution.

Sefore a run, the electrode was washed several times in

cell soluticin. Electrodes preparcd in this fasznion were
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Calomel Electrocde
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Aq /Aja Electrode.

REFERENCE ELECTRODES.



Zefore on experimeny,

for one hour in order to stabilise the e.n.f. fercury
flow was started before traonsferring The test sclution

tc The cell, which wag done in She abgence of air. ©The
cell was placed in the thermos The solution fe-oxysen—
ated by nassing vre-saturated oxysen-free nitrogen ior
toree lours. After the first hour, the dropping mercury

-
clectrole was polarised cathodically to & potential just

below that of golvent decomvosition until the reductlon
current was negligible, removiang any reduciole material.
The Dbirth devector was then set up using VR, and V(
position (position 2, figure 7) ané the cathode ray

oscilloscope counnectved to YStart Pulce”. 'en the anp-

3 D

fier nada been tuned Lo the bridse frocuency, the val-

}_J

ance detecvor was made ready as follows. With the imped-
ance selector at "Standordise' (position 3, figure 7)
and the emplifier output and signal ;cnerator outzut s
Tor meximum seasitivity, the transformer ratio-arm dbridzc
was adjusted to read the correct value of the sta

]

impedance palanccd out oY

()
m
[92]

invedance, and the test 1

ic

3]
£

s of the trimmers. After selection c¢f the digcaars

constant for the reservoir capacitor (VR,, Sl),VRa could

100



ve set to allew tic thyratroz o
TG esoenvial to caeck tnat Tthe thyretron cecazed conduci-—
ion within the orescribed linits on either sicde o
calance.

i} o e .~ sy LI L DA S NN -
Yor a given polarisation voliaze, a dirtia-valoice

ocewn accurately located. With the interval timer siop
signal selector set at "Birth-balance' and the imnedance
selector at "Off", the Vimer was reset, and the birth
Getector allowed to start it. The impedance selector was
then turned to "Unknown" (position 1, fizure 7) in time for
the balance detector pulse to stop the timer. The reading
on the latter was noted, tojether with the dbridze settinzs.

When the stop signal sclector was set at "Drop life-
time, and the impedance selector av "CILt", successive
pulses from the birth detector erablcd thre intervel timer
to record.ts; the length of time between the birth of
successive drons.

At frequent intervals during a run, checls were made

w

[6)

on the mercury level in the regervoir, the standardiisat-

~ - ol
generator.

The mean nmercury flow rate was determined av a Iix-

LR . o “ N T PS eqrran T
ed potential in the following manner. Tap J (fijure 12)

was opexned to allow any mercury im Z to fall into I, the

101
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inverval timer wag started nanvolly andé ten J closzed

[N
O]
‘».’
i
1

T ~ 4 aet = eala K T 2 i ~ -~ [ . =

uitaneously at tac birth of = dron. Thac mcreoury in I
N3 - hel a2 [ g RISl S I e AT PR NPUEPN

was olown into G and digcarded, Lfter malintaining cons-—

tant the applied potential and mcroury

S - . -~ . S em TT L a .- a0
o sixty miaut all the mercury in i wes allowed to
it - ) R - A A eR, L - S N LI nd
Iilow througn into L, and Tthe intcrvoer timer wos ctonped

ana J cloged simultaneously at the dirtn of a dron. Tk
mercury in I wag then blownover into &, and subsequently

rasned, dried and welgned. Since the nass of mercury

s
-

Tflowing in a Fixed interval of tize was known, the mean

flow rate could be calculated. In a normal experimens,
the flow rate was measured both immediately before and
immediately after the capacitance determinations. This
provided a check on the coungtaacy of tae craracterigtics
of the cepillery.

After a run, the outside of the capillary waslwith
conductivity water, dried in a stresn of dust-free air
and enclosed in a2 zlass suard tube vefore tae mercury

Tlow was stopped.

&

o2
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(5) Gencral Run rrocedure, Tnicriaciol Weonglcon gasureniln

hour to stabilise the c.u.l. The casillory was slaced in
sosition in the test cell, and the
Terred in the absence of air. The cell wes olaced in e
thernostat and the solution de-oxyrenatcd oy passing nre-
saturated oxyzen-Iree nitrogen for the duration ol the

experiment. Due to the clow attaimnent of thermal couil-

iorium in an air thermostat, the test cell was allowed

. o . .. T .
vo equilibrate overnight at 25 C. Wheh the cell wes pren-

«

rly equilibrated, the mercury in the capillary electrod

(0]

ct
)

was pressurised to an extent sufficient To cause dron

¢

-~
iically To

(@]

fornation, and the electrode polarised catho

) q

& potential Just below tha
the reduction current was negligible, rezoving any red-
ucible material., The pressure was released o stop drop

Tormation, and the ovgerving microscope set to a vosition

1.000am above the capillary tip. AT each potential invest

igated the illuminated mercury meniscus was brought to
tais mark by adjusting the applied nressure. At least
four determinations of the pressure reculred to bring tre
nercury tc ‘the reference point were mace at each potent-
ial, and the resulting mean value of h.,, used to cval-
uate ¥ , the interfacial temsion. A drop of mercury was

exvelled between each measurement., The heightc ol tae

of solvent decomposivion until

103
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nercury columns wvere measured with an aca Y 0L Uew

“— O L. S P A | P ] ~any N v eV S0 velem O e

oL & cawvaeiTloretver, LG TAC canlli.ary waoc co.lbrevia oY

-~ [ 1 ~ =) [t ag - e -t - LI e - — - ~ 3 .

neaguring interacial teunslons in 0.1 aguecous potagcium
£
fe

caloride soluvion, ucing a C.1i calomel electrode ag re
crence, and comparing the results witih thosc of Devaratzan
and Peries (67).

After a run, the mercury was agein started dronning

anc the outside of the cepillary washed with conductivity

water, dried in a streom of dust-free air and enclosed in

e glass guarcd tube before the drop formation was stopped.
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(6) Gonersl 2wm Procodure, Jlectrocenillory Tostun
Devermination.
Before o run, the cell wag nursed
and the electrode streanin commenced prior to tho tronz-

y/ 2 R S o

AT e SN o 2 Ao an - = b - PRy " -~ e . ~
Ter of the test soluticn, which wag carrisd out in Thc

) = Kag < - ] T e A e n el

absence of eair, Tre cell was »nlaced in vae tioeraosvat
SRS BN ~ I - b} e R T ~ 2 em P SO

and whe solution was de-oxygenrated DY pasgginl Dre—-satur-

reference electrode was measured &

vals after the attaianent of thermel equilibriuvm, 2ad the

nizhest potential recordled was taken as that of the eleccio-

rocapillery maximum., After a run, the electrode was clezn

ed and stored in the usual way.
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The differential capacitance at applied potentials
J-, Tor the solutions being studied were computed from the
inpedance data using the method developed by Nancollas and
Vincent (61,68). The average rate of flow of mercury
n, mg/sec up to time t in the life of the drop could be

calculated once the height of the mercury coluan h, equiv-

alent to the back pressure was known. This was given by
hy 2% | gD

)

where D was the density of the mercury, 9 the Zravitational

>

ll ” o
3/ 172,73 w,° 8% 25 C eeeeesl(T

constant and N the radius of the growing drop of mass
Wy mg a2t time t sec.

Writing M as the counstant rate of flow that would
be obtained with the same head of mercury, h, if there
were no back pressure, vhen 1f it is assuzed that the rave

was proportional to the effective pressure,

m,t/M = (h-hb)/h -.0000(75)
and thus h
ms= z(_h-tv = M(l-’lf)

-m(i- \5/[_ 172,73 hWt‘ISJ)

Usually b hy, and this exoression could be simplified to(39)

do o M, M
dt ~ (), b, h ) - X L 2 (77 )
(o574 e ]:{4 273 hw,s + {7z 13h) W, ® ceveee AT

which gave on integration
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3 ¥w 33w, \

Mt_._ wt +E t + t 5 .00000(78/
172.33h (172.7% )

Tze integration constant here was ignored since Vi, was

negligible when t = 0, Suith (39) showed that inversion

of equation (78) by means of approximations in which termg

, 3
in (¥/h) were considered regligible yielded

2fy 2/ Y [
W= Mt - LSMOE Y15 MRy (75)
,.7a73h ('78..73 h)L R J)

Equation (79) was valid only when t 2 0.05sec since terug

wiilch were important when. t was small had beezn neglected.
Since the impedance bridge measured impedances as 2

parallel combination, the results obtained were transformed

into the series equivalents. The required transforms were
-l a2/ 2\l
GIP (l""“’ CP/G'p) (80)

R.‘) = ceee e\
Co = Col 146Gy [w?Cot) ceerna{81)

where<GP and CP were the parallel imvedance components of
conductance. and capacitance respectively, R, and Cg the
series. impedance components of resistance and capacitance
and @ the frequency. u., the average rate of flow of mer-
cury in mg/sec up to time t3’ the drop time, was measurcd
by weighing the mercury collected over a known time inter-
val at a fixed potential., At this potential the drop macs
w3 = ﬁta.

To evaluate the constant i1, the experimental values

of w, and tq were substituted into equation (78). The

3
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neasurenent of t3 and Vg Wes also recuired for this calc-
ulation. Since this was not readily availadvle for non-
aqueous. solutions, an apyroximate value of sufficient acc-
’ fogie
uracy for use in the calculation was computed from the
relationship of Harkins and Brown (69)
= A 9 10

57ob€
0.15¢ =+ —J’I’:T
J

......(82)

where & =-[CD-dT)/D] and 4, = density of the solution at
o
2°C. © was the capillary orifice radius in cm. At any

given potential, if w, was known, ¥ could be calculated by

J
direct substitution in equation (82). The radius € was
Cetermined from drop weizsht measurements carried out under
conditions of known interfacial tension.

Tue drop nass Wy av time t was required for the
determination of the surface area of the drop at that
instant. In the derivation of equation (78) Smith set
Wio™ Oe In the calculation of w_ employed in the present
work, w,_ was taken as being the sum of an empirical time
independent component w, and a time dependent component
£(t) where Y syl

£(¢) =M~ TR T ekt cessesl(B83)
+ £(%) ceeeso(84)

i.e. W, = Ve

Since Saith (39) and MacNevin and Balis (70) have demoun-—



O

strated the mercury drop to be spherical excent neor tae
beginning and end of its life, the drop area could de
calculated from
4 ~
A= K{w, +f(t)} s where ¥ = (47\-)%_ (B/D)% 1077,
Lere, however, the small screened arca Ay where the mercury

coluan in the capillary joins the drop was not considered.

A more precise value for the area of the drop at time t wos

?./5
A": = K{Wo"{(t)} -AS 000000(85)
Since by definition C¢=C, A, then
e/
Cy = CoLrfnerf®)}™-n,] cieeei(86)
s/a ;/Z 3/&
and  (Cq+CoAg) == (CoK) wer CaK)™ f(e) eeeel(87)

To evaluate £(t), ¥ had to be known at the potential of

ol

measuvrement, and since w, was not known,except at tic pot-
? j ? 1 &

o

ential of flow rate measurement,the following oproccdure was
adopted. An approximate value for ¥ was substituted in (79)
and the resulting g valve used in (82) to calculate 2 more
accurate value. 3y using an iteration tecanique, constant

values. for ¥ and w, were obtained. I£(t) was then computed

N

from equation (83), and eauation (87) solved, neglecting

initially the term in A and obtaining an approximate
/3
value for C, from the linear plot of C, against £(%).
3
Using tais value, (C,+C, i) was calculated, and plotied

azainst £(t) to give a more accurate value of C,, which was

further imnroved by iteration. The intercept of tize final

e i .
U%+CLA3) vs £(%) plot was used in the calculation of w,,
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N I S ¢ EON RN =, K PO :
and It was found that in formamicde solutions W, WGS not &

constant for a given capillary under changing conditio:

o
)

S

of polarisation, in marked contrast to the observed behav-

\
Je

wm

n aqueous solutions (6

‘,Jc

iour of Yo

The complete calculation required to evaluate Co from

an snglish Slectric Leo XDF9 computer. The prosramnme
employed 1s given in appendix 1, and a typical calculation
is showa in. tadble 1. "

Differential capacitances at different potentials
E_, measured against a silver-silver chloride refereilce
electrode in the same solution, were determined for <the
following solutions: 0,100 m lithium, sodiwa, rudidiwa
and caesiuwm chlorides and 0.050, 0.071, 0.100 and 0.500 nm
potassium chloride at 25°C. 0.100 m solutions of notassiun
and caesium chlorides were also studied at 5° and 45°C.
The results, which were reproducibvle to about *0,1% are

given in tables 2-13.

The interfacial tension ¥ was given by
h 9.0
¥ s Dem 2oL veeren(93)
where € was the radius of the capillary at the reference

point and b, the head of mercury walch was being sudporied



He

oy the interfacial tension vhen the mercury meniscus was at

by carryin; out detor-

jen

ne reference point. e wes evaluate

D

[

ainations of h under conditions of known interfacial
tcension. The results of the calibration ere listed in table
14, Interfacial tensions at different potentials I_, meac-
utred against a silver-silver chloride reference electrode

in tihe same gsolution, were determined for the following
solutions in formamide: 0,050 m and 0,100 1 potassiua
caloride and 0,050, 0,0889, 0,100 and 0.179 m caesium
chloride at 25°C. Tae resulvs, siven'in tables 15-20, were
reproducible to* 0.2 dynes/cm except at extreme cathodic
potentials, where reproducibility was * 0.5 dynes/cm. Table
21 comvares the interfacial tension results for 0.050 m
potassium chloride obtained by direct measurement wit: those

Irom double integration of The capacity-gotential curve.

(o)

The potential of the electrocapillary maxirtun was
neasured for every solution studied by the differential
capacitance techunique. The results, which were reproducible

to +lov are reported in table 22,

Um ? the charge on the dropping mercury electrode,

3
given by Y ° j Co oE
E“n
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yor
Ve

ag calculated by iategration of fhe capacitance-potenticl
curves. An electronic computer wag uscd to £it the ermer-
Imenval data to a wmolynomial of any chogsen deiree, ond tac
closeness of fit verified by comvaring a plot of tic 20ly=—
nomial with the experimental points. The wnolynonial was

thaen integratcd by the computer, the necescary integration

constants being obtained from the e.c.m. potventials. Tte

operation is given in appendix 2.

It was found that the maximuwn cathodic volarisation
wialch could be achieved before decomposition of the form-

aamide, and accompanying current flow, depended markedly

o)

on The purity of the solvent. 4 minimum of Tfive fractional
distillations at reduced pressure and a vemperaturc below
60 C was required before the maxinmum polarisation rancte
could be sustained by the solvent. In the present work the
dropping mercury electrode was studied at charzes of -QQAC/cma
in contrast to the maxinum value of —l@»Q/mn achleved by
Payne (71).

2lots of the differential capacitance against charze
are given in figures 16, 17, 18 and in figures 19, 20 the
interfaciel tension is vlotted against the potential for

. 5 . . - . ~0
votassium and caesium chloride solutions at 25 C,
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.0, C=1.14846, £=

i
—e

AT L
SRR

OOOxIO:"

) X

{=8.528%3

x10

h= 56,166, 0= 2.843x16° wq=T.42955, tg=4.75C79.

-04700

-0,.,800

~1.000

4.,27203

4415824

4£.03926

CleOb

[ ] [ ]
i N
S W
RS
TN A

o (@] o (@) O
o * . -
A
> Ol
o W,
)

0.2473
0.2479
0.3194
0.3527
0.3524
0.5192
0.2476

0.2420

10.521‘4

0.30567

ey
&l
;

e37

'1.400
1.4C0
1.200
0.300
0.800
1.200
1,100

N

-
Lo

W
(@]
(@]

0
1.100

=

00

T,
sec
1.18071
1.95545
2439518
2.79905
2.3217%

1.44102
1.48530
2.40L22
2.90288
2.89429
2.39461

1.47278

=
Ul
N
]
Ll
(@)

N N o no
L] [ ] e . e .
| 4] >
Ch U \S3! O
- W v Ww
[ n @ 0
e O v (@)

(92
Ul
=
~J
Ul

3

b



SATIE
Ho5U7TTS

= 1.79501
¥ =392.8
S ¥ ¢,a) Co(£)
volts dynes/cm /MF/cm mF/cn
-0.500 3913 22,0676 22,0783
~0.600  389.4 20,3699  20.3758
~0.700 58545 19.9454 19.9539
50;800 3790 19,8950 19.9044
-0.500 3757 1943709  19.37%
-1.000 36545 18.0875 18,0947

(a) value after first cycle.

(f) final value.

A, %10
en®
16.93
6.52
Tel7
11.57
16,02
17.78

ns



o

0.050 m KC1 in formamice at 25 C,
Run 30 Run 31 Run 33 llean
3. Co Co Co Co I

volte /AF/cma MmF e’ /AF/sz /AF/oma ,uC/cmi
-0.200 38.54 39.06 39.03 39.01 6. GL
-0,300 26,29 26,12 26,15 26,19 3446
~0.400 19.50 19445 19.51 19.49 1.20
-0.500 15.75 15.66 15.76 15.72 ~0.54
-0.600 14,68 14.64 14.76 14.69 -2.04
-0.700 15435 15.38 15.39 15.37 =353
-0.800 16.93 16.85 16.89 16.89 -5.14
-0.900 18.15 18.15 18.17 18.16 -6.90
-1.000 18.31 18.26 18.24 18.27 -C.72
-1,100 16.86 16.89 16.97 16.91 -10.50
-1.200 16.07 16.14 16.10 16.10 -12.16
~1.300 14.95 14,97 14.93 14.95 -1%.69
-1.400 14,00 14.09 14.05 -15.14
-1.500 13.54 1%447 13.50 -16.53

-1.600 13.28 13.30 13.29 ~17.85
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ey
Biealel

AL

0,071 m KC1l in formamide at 25°C

oW
L

-

voltis

-0.200
-0.300
~04400
-0.500
-0.600
~0.700
-0.800
-0,90C0
-1.000
-1.100

nun 45

Al
bO

[4

ME/em
38,62
27412
20.59
16.41
15445
15.95
17.38
18.35
18.29
17.04
15.81
14.87
13.9%4

Run 46

~
Yo

: [
m¥/cn
38466

27.16

Run 47

Co
mE cma
38.81
27.18
20.45
16,40
15.46
15.92
17.30
18.52%
18.23
17.13
15.81

Mean

Co

|3
/U\F Cll

38,70
27.15

H7



LANLE 4

e e

0,100 m KC1 in formamide at 25 C

(5]

volts

-0.200
~0.300
-0.400
-0.500
-0.600
-0.700
~0.800
~0.900
~1.000
~1.100
-1.200
-1.300
~-1.400
-1.500
-1.500
-1.700

Run 16
Co
/MF/cma
38.54
28,09
21.31
17.09
16.13
16.49
17.74
18.56
18.39
17.16
15.86
14.70
14.00

Run 28

'

Yo

/AF/CIﬁa
38442
28,00
21.22
17.08
16.21
16.54
17.81

Run 29
Co
/MF/omL
38 .45
28.04
21.21
17.1¢
16,10

Hean
Co
/uF/cml
58440
28.04
21.25
17.11
16.15
16.50
17.80
18.55
18.42
17.14

Im
/«C/cmL

-9.33
-11.12
-12.78
-14£,30
-15.72
-17.10
-18.43
-19.73

113
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0,500 m KCL in formamide at 25°C

Run. 5%

C

o

e o
32,32
25.90
22,08
20.38
19.95
19.90
19.38
18,09
16.63
15.11
14.20

13.49

Run 34

C

o
/KF/oma
32.24
25.94
22.20

20,40

'19.85

19.8¢
19.42
18.15

™ -
fean

19
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TADLE 6
=2 O

—

0.100 m KC1 in formamide at 5°C

Run 54 Run 55 Mean
B Co. o G, b
volts ,uF/cmL ME on” T o’ /uC/cma
-0.,200 39.87 39.84 35.86 Te54
~0.300 28,86 28,96 28,91 4,16
-0.400 22,56 22,68 22,62 1.6l
-0.,500 18.64 .18.¢8 18.66 ~-0.44
-0.600 17.14 17.15 17.15 -2.21
-0.700 17.65 17.79 o 17.72 ~3.94
-0.800 18.94 18.91 18.93 =577
-0.900 19.89 19.82 19.86 ~T7.72
-1,000 19.83 19.82 19.873 -9.72
-1.100 18.37 18.32 18.35 ~-11.63
~1.200 16.25 16.33 16.29 -13.36
-1.300 15.12 15,10 15.11 -4.9%
-1.400 14.35 14.24 14.30 -16.%9
-1.500 14.12 14.07 14.10 -17.81

-1.600 1l4.21 14,18 14.20 -19.22



0.100 m XCl in formenide

£_

volts

-0.200
-0.300
-0.400
-0.500
-0.600
-0.700
-0.800
~0.900
~-1.000
-1.100
-1.200
-1.300
-1.400
-1.500
-1.600

Run 50

Co

/AP/cma
41,20
20.%6
21.G66
17.94
16.41
16.89

17.73

18.07
17.46
15.88
14.80
14.35
13.92
13.50

at 45°G

Run 51 ean

Co Co
ME /et M2/ et
41,32 41,26
26.26 26,31
21.72 21.C9
-~ 17.85 17.90
16.50 16.46
17.01 16.95
17.78 17.76
18,64 18,64
18.15 18.11
17.53 17.50
15.84 15.8¢€
14.31 14.81
14.41 14.78
13.92 13.92
13.59 13.55

AT
VA ‘JIJ.LJ 7
——

(2

/40/01'[1&

6.46
3.22
“0.86
-1.10
-2.8%
~4 .48

-C.20

21



0.100 m LiCl in formamide at 25°

volts

-0.200
-0.300
~0.400
-0500
-0.600
-0.700
-0.800
-0.900
-1.000
-1.100
-1.200
-1.300
-1.400
-1.500
-1.600
-1.700

Run 21

Co
/KF/cma
40,78
30.40
21.48
17.47
16.14
16.54
17.36
17.93
17.79
16.78
16.00

15 004

Run 24
C

o
/MF/cmi
40.89
30.44
21.46
17.49
16.27
16.46
17.28
17.92
17.73
16.86
15.96
15,06
l4.44
13.90
13.86
13.58

i

A

)

@} lm

Run 36

n
\JO

/uP/cma
40,84
30,37
2l.42
17.51
16.28
16.51
17,30
17.89
17.74
16.85
16.06
15.05
14.36
13.87

- 13.87
13.92

iean

C

o

/MF/oma

40,84
30.4.0
21.45
17.46
16.23
16.50
17.71
17.91
17.77
16.83
.01

~

(&2

1

(&)

12.05
14.40

15.37
13.90

22



0.100 m FaCl in formamide

I
Bl

volts

-0.200
-0.300
~04400
-0.500
-0.600
-0,700
-0.800
-0,900
-1.000
-1.100
-1.200
=1.300
-1.400
-1.500

Run 41
C

L T/cn®
42439
27.99
21.51
17.41
16.45
16.68
17.75
18.5¢
18.50
17.04
16.12
14.78
14.03
13.60

Run 42

C

/uF/cml
42,54
28,00
21,38
A7.46
1l€.42
16,73
17.71
138.48
18.59
17.11
1¢.10
14.69
13.95
13.57

at 25° C,
llean
C

/uF/cmz
42,52
28,00
21.35
17.44
10.44
16.71
17.73

,«C/Cma

N
.

N
o

123



DADLE 10
TAZLE 10

0.100 m RbCl in formanide at 25 0,

E

volts

-0.200
-0,300
-0.,400

Run 39

C

P on
40.16
29.30
21.67
17.71
16.62
16.96
17.89
18.98
18.81
17.32
16.30
14.84

Run 40

C

[~

/F/sz

40.13
29.28
21.62
L1779
16.65
17.10
17.80
18.94
18.70
17.27
16.34
14.87
14,28

13,65
13.73
14.54

Run 44

C

o

/F/cm?'
40.09
29.20
21.58
17.79
16,61
17.03
17.82
19.01
18.73
17.32
16.24
14.91
14.19
13.70
13.85
14.57

Mean

Co

124



TA2TE 11

0.100 m CsCl in formamide at 25 C.

Run 25

Co
P/
27.86
20.68
17.56
16.54
16,90
18.13
118.60
18,36
17.49
16.25
15.43
14.901

14,90

15.71
18.20
20.85

Run 37

N
Vo

/MF @f

27.90
20.68
17.64
16.48
16492
18,04
18.60
18.30
17.4%
16.20
15.5%
14.85
15,05
15.76
18.08
20.76

Run %5

C.
/MF/cmL
27.8%
20.57
17.64
1&.52
16.91
18.06
18.66
18.35
17.50
15,25
15.35
14,97
15.0%
15.64

Mean
Co
/MP/cmL
27.86
20,64
17.C1
16,51
16,91

[
G/t
3,60
1.20

128



TABLE 12

0.100 m CsCl in formamide at 5°C.

Run 52

Run 53

C

o

Mt/ ot

21.87
18.76

.17.19

17.57
19.23
19.90
20.04
18.73
17.38
16.00
15.30
15.19
15.86
18.34

ean
Co
/MF/cma
28.42
21.93
18,78
17.18
17.60
19.23
19.87
20,01
18.74
17.39
16.02
15.29
15.25
15.90
18.28

U
/qC/cmF
4,07
1.58
-0.43
-2.21
~5+95
-5.79
=774
-9.74
~-11.69
-13.51
-15.17
-16.72
-18.35
-19.31
-21.48
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TABLS 13

0.100 m CsCl in formanide at 45 C

i
-—

volts

-04300
-0.400
-0.500
-0,600
~0.700
-0.800
~0.,900
-1.000
-1.100
-1,200
-1.300
~1.400
-1.500
-1.600

Run 48

Co
/uF/cma
27463
21,44
18.25
16.77
17.27
17.82
18.14
17.85
17.03
16.23
15.62
15.36
15.54
16,05

Run 49

Co

/MF/sz.

21.59
18.15
156.80
17.34
17.85
18.21
17.77
16.92
16.15
15.71
15.51
15.52
16,10

Mean
Co
/MF/cma
27463
21.42
18.19
16.79
17.31
17.84
18.18
17.81
16,98
16.19
15,67
1534
15.53
16.08

127



~ L - . . . ne
calibration of cepillary using 0,100 M aqueous KCl,

Qxlo3

™
i)

-~

volts

-0.100
-0.200
-0.300
-0.400
—-04500
-0.600
~0.700
-0.800
-0.900
-1.000
-1.100

* Interpolated data of Devanathan and Peries (67)

hOO iy

cn
47.486
49.228
504624
51.523
52.078
52.3217
52,001
51.364
502562
£9.678
484463

Mean radius

X'X‘

dynes/co

358.0
401.5
41%5.6
421.5

©425.5

426.,0
42440
419.5
413.1
404.6
395.0

(1.2%0% £ 0.0019)x 10~° cn

-

TARLE 14

cm

1.2318
1.2295
1.2316
1.2333
1.2317
1.2273
1.2292
1.2312
1.2317
1.2278
1.2287

|23
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TABLE 15

Interfacial tensions in 0,050 m KC1 in formamide at 25°C.

Run 61 Run 62 Mean
B_ | ¥ ¥ ¥

volts dynes/cm dynes/cm dynes/cm
-0.200 37542 375.8 375.5
-0.300 38043 %8041 38042
-0.400 382 o4 382 ,2 382,3
~-0.467 38247 382.6 382.7
-04500 382.6 i 382 .6 382.6
~04600 381.1 381.5 381.3
~04,700 378 o4 3786 57845
—04800 374.2 37441 37442
-0.900 368 .4 36840 7 I%68.2
~1.000 350.1 36043 36042
~1.100 349.5 348.8 349.2
~1,200 33840 338.6 33843
-14300 32645 32640 32643
-1.400 311.2 312.0° 311.6
~1.500 29747 296.8 297.2

-1.600 280.5 281.3 280,9
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TABLE 16

Interfacial tensions in 0,100 m KCl in formamide at 25 C

Run 63 Run 64 Mean
B, ¥ ¥ ¥

volts dynes/cm dynes/cm dynes/cm
-0.200 37345 35T4e3 37349
-0.3500 378.9 - 3791 57940
~0.400 381.1 581.0 581l.1
-0:462  381.4 _ 381.6 381.5
-0.500 381.2 38143 581e3
-0.600 3799 s 379.6 379.8
-0.700 376.3 37644 37646
-0.800 3717 - 37240 %719
-0.900 35546 365.0 56543
-1.000 35645 35649 35647
-1.100 34449 34546 34543
-1,200 33548 55346 33347
—1;300 521.0 321 .4 %21.2
-1.400 306.3 305.5 505.9
-1.500 29OL1» 291.0 290.6

-1.600 274 .2 27346 27349
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Interfacial tensions in 0.050 m CsCl in formamide at 25°C.

™
i)

volts

-0.,200
-0.300
-0.400
-0.500
~0.600
~0.700
-0.800
~0.900
-1.000
-1.100
~1,200
~1.300
-1.400
- =1,500
-1,600

Run 70

TABTE 17
Run 71 Mean
% ]

dynes/cm dynes/cm
38245 38241
388649 387.1
389.0 338,
38849 389.0
38746 387¢5
38443 384 ¢4
280,0 38043
374.1 37444
36640 36548
35640 35547
34441 344.3
5311 33049
31545 315.9
300.6 30043
2847 284..5



Interfacial tensions in 0.0889 m CsCl in formamide at 25°C.

3]

volts

-0.200
~0.300
~-0.400
-04500
-0.600
-0,700
- =0.800
~0.900
~1,000
~1.100
-1.200
~1.300
~1.400
~1.500
-1.600

Run 77
¥

dynes/cn
38041 |
5386.0
38745
383.1
386.7
383.1
378.0
37245
36341
352.9
340.,0
32645
311.2
295.8
279.1

TADTS
Epi e NN

Run 79
¥
dynes/cn
281.0
38546
3879

. 387.9

38646
383.5
37843
371.9
36346
35247
%4046
3273
312.2
295.0
278.7

Mean

¥
dynes/cn
38046
385.8
38747
388.0
58647
38343
37842
372.2
3634
352.8
34043
32649

311.7

29544
278.9
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Interfacial tensions in 0,100 m CsCl in formamide at 25 C.

E.
volts
~0.200
-04300
0,400
-0.500
-0,600
~0.700
-0.800
~C¢900
-1.000
-1.100
~1.200
-1.300
-1.400
~1.500
~1.600

Run &7

¥
dynes/cm
38043
38549
58746
38748
38640
38741
37843
37146
36249
35261
33943
32643
310.8
29349
27746

TABLE 19

Run 68

¥
dynes/cm
38049
38545
38746

387.6

386:4
%8249
3777
37169
36243
35245
34042
32547
510.0
294.6
278.0

Hean

¥

dynes/cm

3804, 6
38547
38746
38747
38642
38340
37840
371.8
362.6
35243
339.8
32640

31044

294.3
277.8
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Interfacial tensions in 0,179 m CsCl in formamide 2% 25 C,

=)

volts

~0.200
~04300
-0,400
-0.500
~0.600
~0.700
-0.800
-0.900
-1.000
~1,100
~1.200
~1.300
-1.400
-1.500
-1.600

Run 73
¥

dynes/cm
379¢4
38449
38046
38740
384.9
381.1
37644
369.0
359.1
348.1
33549
32146
305.3
288.9
271.0

TABLT 20

Run 74
3
dynes/cm
379.8
38447
38740

. 387:0

384 06
38049
3758
36944
35947
3486
33545
321.0
306.1
288.2
27L1.5

Mean

bt

dynes/cm

- 379.6

58448
386.8
38740
384..8
38140
37541
36942
35944
34844
3357
32143

30547

288.6
2713
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TADTT 21
Comparison between ¥ from double integration and ¥ exper—

imental for 0,050 m XCl in formamide, at 25°C:

E_ ¥, ¥,
volts dynes/cm dynes/cm
-0.200 37545 375.1
—-04300 78042 380.,0
~04400 38243 38243
-0.500 38246 382 .6
-0,600 %8143 381.3
-0.700 . 378.5 37845
-0.800 37442 374..0
~0,900 56842 36842
-1.000 “ 36042 36044
-1.100 34942 35047
-1.200 33843 o 3%944
~1.300 32643 52644
~1.400 311.6 511.9
~1.500 297.2 295.9
~1.600 280.9 27943

¥, Experimental values.for interfacial tension,

¥, Integrated values for interfacial tension,



TABIE 22

Potentials of the e.c.m. in formamide solutions

Solution Temperature gEcn

) T°C  volts

0.050 m KC1 25 -0.467
0.071 m KC1 - 25 204465
0.100 m KCL 25 -0.462
0.500 m KC1’ 25 ~0.457
0,100 m LiCl 5 25 - =0,4€2
0.100 m NaCl 25 =0.462
0.100 m RBClL - 25 -0.4062
0.100 m CsCl 25 =0,462
0.100 m KC1 5 ~0.477
0.100 m KC1 45 ~0.442
0.100 m CsCl 5 ' -0.477

0,100 m CsCl 45 © =0.442
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Tne diffcrential capacitance vs. charge plots (figures.
16, 17, 18) have the same general appearance as those
obtained from studies in aqueous systems. There is a rise
in capacitance on both the anodic and cathodic sldes, with
a characteristic capacitance hump at intermediate potentials,
and 1t is convenient to discuss. the shapes. of these curves

within these. three regions of potential.

Anodic Region,

As has been found to be the case: in aqueous systens
(72), the cetion does not have any noticeable effect on
the capacitance on the anodic side of the e.ce.m. This is
to be expected, as: the cations will occupy only the diffuse
layer in this polarisation raenge, and thus a change in
cation size will not affect appreciably the positions of
the IHP, and OHP. The concentration has only a small
effect on the capacitance of the double layer in this region,
especially at potentials far removed from the e.c.m. This
would indicate that specific adsorption of anions, which
will provide the main contribution to the capacitance in
this region, is primarily a function of the electrode charge,
and has only a small dependence on the concentration.

On the anodic side the capacitance increases with

increasing temperature, as has been found in aqueous systeuns



(13,75). There is no completely satisfactory explanation

o

for this at present, but Macdonald and Barlow (17) have
sug.ested that it may be due to an increase in temperaturc
naxing available more sites for anionic specific adsorption.
If it is assumed that the specifically adsorbed ions are
neld at the electrode surface by very strong forces when

at the extremes of polarisation, then the extent of desorp-
tion of the more weakly held solvent will be such that
though the fractional coverage by specifically adsorbed ions
falls, tne actual co%erage will rise due to the large incre-
ase¢ in avallable sites. At lower field strengths it is
probable that the increase in sites might no longer compen-
sate for the reduction in fractional coverage by the spec-
ifically adsorbed ion, resulting in this case in a decr-
ease 1in actual coverage. As yet this model of the temp-
erature. dependence of specific adsorption hagc not becn

expressed in a quantitative mathematical form.

The Region of the Hump.

It is seen in figures 16, 17, 18 that the capacitance
vse charge curves have a well-defined hump at charges
considerably more cathodic than the corresponding humps
in aqueous solutions: (72,74). Similar observations have

been made for potassium iodide (71) and potassium fluoride

Lt Lt

(75) solutions in formamide, and Damaskin and co-workers (76)



obtained resulis in 0.1 W solutions of some alkali
halides in formamide at 20°C; It should be pointed out
that the results of llinc and co-workers (77) for potassium
fluoride solutions, while qualitatively similar, appear to
be consistently low, perhaps as a result of insufficient
solvent purification.

In the case of potassium chloride (figure 17) the
effect of the electrolyte concentration on the hump can be
clearly seen. As mig?t be expected, at the lower concen-
trations variation of'the concentration has very little
effect on the appearance of the hump, and not until a
concentration of 0,50 m is reached do we find the hump bveing
masked by specific adsorption. This is in marked contrast
to the behaviour of aqueous solutions of potassium chloride,
in waich the hunp 1s masked out at a solution concentration
of about 0.1 M, suszesting that either the forces involved
in specific adsorption in formamide are weaker, or that the
Tormamide molecule is more strongly held at the interface
than is the water molecule.

The effect on the hump of changing the vemperature

can be seen in figure 18. For both potassium and cacsiunm

chlorides there is a general lowering of the hump with inc-

rease in temperature. This result is not unexpected, and
closely parallels the corresponding situation in aqueous

systems, though in that case the hump has disappeared at

IS5



temperatures higher than about 30°C (74). If solvent
dipole orientation is regponsible for the capacitance hump
such a temperature dependence would be predicted. On this
theory, the position of the hump would suggest that the
formamide molecule has its most stable orientation with the
positivo pole of tiie solvent dipole directed aﬁay frowu the
nercury surface. This is consistent with the orientation
cxpected to be most stable on a comnsideration of the struc-
ture of the formamide molecule (73,79), namely that in
which The oxygen atom is directed towards the mercury
surface.

L% the potential of the hump there is no marked
effect of cation on the capacitance, except in the casc of
lithiua chloride, which has a markedly lower capacltance.
Purther information as to the components of the doublelayer
in this particular region is required before any explan-

ation can be advanced.

The Far Cathodic Region.

In the far cathodic region there is a very pronounced
effect of cation on the capacitance. The capacitance
values at the most cathodic potentials reached were in the
order K~ Na'<Li'< Ro< Cs' . It is interesting to note that
in every case a minimum could be observed in the capacit-

ance curves. at large cathodic potentials before the onset

0



T

of colvent decomposition. The capacitances of caesiun
chiloride and rubidium chloride rise much more rapidly than
that of lithium chloride, whilst the capacitance rises have
barely begun for sodium chloride and potassium chloride.

A similar rise has been observed in aqueous solutions (13)
though 1n this case the capacitances are in the order

Ii'< le< K<RU<Cs' . It is possible that tiis rise is dep-
endent to some extent on specific adsorption, and accord-
ingly any discussion”will be postponed until the appron-
riate section. Damaskin and co-workers observed a similar
effect in their studies of the alkali halides in N-methyl
formamide (80) and more recently in formamide (7G). Payne
(71) in his investigation of formamide solutions of vot-—
assium ilodide did not achieve applied potentials suffic-
lently negative to observe this rise.

Figure 18 shows that there is a small tendency for
the capacitance to rise with increasing temperature, more
clearly seen in the curves for caesium chloride., It is
difficult to understand this increase unless it is due to
an effect similar to that put forward by ilacdonald and
Ba&low (17) +to explain the temperature dependence of the
capacitance in the anodic region. The positive electrode
cnarges at which this temperature dependence occurs are of
much lower magnitude than the negative charges at which it

also occurs. Since tae extent of specific adsorption of



enlons at a given positive cuarge density is much greater
than the corresponding adsorption of cations at an equiv-
alent negative charge density, this serves to reinforce
the view that the effect is due to an increase in avail-
able adsorption sites, and a resulting increase in spec-
ific adsorption.

Sxamination of the effect of concentration on the
capacitance, in this region,in potassium chloride solut-
ions (figure 17) shows that there is only a small depend-
ence on councentration. Over most of the region The cap-
acitence falls, probably as a result of dielectric sat-
uration which would be concentration independent. The
small concentration dependence even at the capacitance
rise would indicate that any specific adsorpition occurring
is almost independent of concentration.

The Electrocacillary Maximum Region.

A minimum is apparent in most of the capacitance
Vs, charge plots slightly to the cathodic side of the e.c.m.
If no specific adsorption was occurring, this minimun
would be expected to be at the e.c.m. The nature of the
cation has very little effect on this minimum, but discuss-
ion of the effect requires a knowledgze of the components
of charge in the double layer, and will therefore be post-
poned until the appropriate section. As with the huup,

specific adsorption at high electrolyte concentrations

g



nasis this minimum. It also has a complex dependence on
temperature, the capacitances falling in the order 57 457
25°C. If the solvent capacitance is considered on the basis
of the Watts-Tobin theory (15), as 1t is modified to apply
to formamide (pagelso), it would be'expected that at the

nump the order of capacitances would be 5f>25°>45°C, and at
the minimum, which is about 0.4v removed from the hump,

45% 257> 5°C. Just such dependences have been observed in
agqueous solutions, e.g. by Frumkin et al (7%). It would
eppear that the 5° c&rve is anomalous , and this is poss-

it

F
Q2

ibly due to an increase in specific adsorption. This
in well with the model proposed by Macdonald and Barlow (17)
if we remember that the mininum is close Yo the e.c.n., and
thus the interaction forces between a specifically adsorbed
ion and the electrode will be much lower thaﬁi%he anodic or
cathodic extremes, since the electrostatic interaction will
be much smaller. The decrease in specific adsorption with
temperature in this region must be more than compensated
for by the increase in solvent capacitance in the case of

- ° - - b} | -
the 45 C curve, resulting in the temperature dependence

observed at the capacitance minimun,

Comparison of the capacitance results for potassium
chloricde obtained in this work with the preliminary results

reported by Vincent (61) shows discrevancies to occur over
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a large poart of the potential range (table 2%). These

are believed to be due to three main factors.

(1) An irregular arift in the capacitance of the gtendard
lmpedance used by Vincent (8l). It was for this reason
that the impedance standard used in this work was desig-
ned in such a way as to enable its resistance and capac-—
itance to be readily checked against the primary standards
of the transformer ratio-arm bridze , the drift in the
standerd was found to be negligible throughout the period
of the investigation;/

(2) Insufficient purification of the formemide used by
Vincent. In the present work it was shown that a minimum
of six distillations at below 60°C was required to ovtain
solvent of sufficient purity for a double layer capacitance
investigation. The formamide used by Vincent was only
distilled twice at a temperature of 110° - 120° C.

(111) The calculation enployed in the preliminary worlk
used data for only one balance position at each potential,
.and assuned W, to be constant. Apart from the uncertainty
involved in using only one data set, the assumption of

constant w, has been showa to be false in the present

work (pageM).

The electrocapillary curves, figures 19,20, show

the expected decrease in interfacial tension with increas-
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TABLT 23

Comparison of results obtained in this work with thosc

of Vincent (61) for 0.100 m KCl in formamide.

Co (

Yo n / cma

38 440
28.04
21.25
17.11
16,15
16450

17.80

18.55
18,42
17.14
15.85
14,72
13.99
13435

13.21

(2) this work

(b) Vincent (61)

<o

Co (D)

/MF/cml

3772
26.27
19.83
16.34
15.01
15.30
16.21
17.09
17.41
17.038
16.10
14.80
13.92
13.53
13.36
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ing concentration. Double integration of the capacitance
vs potential resultes was found, in each case, to yield
values for the interfacial tensions in good agreement
with the neasured values (table .21, page!dS ). It can
be seen that the drop in interfacial tension with increas-—
ing concentration grows larger as the potential becomes
more cathodic, corresponding to a large surface excess
concentration of cations. The potential of the maxinmum
in the curves is in good agreement with the potential of
the e.c.m., as measured by the streaming mercury technique.
From table 22 (page !¢ ) it is seen that the e.c.m.
potential is independent of the nature of the cation,
and shows some dependence on temperature and on concent-—
ration. To study the effect of concentration further,
an Bsin and lMarkov plot (page 30 ) was counstrucied for the
Zour concentrations of potassium chloride studied at 25°C,
the activity ccefficients being estimated from the work
of Povarov and co-workers (82) with sodium chloride in
formamide at 25°C,making the assumptlon that sodium and
potassium chlorides would have the same activity. Tne
activity of the O.BOm‘solution was estimated by extrapol-
ation. The resulting Esin and lfarkov plot was a set of
parallel straight lines of. gradient 1,15 (figure 21) for
charges more negative than —lQMC/cml, indicative of cat-

ionic specific adsorption.
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Since both anions and cations appear to play an

important role in the double layer at a mercury electrode

o~

in formamide, it is of interest to attempt to evaluate

the components of charge in the double layer. This can

be done by evaluating the relative surface excesses of
anions (T1) and (T}) cations followed by analysis into
Their components. VWith this in mind, the relative surface
excesses were calculated both for 0.071lm potassiuwa chloride

solution and for 0.100m caesiun chloride solution.

Potassium chloride.

T and Ty in 0.07lm potassium chloride solution
were calculaved by the method of Graheme and Soderberg
(21). The part of the differcntial capaciteance duc to
cations was ovtained by integration of (ACo/Abjai)E_with
respect to E. , using the mean activities siven by Povarov
and co-woricers (82) %o evaluate the mean activity oz .
Since specific adsorption of the cation was suspecceicd,

the integration constant was ovtained from the calculated

value of C, at the e.c.n. obtained from equation (36 )

ecm
FCe (——-——“E' )

c RTdn o,

-‘-

C. was compubted from C,=C,+ C_. Plots of C, and C. vs
L_ are given in figure 22.

Tl was obtained by invegration of the C, vs I_ curve,

the integration constant being evaluated Ifremihce inter-

ISLr



facial tension Gata at the ec.c.m. ( ecuationd?)

155

(bX/gm)“m =-Tldt= -L=-N ( for a 1l:1 elecirolyte)

2ad Tl resulted from the relationshin

-q]m :i*Fn’TE_FE ......-.'.00(89)

The results are shown in table 24, and plots of 2,FT, and

& FTL as & function of E_ arc given in figure 23, As a

check, the surface excesces at several poteatials were

Es

acial tTension data for 0.050

*")

calculated from the intert

and 0.100m potassium g¢hloride solutions, and the results

«<

were found to be in good asreement with those calculated

by the Grahame and Sodlerberg method.

Cagsium Chloride.

The surface cxcesses Tl and T2 at a nercury celect-
rode in a 0,100a solution of caesium ¢hloride in Ifor.amide

vere evaluated from the variation of the interfacial tension

with the chemical potential at counstant E_, using the

_( 2% )
RTblnC\; £

relationshi

\ﬁ;

The quantity on the R.Z.S. was evaluated at 0.100m by
plotting ¥ against 4.606RT Tloga, at constant E. for all
the caesium chloride concentrations studied. Iean act-
ivities were interpolated from the data of Povarov ana

co-workers (83%). Smooth curves were drava through the

experimental points, and the gradients of the tangents




vo tie curves at the points corresvonding to 0.100m save

the required quantity. The results are given in table 25,

l».J
o]
1

and plots of 2,FT, and z.FT. ag a function of Z_ arc

saown in figure 24, In both determinations, the relative
surface excesses are calculated to an accuracy of 1cmgncknﬁ
xeept at the cathodic extremes, where the uncerteinty

is somewhat larger.

Prom the general appearance of the surface cxcess
plots (figures 23,24), it can be concluded that specific
adsorption of oationé is occurring in the Tfar cathodic
region, since the Surface‘eXCGSS*Of anions reaches a
minimum value, and then incrcases again as the potential
becomes more cathodic. Ag the electrode charge is growing
increasingly negative, this iIncrease in the anionic surface
cxcesses must reflect specific adsorpiion of tne cation.
Even the minimum value of &.FTl corresvonds to an excess

ouvle layer, so simultancous specific

feJ]

of enions in the
cdsorption would appear to be taking place. This conclus-—

on iz reinforced by the failure of an attempted analysis

[

of the components of charge using the Tecanicue outlined
nreviously for systems in which specific adsorption of
only one type of ion is taking place in the region uader

study,
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TADLD 24
Grahame and Soderberyz Calculation (21).

Tt ~ . —~ ~ . . o
sulrace excesses in 0,071 m XCl in formamide at 25 C.

E- O 27T %, 2RI R ¢
volts /E‘/cmz mC/cm” C/ e’ /e G/ e
-0.400  -0,13 564 1.2 —4.6 345
~04465 257 3.5 0 =35 Je5
-0.500 4,05 346 -0.6 =340 343
~0.600 8.09 £.2 —2.2 2.0 AN
~0.700 11580 5i2 357 1.5 5.6
-0.800 14,80 645 -5.4 -1l.1 6.3
~0.900 16.89 8.1 ~7.42 -0.9 8.5
~1.000 18.18 9.9 ~9.0 ~0.9 10.3
-1,100 18.87 11.7 ~10.8 -0.9 11.5
~1.200 19.02 13.6 -12.5 -1.1 13.5
-1.300 18.81 15.5 ~14.0 1.5 15.0
~1.400 18.42 17.4 ~15.4 2.0 16.8
-1,500 17.98 19.2 ~16.8 2.4 19.4
-14600 17.52 21.0 -13.1 -2.9 20.6
%= 2,57 uF/cn 2P M= 3.5 uC/cn®
0.050 m KC1 1log a,=-1.073 0.100 m KC1 logap=-1.361

* Evaluated from interfacial data for 0,100 m and 0.050 m

KCL in formamide.




0.0889
-1.131

0.100

-1.033

0.179

~0.851
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In tne theoretical gcecevion it was pointed out tact

there was no reliable method available For the eveluation

of the couvonents of charze in & reglon of simultancous

(7ic alsorsticon. & tentative analysis of the comd-

oneats of charge uader guch conditions has tacrelore deen

ice lons at any ziven value of The suriace charge, iv
therefore reasozcble To assuae that at sotentials more
nezavive then -k2v there will be no anionic gpecific
adgorotion occurring. On
2‘5 - 1 - 0 ) lad 1Y -
q sy 9. » andq, can be calculatcd from tiae surfoace cxces
e +
resuvlts for 0.071a potacgsiuz chioride in formemide at

14

-l.3,-l.4,-1,5 and -1.,6v using the relationships

2-s 19.46 ¢z a5
%" = I'Qb(e —) oo o000 00 _/-{
) 2-$ -
q,+ = 2._":]-1 q, 0000.00.(99)
\ ! . - s o A s
4 plot of against Z_ 1s linear and can be extrapolatced
-+

. . - P . - .
to give values of q, &t other potentials. Sssentially
linear plots have also been obditained in agueous sysieas,

. J N . o . . n
vlotting 9 acainst g or Z for specifically adsorded
- M

7y




s 5 e~ 4 Iy T —pt vA e = e - 1 ’ - R Nl ~
cnions (19,67). Hoving tous eveluated q, ot different
-*

)
pouenitials, 9% and q_ can be recadily evaluated ugins the

2, FT, ~%:

£
"

) 2-5

J
2 FTL -gq,_ ceenea(95)

o
i
n

togetner with cquations (1) cnd (%2) above. The results

1

are given in table 26, figure 25 shows the relationshin

N

L) - - . B ' - '
dbetween 4?,_ and S, aand figure 26 plots of 4 and q_ s E..

A similar enalysis can be carricd out on the surfacc
excess results for C.1l00a caesiun chlorice in formanide, the

relationships rcquired being ccouation (90) at notentials

more negative then -1.1v, equaetions (93),(94),(95) and
2-5 9.ubd, -
% = —E.l’)a (e * _') t..'vo.(QO)
2-% 1946 Fe .
q/* = a_:’,a(e ‘—l) 0000000\57)
The resulis are given in table 27, & plot of %:VS Z_ in
a1 ! . o
figure 25 and of g, a2ad q_ Vs 5. in figure 27.

to note that an alternative method for analysis of simul-
taneous specific adsorption which is based on & siuvle
clectrostatic model of the double layer has recently becn
put forward by Delehey(84). This method employs six iz
gpencdent cquaticns with six unlmmowns walch can de solved

Dy iteration provided somc 0 Tae paraueters are Inowi.

The analycis of thae agucous thollium nitrote gystem corricd

netod yiclcas o lizear »nlot of
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To ve cmpected due to the difficulty in desolvation cf

==A ~ - - MAA A ae K ol S R an BB N SR
CC o catlon, LOC near incesninaence cu ownad nagure ol TG
IR A N T e - s -

COTLoM oL wak conacitance o thic unininuwm In Tac culrves 9

satly to tine cathodic side of thie e.c.it. cazn olso be

B N e A1 5 . I T R P, : I B Kl .S -
rovionallscé &z resulting Zrom the congvancy of cavionic

Since tne azmount of specific alsorption of caesium,

-

tassiun and sodiwa ions is the same, the cden-
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e
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cndence of the final canacisance rise on the naturc o

Fh
cl
facy
[0}

cavion nmust have its exmlarnation in the relative sizes
and polarisabilities of the speceifically adsorved cavions.

It is difficult to obtain & reliable estimate of the rel-

voted cations in formanide would

be cxpected to be in the same order. I the cavion ig
adsorbed by a mechanisn involving partvial desolvatiocn,

of <the specifically adsorbed dlon would also be exmecied 1o
follow thig nencral order, csneclally when polarisation

of the iong, which have nolarisabilitics in the order
Cs"YRLT KT >Na™ , is included in our model. The resulting
capacivances would then decrease in magnitude along the
serice Cs', ;b*, K+, Yo , whick is in agjrecmeant with the
cxperimentally ovnserved orier th7iﬁf>iiqv Na in th reion
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3 veren - e “rea DS st R R . S e e
10 weser and in fornanilc. Calorimetric devcrinintsions
y”).’.; PdTe oy measielan T en o A o N e R N R ) ~a =y e
) (O vl & Vaaln 1838 0L goLUvTeLOoML O vl LTl LSal1lucl

<. -~ A 3 L T PO “A 3 A J - X A P,
in Fomaszmice show that for a ziven nalide iozn the diflfcr-
'eH fe ) e vy N o am e . Nal T . g2 - R SR S | O .
coce vevwecn tne cunvantlpy of sclution at infinite dilutvion
goales in waver and Zoraamicie

M A e e S am Sy - [N N Fal
45 4 C014ag G0, LMILHDENCRY O

the cation. Since (83) the

total catlalny of solvevion of an ion (8Hy) can e regori-

(2) the entholvny as a result of the-charge of +he ion( BHe ),
PN - N e = - hol ~ oA - P lis W 4 )
(o) the canthalpy waich Coes not depend on the charie (OHae ),
(C) Tune entaslpyy regquircd to male o nole in the golvent

in order to accomnodate the ion (BH, ),

i~

AH5=AHC+AH'\C ..,AH;\ cev oo\ LU

Using quantun nechenical consideratiocns Ven =ckx (26) chaocwed

(1) H

that —AHe for an inertv gos cotion could be scet coual to

0

the sum of the ilounisation potexniial (I) and thce clectron

Ifinity (2) of the corresvonding metal aton. The cathal-

ny of solvatvion of a salt ic built un additively from

the individuael values Loz the Zouns. Ience for the entralny

)

.

of solivation of o saltv LI in waser
w -
AH (M™) +pRY (X7)

—~
X
*
-~
i

= (T, *E,) + BHy, +or 4 aHY (X7)

D
(<9
~—

and in fornanmide
akf ) = nrf (mr) +AH5 (x7)

- £ -
= -(Im*EM) -rAch +AH: +OHg (x7) ereees (100)

s
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1A P N - .
LJoC ewlcaalny of

dota s SSa
latitice ent LC..._Q“

- DH (Mx)

- ~ -~ ~
Comvination of ezuations

AHM(Hgo)-AH;,(HCDNHa)r-AH AH L\H,fc—l.\Hi

+AH5(X)~AH7((X') ceeena(102)

wlic congtancy of Tthe 2R.JE.S. of this cxprecgsion for caluc

v 1Y - P} . Tm ;e 3 e 4 = ~ A -
wiva she sene  anion shows thet (4AH, +4OH, ) is o concicat
- A ) oy IR Pt RN oy b Ao = - Ta bl e e o
—0r tThe aiiferent cavions in cacii scivent. Thus tac en cnal-—

g .o P T R Y R A - S A S am A A e S
picg of solvation of the 2lizali neval ions in formani

Gloies., The lithiun ion, necause of ite wwnall gize, nay
cve quite diffcrent coordination in eack scivent and Tthus

(AH.) will not nave the sane value Jor this ion in both

vater and formemide., Tais ls recadily seen in the tanles

in reference B85, waich

of AW, (H, 0) —DH_(7C

show constant differences for the alxali zalvs ol o jiven

nelide, except in the case oi the lithiun salt.

The reason Tfor the consvancy ox the specific adsor-
ntion of the alkali metal cations 1s now apparent. In
the role of the cation on tne cCoubdble laoyer,
Cochione (72) pointed out that the Irce cnorsy of hydration

e : : o her R o n e A a7
"colvation® of the ion by mercury. LI e accent thic nzodcl
Of oo =4 f‘dm )-'--'I ~ A~ el vation of LA 2 ~ T-~ar At

_-‘)bc ic o VOI'_ vL0 QT SOLVAVlOoLn - vioe LUl v vl Sy




ITo

thn vhe enthalpy of solvation of the cation cen bo writtén
= - (T,+,) +OH +an] | veeeea(103)
e tne Superscript m refers {0 mercury. |
The entropy change accompanying specific adsorption is
likxely to be small, so that there will not be much error
involved in consideriny the enthalpies as equivalent to

the free energies of the »nrocesses. Tae enthalpy chenfe

on specific adsorption will be given by

-aH = k(aH] <KD . ‘ ceeees(104)

the cations are decsolvated to The szme ciient
on spccific adsorption, then

-AH = R (AH,fc +Al—li "AH:\C -AH:‘)

= Constant coocee(105)

for 21l cations considered, i.e. Co , Ro , &,
OH, +DH, yould be expected to de convuaat for these ioas
in both solvents. Thus the free energy chenze in spcceilic:
adsorption of tkhese catlons will be & constant,.and con-
sequently they Wou;a be expected to be gpecifically adsor-
bed to the same extent, as has been showm to be the case.

Tor salts of the helide ions witn any given zlizali
metal cation, L BH, (H,0) — OH;, (Hconn,)] is found %o
increase along the serics Zluoride to lodide. I, as is

reasonable for the relotively large ani ony,chlondc



7

cromide and ¢e lons k e sazne solvavion structure

Tien AH, +DH, can be teken as constant for tlose iong

in voth golvents oy enalogy with <the cationic situation.

hus AH;, (H,0) "AHsol (Hconm,) = AHQ’-,AHCF + congtant..(106)
Tie Increasge in the R.H.S. for the halide salbs of a

ot ~ - ~ )

iven catvion therefore vnercfore reflects chanzec in o
-8H," ). IFf we now consider specixic‘ausorpt—
ion on the solvation model, similar changes in OHc would
be expected to occur, giving (AHI-AH? ) increasing from
chloride to iodide. The enthalpy change in specific adsor-
ptior would be ziv
- AH = R (81 -1+ consiant) e (107)
Since the envropy changes in specific adsocrption are »nroo-
ably small, this would indicete that the free erncr:y (-4G)
o specific adsorption would increase 1n the series,
CVU <Br <I~

resulting in aﬁ increase of gpeciiic adsorption as we
go along the series. *nlSLuhe situation whicn ig found
to cccur experimentally.

Similer arzuments for acgueous systems would lead us
to the same lquOﬂS, viz. we would expect the specific
adsorption to be the same for the four 2alikali netol cations,
and also that specific adsorntion of the halide ions would
increase along the serics chlorice to iodide. I we ex-

amine the available data on the specifically adsorbed



N RN 3 . at FES o) = ) N a4 S -
caerge of these ions, given by Zockris, Devanathen ond

[
o
=
®
no
C
~

n
uller (32) we obtain the following figures (t

(‘l

AT s
J..K’«‘_/Lﬂj 28

Anion q_' AC/cn Cation ‘L( mC/ca
at q,7+1CuC/cn at g, =-15 C/cm

C1 14.6 X 0.2

o
=

e 19.2 Cs™ 1.3
I 29.2

These results agree with the predictions, as lodide is
indeed specifically adsorbed to a greater eixtent Than
bromide or chloride, and in the case of potassiuz and
caesium the results agrec to within the experimental error,
and thus would apnear to ve in accordance with the predict-
ion of equality of adsorptioii.

Zockris et al (32) suggested that the degrec and type

~

o ionic solvetion were the principal factors determining
specific adesorvtion. The above analyslis would tend to supp-
crt this view, both for agueous systeis and also for the
Tormamide systen since 1t i1s clear that the relative amounts

of soecific adsorption are controlled by the encrgetics ol

3 N om

ionic solvation, voth by the solvent and Tic mercury. on
this moad necifi jsorniion ig orimori lectrostaiic
this model syecific adsorpvelon Is »rimerily an elecirosvavicl

interaction bvetween the cspecifically adsorbed ioxn and ik

(78
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cnevadl surface wailch results in the ion attaining on cacrg-
evicelly more favourable enviromment. It would be of

to devermine waether the correlation bevween lonic

entnhalples of solvation and specific adsorption holds ©

in other solvent systems.
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avion of the ceapacitonce maxinun in formazmide, the Tatits-—
Yobin theory (15) for o uercury—waitor interfece was .xicnicd
oy tozing inte account the vosgsidility of non-equivalent
crientations oI the solvent :olecule av the mercury inter-—
Zace. The solvewt coutribution Teri wos reco.snuied azsuin-
ing tret the solvent dijpole kol The possibvle coriewntations

0 and'l with resnect to the surface of the mercury. “he

regculting exnregsion _O.(‘ Conlvent
e N/AE.(SMQ'*SM\’L QXP{(V" /,\(5.49 +5inll /.'>(a kT}
olvin 2
: % kT Lr+ ‘-"P((V—‘&.a Va (6’"9*’5'"7')/3‘&k7}] -

ee o s 0 o \ LD

rciuces to the Watts~Tobin emxpression whaen Sin €= S;:UL: 1/\/’5.

o A Calevlated from e?uqh:an 104,
O Experimental,

I

. Los s
E -E®*™ (volts)
FIG. 28. CALCULATED CAPACITANCE.




o

Sustitution of thig extended C _ qyent verm into thc lattc-
Tobin expression was found to ve iumsuflicicnt to exmlain
the results obtained for formemide. Accordingly, o fourth

term was added To allow for the contribution of snecii-

I._J
T
=
(8]
)
s

ically adsorbed cavion to the cavacitance, recu
the final expression.
. v,) (4 ,+4)
c=£ 4 N:_a, (C‘) o {/4.(4) Wl Nuf G\ o {_/“z -1 a}
4T, * kT \'c, f X, RT kT(CJ P A RT
NA(SmB +5ml)? C"PUV (p"_a)/u(SMG-tSm’L/-X kT} |
kT El-rexp(<v- /u(SMQ*Smy{)/x?_kT} ceveesa(109)

+

Equation (109) was found to fit the capacitance-povential

results quite closely in the regzion of the hump (figure 28)

when the following values for the parameter were used:

"y - -
€23 ; N= Obxio mof/cmf' i} Mp Hxi0 “‘e.s.u. H Mo = fo;olge,,s,u, ;

MzaTvio"eso ;. X, - %.0A ;  O-a0"; T =50"; V = 025v;
V,= 1b5v; V= -0.5v,

Thus the solvent orientation polarisation theory would
seen to be a satisfactory expianation of the hump. It
is not surprising that this expression is notv in good
agrecment with the experimental results in the regions
removed from the hump, since the double layer nas .a auch
more complex structure than the simple one adopied vy
Watts-Tobin.

.. ot -

In agueous systems, the humn zas been attridvuted
to changes in the solvent structure g

and also to effects associated with cpecific adsor)

181
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of the anions. While solvent orientation polarisation
would seem o be an adequate explanation of the cosacii-
ance hump, in the systems studied, we are unable, on the
nasis of the present data, to decide whether the erplan-
ation of Hills and Payre (55) is algo compatible with the
results. They considered the
anying adsorption of excess solvent iato the compact double
layer,

(1) increase in the distortional component of the nolar-
isabilty with increase in the surface density of dipolec,
and,

(11) increase in the thickness of the comvact double layer.
Information was obtained on these effects by measurin: toe
surface excess entropy. At opresent there are insufficient
reliable thermodynamic data available to enavle a similar
study to ve carried out in formamide.

Explanations involving anionic specifiic adsorpriion
have deen proposed for aqueous systems by (a) Damasgkin,
Scawartz and Frumkin (74) who considered polarisation
of solvent molecules oy anions adsorbed into the IEP,
and by (b) Bockris, Devanathan and Miller (32) suzgesting
lateral repulsion of anions as the main factor. Tuese
are clearly not applicable to formamide systems as they

stand, since at the potential of The hump the anion ic

no longer specifically adsorbed. However, analojous
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theories involking effects due to cationic gpecilfiic adcor-
ption could be proposcd.

Since the amount of cationic specific adsorntion
anpears to be independent oif the cation, at least in <he

alkall metal seriesg, there would secem ©vo be no way of

choosing between these opnosing thcoretical approacies

o
S
(9]
(@]
=
O
O
O
)

in formamide, since both would foreccast a de: icnce of
the magnitude of the hump on the specific adsorption of

the cation. Any dependence of on the extent of

2

UM, homp
specific adsorption, expected on the second approach,

will not be seen due to the coustancy of specific adsorpt-
ion. This is illustrated by figure lb , in which there

is no éppreciable change in q%,vmp for the various cat-
ions.
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Couputer programme for tae calculation of differenticl

capacitance.

bDegin comient A programie to calculate differential

capacitance;
integer NCA, WP, £, k, i, j, =, 2z, ila, 1j
cal DT, 4T, wg, K, gamma ?, gasna g, h, t2, g, roe, wi,
i, alpna, S, 2, Co, As, int, grad, P, pi, tg, RIS, beta;
orocedure IEAST $Q (x, ¥y, n, &, b, ras);
value x, ¥, 13
integer n;
real a, b, rms;

pesin integer 1

for i:=1 step 1 until n do

begin sum x: A=A+ x[il;

|

sun y: B+=B+y[li];
sum xsq: C:=C+x[i)12;
sum xy: D:=D + xLixiy [i];

[)

nds;

= (AXD=BxC )/ (A12-1nxC);
:=(AyB_nxDS/(A¢2-nxC>;

o o

for i:=l step 1 until n do

185



end procedure LEAST 3Q 3
comuent DATA

o

Na r1no of calculatious

ot
A
,‘\

run identifiers ending wi
DT density of mercury

dT density of solution

f Irequency

K area constant

h - mercury height

roe capillary orifice radius

wg drop weight

tg drop time at same potenvial

HCA no of potentials investigated

P potential

tP? drop time at this potential

NP no of measurements at this potential

CP il capacitance
GP[i] conductance
tB[1] Ybvalance time;
open (10); open (20);
Ng:=rcad (20);

Fal

for i:=1 gten 1 until Iq do

begin  copy text (20,10,L ;

ce

J

)

cmicolon

-

18l
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7z =read (20);
tg=read (20);
alpha = (DI-dT )/DT;
veta =g xDT%(3/ (4xpixDT) )A(1/3)x104(=1)/2;
game &= (alphaxgxiOM-B)xng(OJlSS*E.706xroe/wg¢‘(l/3)))/roo;
M= (wg+ Bxsamna gxwst(2/3))/(vetaxhx?2 )
+(5xzammna gt2xwgt(1/3))/(betaxn}t2)/ts;

write text (10,LLcclResultsle7sli*=*x])

- -

e

write (10, format ([s-nd.ddaacl),nl);

write text (10,LCLcc7s]Surface¥Tfension®=*%]);

write (10 ,format ([s-nddd.ddec] ), samma o)

write text (10 ,EL751P0%1L8sdTts [6s] ST [6s] Coranprox[Esl
Co*finallss]l Its 1;4- sl RIS*dev LS sl iw Ec 011 )3

NCA=read (20);

for k=1 sten 1 until NCA &

besin  Pr=read (20) H

e —
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tPi=rcad (20);
S=gamna P

for i:=1 ghen 1 until 10 do

G’

erin

whi=HxtP=(1o5x:4(2/3 )xt22(2/5 )xzamna P )/{vetexh)
= (15224 (1/3 )%t (1/3 ) xemna ph2)/ (betaxi)t2s
camna, P:= (alphaxgx10M=3 )xwtXx (0.159+5.706xroe /vt 1{1/3)))/coc;

_’;'il

0}

1;
if abs (S-gamma P )/S<0.001 then goto Llj
S:=ganma P3; ’

ends

Il1: write (10, format([3s-ndd.dddaadl ), P);

write (10, format([4s-nddl), s);
write (10, format(L4s-ndéd.dcl), gemsa P);
TP:=read (20);

bezin real arrsy Int, tB, ¢P, CP, Cs, Csc, Y[1:77];

for i=1 gten 1 until W2 do

bes

N
e

CP[i]:=read (20);

GP [i]}:= read (20);

tB[i]:= read (20); _

Os[i]:= (141/ (2xpix£¥CP [11/cP[1) )*2)xCP[1] ;

ot [i]:= ¥xtBLa] - (1.5x1(2/3)xeB [l M(2/3 Ixgenma 2 )/ (tetaxk)
—~(21.5x M2/ )xt20K1/3 ) xgemme, 222)/ (betaxi )42;

Y[i]:=Cs[i] 2(3/2);

ends

I
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for j+=1 gsten 1 until 10 do

Desin for 1:=1 gtep 1 until NP do
becin  Osc[i] i=Cs [1]+CoxAs;

Y [i]:= Csc[i]1(3/2);

end;

LIZAST SQ (fnt, Y, NP,int, srad, ®iS);
Co:=gradt(2/%)/X;
Ly = (abs (int/grad) ) M(2/% XK

if int<0 then Aw:=-Aw;

—— ———

Z2:=J3
if abs (2-Co)/Co<0.0001 then goto L2;
Z:=Coj

end; ends

o

2: write (10, format ([3o-d.adadd _end]), Co);
write, (10, format([3s-ncdl), z);
write (10, format (fs-d.daddd _sndl), RES);

write (10, format ([Bs-deddddd sndec]), Aw);

close (10); close (20);
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Curve-fitting and integration progranne,

2

DomTn

orocedure  CURVERIT (n, », nu, roc, )i

13

n, D, Poe, mUj

iatener n, D3
X

real array roe, LU, S3

cerdn  inteser 1, J, kj

regd srray X, L, U [i:p*l, 1:p+1], x[i:0+1];
wrocedure DECOMR (4, L, U, n);

value 4, ng

infeger nj;

> fb)
3
-t
[
)
]
cl
D
3
]
[
'
ot
J.
it
3
/\J
O

for i=l sten 1 until n &

O

besin  if k=1 then L [,k]=1;
———t—— —

cemin  LRELK:=A[,E] /U0

Tor J:=1 gten 1 until k-1 Sfo

i,5%):= L [i,k] - L):i,j]xU[:j,l«:]/U[’;c,_:],

if k> 1 ghen L [i,k)=0;



LS P >3 thaw

Sl . -— (VRS

e e an IR EEEN - -

(AT b I,_. gl < E,‘. ,1 ] ;

Ra) N — ot . -
tor 2'=1 gfen 1 urtil i-1 <o

L= U i) - Tfi,a0x0 (5,105

ends; end; end procedure DECOT;

——

nrocedure INVERT (L, ¥, n);

valve L, ng

inteser n;

Tor i:=1 step 1 uantil n do
Tor k:=1 gten 1 until n do
pexin  4if i=Xk then M[E,k]=1/L[E,X];

’vje ao ksl [ ’_:',.,
Tor j:=1 gtep 1 uatil i-1 dJo

i [j_ 1= [ 1\].. LE,ixT fJ,-J)/L[J-w

cnds exnds; end procedure IKNVERT;

n

nrocecdure TRANS (2,B,n);

velue A, n;
inteser s
real arrev A, D

]

.
7
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AR

n, ¥

- CoUer e
J =7
[N Ay, 4 ™ hv2
cal sxray A, 3, Y
nesin inveser 1, .3, k3

for d:=1 poen 1 until n do
for k=1 aten 1 uutil n do

1)
®
o9
l-h
i3
<
s
-
+
&
\
(@]
e

n o

Yy
3
]
|
.
)
c’r
’D
]
[
i~

E‘

4 131] :=Y[— 1\—]"'-[*[ 7JJX-J[J i
¢nds; end procedure

srocedure MV LULT (4, x, n, ©J;
velue 4, x, 1y
iateger 10

o
=
LU
b C
i)
oy
mH

AT, Ix=[3]3
ends end procedure IV IIULT;

°
— —

for j:=1 gten 1 until »+l Co




for =1 sten 1 until »+l do

temin  if roe[i]= 0 then ~ovo 1Ll
X[, = 5,5] +(roe [1] )P (j+1x-2);
L1 ¢ ends enls

Tor j:=1 gtep 1 until o+l So
0

o

. o ;‘
e -
P

i:=1 sten 1 until n Zo

nezin  if roefi)= 0 thes goto L2

[i]:==[iJ+nuli xroe [1]1 #(j-1);
2

TRANS (U, T, » 1);

i ¥uLT (L, X, p 1, U);

=

v uune (U, x, o 1, &)

1 X, Y, I;

intezer =n, p, i, Jy 1, Ty Q3
open (10); open (20);

comment q is the no of sets of data;

5



Zor 11 suen 1 unsil g &o
AR

comzent o is the no of data points, v tae

Tor 1:=1 gten 1 until n ‘o

boodn roe[i):=read (20);

- v A
CUORVIFIT (n, p, nu, roe, sJ;

write text (10,Lcoefficientslell)

e

outout (10, s[il);

v[0]:=0;.

write text (10,ESig:a,*delta"'i'squared*='?*l);
Tor i:=l gtzn 1 until n do

vesin  Alil:= s[il:

for j:=1 sten 1 until » do

Sesin  if roel[i)=0 then ~o%o L33

L3 ¢ enc;s

———

v[i):=v [i-1] + (@ [i) =nu[3] )12;

9L

ighest power of



c

ouwtpus ( 10,v[a);

SLods The »pv up to walcn the In is To Dbe

or d1:=1 gven 1 until r 4

o]

i
"
[©]

<
f
6] !
r
[
J

1]

Zor §: gten 1 unvil p+l do

am——— ——

oexin if X=0 fhen goto L4y

L L
e — —

Ye=Yag[J]xXM =1

wrive Text (lO,Lintegral*:*l);

(\
o
s
p—
-
N
o

write (10, format{Qd.dddddarnd;

L

~

ends exnd; ends

close (10); close (20);

gng —>

reculired;
- - ~
evaluateds
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